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CLUSTERING OF REGIONS IN UKRAINE BASED ON STATE OF
HIV/AIDS EPIDEMIC

It is a well-known fact that Ukraine is among the countries most affected by the
HIV/AIDS epidemic. In this work, I fit a mixed linear model to cluster the regions of
Ukraine based on the number of HIV/AIDS diagnoses and AIDS-related deaths. Using
this model, T represent each region as a combination of stochastic vectors, each describ-
ing the probabilities of a region belonging to a particular class based on the normalized
numbers of HIV/AIDS diagnoses and AIDS-related deaths in that region. I then construct
a graph where each region is represented as a vertex, and each edge is weighted by the
correlation between the corresponding class-belonging vectors. Finally, I perform Walk-
trap clustering to group regions according to the similarity of HIV/AIDS epidemic trends
and interpret the resulting clusters. The aforementioned work is conducted as part of an
actuarial study of the HIV/AIDS epidemic in Ukraine.

Keywords: Mixed linear models, Clustering analysis, Walktrap community detection,
Weighted correlation networks, Network analysis of epidemics

1. Literature review. The HIV/AIDS epidemic remains one of the most pressing
challenges for Ukraine’s healthcare system [1,2]|. According to international reports,
Ukraine ranks among the countries with the highest rates of HIV/AIDS transmis-
sion in Europe and globally [3,4]|. Addressing this public health crisis requiers a
formalized, data-driven framework for modeling the epidemic at the regional level.

Previous studies have extensively studied the HIV epidemic using molecular bi-
ology [5], phylodynamic approaches [6], and other data-driven methods. However,
these works typically focus on regions with a high concentration of internally dis-
placed persons or areas already known to have a significant epidemic burden, leaving
other regions and the effectiveness of their preventive and anti-HIV interventions
comparatively underexplored.

2. Introduction. This study focuses on analyzing the regions of Ukraine
to identify patterns in the dynamics of the HIV/AIDS epidemic. The goal is to
classify regions into groups according to their epidemiological risk levels and to
interpret the resulting clusters in terms of shared epidemic trends. This research
contributes to the ongoing effort to understand the spatial and temporal structure
of the HIV/AIDS epidemic in Ukraine.

To achieve these objectives, the following steps were performed:

e Collection and preparation of regional data on HIV /AIDS incidence and AIDS-

related mortality in Ukraine;

e standardization of the data;

e fitting multiple mixed linear models with varying numbers of latent states based

on standardized indicators of HIV /AIDS diagnoses and AIDS-related deaths [7];
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e selecting the models that best capture the key epidemiological characteristics

of the epidemic;

e deriving class-belonging probability vectors for each region based on the fitted

models;

e constructing a weighted correlation network in which vertices represent regions

and edges reflect the correlational similarity of their epidemiological profiles;

e applying the Walktrap clustering algorithm to identify groups of regions with

similar epidemic dynamics [8];

e interpreting the obtained clusters to reveal common regional traits and factors

contributing to shared epidemic patterns.

3. Data preparation. For the purposes of this study, region-level data were
obtained from the State Enterprise “Center of Public Health” of the Ministry of
Health of Ukraine [9], covering the period from January 2014 to the present. The
dataset provides monthly observations for each region and includes the following
data:

e number of newly reported cases of HIV,

number of newly reported cases of AIDS,

number of AIDS-related deaths,

total number of individuals with HIV/AIDS under medical supervision at the
end of each month,
e corresponding rates per 100000 population.

The original data were stored in a format unsuitable for direct import into
Microsoft Excel. For further processing, Optical Character Recognition (OCR)
technology was applied using ABBYY software, which specializes in recognizing
spreadsheet-like document structures that closely resembled the format of the source
files.

The automated OCR process introduced several technical challenges. Specifi-
cally, the software occasionally misclassified the digits 0 and 1 as the letters “o” and
“i,” introduced sporadic data corruption, and misinterpreted center-aligned symbols
as entries containing multiple spaces. To correct these issues, manual data cleaning
was performed, including the removal of redundant spaces and systematic replace-
ments such as o0 — 0 and ¢ — 1.

It is important to emphasize that the available data reflect only officially docu-
mented cases of HIV infection and AIDS progression. The true prevalence of HIV
infection remains uncertain due to underdiagnosis and incomplete reporting.

Throughout this study, the following notational conventions are used:

e G — name of group G being studied,

e N — increment in the size of a given group,

e " — total number of individuals in a given group,
e D — number of AIDS-related deaths,

e .100k — indicator expressed per 100000 population.

Additionally, the left subscript “¢” denotes the time index. For instance, the total
number of individuals living with HIV at time point 4 is represented as 4HIV.T.

For analytical consistency, several regions were excluded from the dataset: Ukraine
(national aggregate), Sevastopol, Luhansk region, and Donetsk region. The national-
level data were omitted as redundant for a region-specific analysis, while the excluded
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regions lack consistent observations across the study period due to temporary occu-
pation and limited data avalability and credibility.

Finally, transitions between HIV and AIDS stages (progressions and regressions)
were not explicitly modeled. As all individuals with HIV/AIDS under medical su-
pervision currently receive antiretroviral therapy (ART), which may revert AIDS to
HIV and induce viral remission, such transitions are unobservable given the available
empirical data.

4. Fitting mixed linear model. In this section, I describe the process of
fitting mixed linear models used to categorize each region according to its HIV /AIDS
epidemic state.

Specifically, three mixed linear models were estimated: one for the standardized
linear trends in the number of HIV diagnoses, one for the standardized linear trends
in the number of AIDS diagnoses, and one for the number of deaths related to AIDS.

To standardize the regional data, a z-transformation was applied, ensuring that,
at each time point, the data have a mean of zero and a standard deviation of
one. Normalization was performed on values of HIV.N.100k, AIDS.N.100k and
AIDS.D.100k in order to avoid biases caused by populational simillarity between
regions.

Each of these models captures a distinct aspect of the epidemic dynamics within
a region:

e the number of HIV diagnoses reflects both the susceptibility of a region’s pop-
ulation to HIV infection and the effectiveness of preventive campaigns aimed at
reducing new cases and promoting early diagnosis;

e the number of AIDS diagnoses primarily represents the prevalence of late, yet
still manageable, HIV cases;

e finally, the number of deaths caused by AIDS captures the most severe epidemic
outcomes—cases diagnosed too late for effective medical treatment.

For example, regions that exhibit a moderate number of HIV diagnoses, but a
low number of AIDS diagnoses and AIDS-related deaths can be considered relatively
'low risk’. Conversely, regions with moderate or high levels of AIDS diagnoses and
AIDS-related deaths may require improvements in public awareness, early testing,
and quality of anti-HIV campaigns.

To estimate the latent class mixture models, the 1cmm package for R was used.
The modeling procedure involves solving a likelihood maximization problem to iden-
tify the best-fitting model for a specified number of latent classes. In this study,
given the richness of the dataset, models with one, two, and three classes were fitted.
The destandardized mean trajectories of these models are illustrated in the following
figures.

From the plots, it is evident that, regardless of the number of classes or the
characteristics of individual classes, a decreasing trend is present, indicating the
effectiveness of the anti-HIV campaigns.

Furthermore, for the trajectories of AIDS diagnoses and AIDS-related deaths,
the addition of a third class did not produce a substantially new class compared to
the two-class model.

To finalize the selection of the number of latent classes for the studied models,
the Bayesian Information Criterion (BIC) values were compared. The BIC values
for studied models are presented in Table 1:
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Therefore, 3-class models were chosen for HIV.N.100k and AIDS.D.100k, and
2-class model was chosen for AIDS.N.100k. The absence of improvement in inter-
pretability for the three-class model of AIDS.N.100K is evident from the plot of
expected trajectories. In this specification, two of the three classes substantially
overlap, providing no additional meaningful differentiation and therefore offering
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Table 1.
BIC values for latent class mixed models (HIV.N, AIDS.N, and AIDS.D).
Variable 1-class | 2-class | 3-class
HIV.N.100k | 3435.553 | 3418.599 | 3412.978
AIDS.N.100k | 4668.3 | 4660.506 | 4664.915
AIDS.D.100k | 5497.002 | 5478.181 | 5477.191

limited explanatory value compared to the two-class model.

5. Building regional weighted correlation network.

Once each mixed linear model was fitted, three probability vectors were obtained
for each region, corresponding to the likelihood of membership in each latent class
based on HIV.N, AIDS.N, and AIDS.D, respectively.

To identify regions exhibiting similar epidemic patterns, a regional network was
constructed in which each region represents a vertex, and each pair of vertices is con-
nected by an edge weighted according to the correlation between the corresponding
probability vectors.

To reduce informational clutter and eliminate redundant connections (e.g., weakly
or negatively correlated regions), hard thresholding was applied. Specifically, a
threshold 7 was defined, and edges e with weight w(e) < 7 were removed.

In order to choose appropriate 7, frequency histogram of values in correlation
matrix was studied:
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Figure 4. Histogram of values in correlation matrix

As evident from the histogram, most of the strong positive correlations are con-
centrated at values of 0.9 and above; therefore, a threshold of 7 = 0.9 was selected
for subsequent analyses.

After hard thresholding, the Walktrap clustering algorithm was applied to group
regions with similar epidemic trends. All network construction and clustering pro-
cedures were implemented using the igraph package in R.

The resulting network is illustrated in Figure 5.
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Figure 5. Epidemic regional clusters

With the network constructed, the resulting clusters were analyzed and inter-
preted in Table 2.

Table 2.
Cluster composition by model class assignments.
Cluster | Size | HIV.N Class | AIDS.N Class | AIDS.D Class
1 9 1 1 1
2 9 3 1 2
3 2 2 1 2
4 2 3 2 3
5 1 1 1 2

Cluster 1 includes regions with low numbers of HIV and AIDS diagnoses and
low AIDS-related mortality. The apparent mildness of the epidemic may reflect
under-testing or incomplete reporting rather than genuinely low prevalence.

Cluster 2 represents regions with moderate HIV incidence, low AIDS diagnoses,
and moderate AIDS-related mortality (typically below one death per month). The
relatively higher number of HIV diagnoses suggests broader testing coverage and a
more accurate depiction of the epidemic situation.

Cluster 3 comprises regions with stable HIV incidence, low AIDS diagnoses,
and moderate mortality. While epidemic trends appear under control, enhanced
awareness campaigns could further reduce HIV transmission, so that those region
follow common declining trend.
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Cluster 4 covers regions historically exhibiting the highest HIV/AIDS burden
— particularly Odesa and Dnipro. Despite a declining trend in HIV diagnoses,
persistently high AIDS cases and deaths indicate that inadequate preventive and
informational efforts remain key drivers of severity, consistent with previous studies
[10].

Cluster 5 includes regions likely affected by underdiagnosis, though the epidemic
is less severe than in Cluster 4.

6. Conclusions and Prospects for Further Research.

As a result of the conducted study, multiple mixed linear models were fitted to
classify regions according to different fundamental aspects of the HIV/AIDS epi-
demic. Among the fitted models, the most appropriate were selected for subsequent
analysis based on both interpretability and Bayesian Information Criterion (BIC)
values. Using these models, a regional epidemiological network was constructed to
identify regions that share similar epidemic patterns, and the resulting clusters of
regions were thoroughly interpreted.

This work represents an important step toward the actuarial study of the epi-
demic at the regional level. Available epidemiological data are aggregated at the
country level, which makes it challenging to infer detailed regional epidemic dy-
namics. Therefore, the clustering of regions and the estimation of correction coeffi-
cients are essential to capture local patterns and inform targeted interventions. This
methodology provides a foundation for future research aimed at improving regional
epidemic modeling and optimizing public health responses.
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OkyneB €. M. Kiracrepusariisi perioniB YKpalHu Ha OCHOBI €ITiIeMioJIOri9HOl CH-

ryarii BLJI/CHI/I.

Binomo, o Ykpalua HaIeKUTh 10 Kpail i3 HaWBUIUM piBHEeM momupeHHs erigemil Bl-
JI/CHI. V wuiit po6ori 6ysi0 nobymoBano Jinifini 3mimani Moesi, mob KJIacTepusyBaTh pe-
rionu Ykpainu 3a KiibkicTio giaraocroBanux sunaakis BLJI/CHIII ta cmepreil, noB’ a3anux
3i CHITom. Koxken perion mpecTaB/ieHO SK KOMOIHAINIO CTOXACTHIHUX BEKTOPIB, IO OIHU-
CYIOTh IMOBIPDHOCTI HAJIE?KHOCTI PErioHy JI0 MEBHOT'O KJIacy HA OCHOBI HOPMAJII30BaHUX I10-
ka3uukiB. Jlami 6ymo mobymoBaHo rpad, jie perioHn — Ie BEpIIUHH, a pedpa 3BarkKeHo 3a
KOpeJISI€eo BiamoBizaux BekTopiB. Hapermiti, 3a momomoroio anropurmy Walktrap mpo-
BEJIEHO KJIACTEPU3allif0 PErioHiB 3a CXOXKICTIO emiIeMiuYHUX TEeHJIeHII Ta 1HTePIpPeTOBaHO
orpuMmani Kiacrepu. s pobora BUKOHaHA B paMKax aKTYapHOI'O JOCJIJXKEHHS errigemil

BIJI/CHIZ, B Ykpaisi.

Kuro4yosi caosa: Jliniitai 3mimani Mmozesti, kinacrepuunii anatis, Walktrap kinacrepusaris,
3BaKeHI KOPEJIAIIIHI MepeKi, MepeKeBUil eIiIeMioOTTIHIN aHaJTi3
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