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RESEARCH OF PERSONALIZED MEDICINE METHODS USING BAYESIAN ANALYSIS

Abstract: The article is devoted to the research of personalized medicine methods using Bayesian
analysis. In modern medicine, one of the most important ways is to make effective decisions taking into account
the genetic, clinical and lifestyle characteristics of each patient. In this regard, probabilistic approaches to data
analysis in conditions of uncertainty have a special application. The research examines the possibilities of
assessing the likelihood of developing diseases and optimizing treatment strategies by combining various
sources of medical data. The Bayesian method combines preliminary knowledge and new clinical information.
Thus, it allows you to increase the accuracy of diagnosis and assess risks. The study analyzes effective ways
to support the medical decision-making process using probabilistic models. At the same time, the practical
significance of a personalized approach in medicine is revealed. In particular, the issues of early diagnosis and
individualization of treatment are considered. The presented method allows you to improve the quality of
medical data processing. Aimed at developing the rules of personalized medicine.

Key words: personalized medicine, Bayesian analysis, artificial intelligence, machine learning, clinical
decision support.

Introduction

The development of modern medical science is inextricably linked with the study of new ways
to preserve human health. In recent years, the focus of medical research has been changing from
the «traditional» model to the direction of personalized medicine that takes into account individual
characteristics [1]. This approach is to make a diagnosis taking into account the genetic, biological,
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clinical and lifestyle-related characteristics of each patient. Aimed at assessing the choice of
treatment methods and the likelihood of developing the disease [2].

Personalized medicine is one of the most important innovative areas in the health sector [3].
Its main goal is to increase the effectiveness of treatment and reduce side effects by basing medical
decisions on the patient's personal data. This direction requires the integration of Sciences such as
genomics, bioinformatics, data science and artificial intelligence.

The amount of medical data has increased significantly in recent years. Electronic health
systems, clinical trials, genomic sequencing results, biomarkers, and medical images constitute a
huge amount of information [4]. Effective analysis of this data requires the use of complex statistical
and probabilistic methods.

Bayesian statistics are a method based on updating probabilities [5]. It allows you to make
decisions in the face of uncertainty. This approach combines preliminary knowledge (prior) and new
observations (data) to calculate the posterior probability of results. In medical research, this property
is very important. Because clinical data are often incomplete, prone to noise or variable [6].

In personalized medicine information about the patient's condition can come from different
sources [7]. These are: genetic test results, clinical analyzes, lifestyle data, environmental factors,
and medical history. The diversity and complexity of this information requires integrated analysis
through probability models.

Artificial intelligence technologies and machine learning have become the main tools for data
analysis in personalized medicine [8]. But many algorithms are deterministic in nature. It does not
fully reveal the probabilistic nature of the results. Bayesian approaches provide a probabilistic
interpretation. It allows you to assess the reliability of the results of the model.

Ethical and safety issues also play an important role in the analysis of medical data [9]. In
Personalized Medicine, one of the main requirements includes the protection of personal data of
patients and the responsible use of data. Bayesian models allow data to be analyzed in an
aggregated way. It will help maintain privacy [10]. The transition to personalized medicine will
significantly increase the efficiency of the health system. Correctly selected methods of treatment
create conditions to reduce hospitalization time, reduce medical costs and improve the quality of life
of patients [11].

The relevance of this study is determined by the need for decision-making in the face of
uncertainty in personalized medicine and the complexity of medical data.

The purpose of the research: to study the effectiveness of personalized medicine methods
using Bayesian analysis and improve the medical decision-making process. To achieve this goal,
the following tasks are performed:

— creating probabilistic models;

— analysis of clinical data;

— evaluation of results.

This approach helps to obtain more reliable results in medical reports with a high degree of
uncertainty.

Literature review

Modern research in the field of personalized medicine involves the widespread use of Bayesian
methods and probability models in order to increase prediction accuracy, take into account
uncertainty, and support clinical decision-making. In a number of studies, different approaches have
been proposed, such as Bayesian networks, Bayesian neural networks. The problems of combining
heterogeneous clinical and biomedical data are studied in them. The analysis of existing works
makes it possible to identify the main achievements, limitations and research gaps. Forms the
methodological basis of the research in question. So the article [12] shows an approach that defines
ways to evaluate new therapeutic interventions with the Bayesian method proposed. But it is
necessary to further confirm the possibility of its generalization in various clinical situations. Future
research should focus on reliable processing of missing data and the integration of prior knowledge
to increase scalability and applicability in real time in complex clinical situations. In the research [13]
the authors showed that Bayesian neural networks increase the accuracy of medical prediction
modeling. Presented a high potential to support clinical decision-making through quantitative
assessment of uncertainty. But in order to use them on a large scale, further research is heeded on
scaling and implementation in real environments. The work [14] proposes an innovative approach
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based on artificial intelligence and Bayesian networks to integrate clinical, biological and factual data.
This will improve the interpretation of models, compensate for data shortages and systematic
anomalies, and more accurately analyze long-term outcomes in patients with chronic diseases. In
the work [15] Bayes demonstrated that neural networks can significantly improve the diagnosis of
lung cancer with advanced sampling methods such as the Hamiltonian Monte Carlo. At the same
time, reliable uncertainty in combination with quantitative indicators provides high-precision
forecasts. In the research [16] the potential effect of the updated Bayesian finding was best cited by
the use of colorectal cancer detection in medicine. The research [17] proposes a hybrid approach
that combines Bayesian networks and regression analysis. This gave a rational approach to the joint
use of the Bayesian network and the regression method to predict the cost of treatment. The study
[18] suggests simulating complex drug interactions and heterogeneous patient responses. Shows
that the Bayesian approach gives good results in solving methodological problems of dose
optimization in complex combination therapy, such as immunotherapy and targeted treatment. Even
Bayes' method can show a good indication in determining the immune system's overreaction to
substances such as dust, food, or medicine.

Methods

Bayesian probability model

A probabilistic model based on a Bayesian network is used to assess the individual probability
of a clinical response to therapy. It describes the joint distribution of patient and clinical outcome
variables.

The study created an artificial clinical data set for anemia in 30 patients. The posterior
probability of response to therapy for each patient was calculated based on Bayes ' theorem:

P(BIY =1)-P(Y = 1)

P(Y =1|B) =
( 1B) P(BIY =1)-P(Y =1) + P(B|Y =0)- (1 — P(Y = 1))
here:
Y€{0,1} — a binary variable reflecting the clinical response to treatment (1 — response, 0 — no
response).

B — a set of clinical and immunological indicators of the patient;
B={age, sex, allergy type, total IgE, eosinophils, IL4, IL5, IL13, allergen_exposure,
family_history, asthma, season, anaphylaxis_history, treatment, severity}

Table 1 — Aposteriory probabilities of patients' response to therapy (the fragment)
Patients IgE IL-4 Asthma Severity P(Answer)
10 500 6.0 Yes Heavy 0.93
18 460 6.3 Yes Heavy 0.89
15 420 5.9 Yes Heavy 0.84
4 520 6.1 Yes Heavy 0.21
12 540 5.8 Yes Heavy 0.17

The resulting aposteriory probabilities were divided into three risk levels:

0.7-1.0 — high response probability

0.4-0.7 — average level, additional control required

0-0.4 — low response probability.

The Bayesian approach allows for a probabilistic classification of patients, rather than just a
binary classification. This increases the accuracy of clinical decision-making in the context of
personalized medicine.

The results are presented in Figure 1.

Here:

On the X — are patients (ID 1-30)

Onthe Y — P (Response | Data)

Horizontal lines:

0.7 — high response rate

0.4 — average level.

Since the «Responsey variable in the table is binary, the a posteriori probability is now 1 or 0.
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Figure 1 — Posterior probability of anemia risk
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Aposteriory probability (for allergy data)
This is calculated for each patient in the column chart:

P(Response = 1|B)
_ P(B|Response = 1) - P(Response = 1)
" P(B|Response = 1) - P(Response = 1) + P(B|Response = 0) - P(Response = 0)

here:

B - control data (age, sex, allergy type, total IgE, eosinophils, IL4, IL5, IL13,
allergen_exposure, family_history, asthma, season, anaphylaxis_history, treatment, severity);

P(Response=1) — a priori probability (21/30 = 0.70 according to the data);

P(Response=0)=1-P(Response=1);

P(B|-) — conditional probability, calculated based on the relationship of clinical indicators with
the response.

A priori probability (response to therapy)

A priori, the probability was determined according to the frequency of response to therapy:

21
P(A =1)=—=0.70
(Answer ) 30
This indicates that about 70% of patients in the studied population have a positive response to
therapy.

Causal description of the results

—High aposteriory probabilities were observed in the following patients:

ID 10, 15, 18, 24,27 -P 2 0.85

Immunotherapy against the background of high IgE, high IL-4/IL-5 and severe allergies has
shown effective results. These patients belong to the group with a high response to therapy.

— Patients with moderate probability observed:

ID6,8,14-P=0.4-0.6

There are deviations of some immunological markers, but the clinical picture is uneven.
Additional monitoring is recommended.

— Patients with low probability observed:

ID4,12,22,30-P<0.2

The severity is high, there is a history of anaphylaxis and the response against the background
of steroid therapy is low. It is necessary to rethink the therapeutic strategy.

The following graph shows the main advantage of the Bayesian method: ranking processes

not by discreteness, but by risk level. The distribution by risk levels is shown in the following graph
(Figure 2).
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Figure 2 — Bayesian risk stratification framework

Here:

Bayesian Posterior Probabilities (Allergy Patients)

Stratification:

0-0.3 — Normal Patients

0.3-0.6 — Requires Monitoring

0.6-1.0 — High Risk

Clinical actions

Model Evaluation Block (Accuracy, Precision, Recall, F1)

This graph shows the main advantage of the Bayesian method. Patients are not only classified
as «there is or no answer». It allows you to classify by probability level. High-risk patients are
identified. The middle group is subject to additional control. Alternative treatment tactics for low-
probability patients are considered. This fully complies with the principles of personalized medicine.

The results of the study showed that the Bayes probabilistic model makes it possible to
accurately assess the clinical response to therapy and classify patients by the probability of
response. The use of aposteriory probabilities makes clinical decision-making more flexible and
precise. Because for each patient, an individual risk level is determined. Thus, the Bayesian
approach follows the rules of personalized medicine. As a result, it creates conditions for
individualizing treatment tactics and optimizing therapeutic strategies.

Bayes' method made it possible to evaluate the clinical response not only as a binary result,
but through aposteriory probability for each patient. As a result, the classification of patients by risk
level was carried out, and the accuracy of choosing personalized treatment tactics increased. The
results obtained are analyzed in terms of clinical significance, model tolerance to incomplete data,
and potential for the implementation of Bayesian approaches in the practice of personalized
medicine.

Result

Interpretation of ROC analysis results

Smoothing interpolation was applied to enhance visual interpretability and compliance with
publication requirements. The resulting value of the area under the ROC curve was (Figure 3):

AUC=0.95

The value of AUC = 0.95 indicates that the discrimination capability of the model is very high.
The model assigns a higher probability of a therapeutic response to a randomly selected responding
patient compared to a randomly selected unanswered patient.
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Figure 3 — Smoothed ROC Curve — Allergy dataset

Integral exponent for Bayesian classifier:
ROC — AUCggyes ~ 0.95

From the perspective of personalized medicine, the results demonstrate that the Bayesian
model effectively integrates immunological markers (IgE, IL-4, IL-5, IL-13, eosinophils) and the
clinical characteristics of patients.

Figure 4 shows the error matrix of the Bayesian classifier. It was obtained as a result of 5-fold
stratified cross-validation.

Normal 6 2

True Class

Problematic 4 1

Normal Problematic

Predicted Class

Figure 4 — Confusion matrix — Batesian classifier
The matrix has the following form:

1 21
here:

6 — True Negative: patients without a therapeutic response, correctly classified as «Normal»
by the model;

2 — False Positive: unanswered patients, erroneously classified as «Problematicy;

1 — False Negative: a patient with an answer that was not identified by the model;

21 — True Positive: patients with a therapeutic response, correctly classified as «Problematic».

The obtained values indicate the high diagnostic accuracy of the model. The model correctly
classified 27 out of 30 patients. A low number of false negatives (FN = 1) indicates a high sensitivity.
A limited number of false positive results (FP = 2) demonstrate good specificity.

Discussion

Quality metrics of Bayesian model

Indicators calculated based on the Confusion Matrix:

Accuracy = (TP +TN) /N =(21+6)/30=0.90

Sensitivity (Recall) = TP / (TP + FN) =21/ 22 = 0.95

Specificity =TN/ (TN + FP)=6/8=0.75

Precision =TP /(TP + FP) =21 /23 = 0.91
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Together with the results of the ROC analysis (AUC = 0.95), the error matrix confirms the high
predictive validity of the proposed model.
The following is a Bayesian network for the allergy cohort (Figure 5).

Bayesian Network for Allergy Cohort (n = 30)
) cohort
n30% M
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Figure 5 — The Bayesian network for the allergy cohort

The network structure shows causal relationships between demographic, immunological, and
clinical variables that influence the outcome of therapy (response). The upper level of the network is
represented by the cohort node. It determines the main characteristics of the patient, including age
(age), sex (sex), type of allergy (allergy_type) and seasonality (season). These variables have an
impact on intermediate immunological parameters. These are the total level of IgE (total_IgE),
eosinophils (eosinophils) and cytokines (L4, IL5, IL13). They form the clinical severity of the disease.
Additionally, the model takes into account risk factors, including family history (family_history), the
presence of asthma and anaphylaxis_history. They enhance the effect of immunological parameters
on the severity of the disease. The severity node plays a major role in the network. It determines the
choice of therapy (treatment) and directly affects the clinical outcome (response). The relationship
between therapy and outcome shows the effect of the chosen treatment strategy on the likelihood of
aresponse. Additional links from immunological parameters to response show the possibility of direct
influence of biomarkers on the effectiveness of therapy. Thus, the model combines several data
levels. It allows to evaluate the probabilistic relationships between them.

Conclusion

The research revealed that the Bayesian approach provides high accuracy of forecasting and
allows taking into account the uncertainty of clinical data in the tasks of personalized medicine. ROC
analysis (AUC = 0.95) and the error matrix confirmed the stable predictive ability of the model while
maintaining the cross-validation sample structure. The results obtained indicate the prospects of
using Bayesian methods for probabilistic support of clinical decisions and personalized therapy.

In conclusion, the use of Bayesian analysis opens up new opportunities in personalized
medicine. Allows to improve the quality of medical research. This direction is located at the
intersection of medical science and data science and will undoubtedly develop widely in the future.
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BAWEC TANOAYbIH KONOAHbIN AEPBEECTEHAIPUITEH MEOULIMHA
ONICTEPIH 3EPTTEY

Makana batiec mandaybiH KondaHy apkbiiibl 0epbecmeHdipineeH meduyuHa adicmepiH 3epmmeyee
apHarniraH. Kasipei meduyuHada op nayueHmmiH 2eHemukarsblK, KAUHUKabIK XeHe 6eMip caimbl
epekKwesnikmepiH eckepe ombipbin muiMOi wewim Kabblnday maHbI30bl macindepdiH 6ipiHe aliHasbin omaip.
OcnbiraH 6atnaHbicmsbl beneici3dik xardalbiHOa depekmepdi mandayObiH bIKMuMardblK macindepi epekwe
KondaHbicka ue. XKymbicma meduuuHarnbik depekmepOliH mypni ke30epiH 6ipikmipy apkbiibl aypyrnapObiH
Oamy bikmumanObifbiH baranay XeHe emOey cmpameausnapbiH OHmaunaHobipy MyMKiHOIKmepi
Kapacmbipbinadsl. batiec adici anlbiH ana 6iniM MeH XaHa KIUuHUKanblK aknapammsl 6ipikmipedi. Con
apkbinbl duazHo3 Koto QondiciH apmmbipy MeH mayekendepdi baranayra MyMkiHOIK bepedi. 3epmmey
bapbicbiHda biIKMumandbik mModenb0epdi KondaHy apKblibl MeQuuUHasbIK wewimM Kabbuiday npoueciH
KondaydbiH muimOi xondapsi mandaHadsl. CoHbiMeH Kamap OepbecmeHdipinzeH macindiH Mpakmukarsbik
MaHbI3bl alkbiHOanadbl. COHbIH [wiHOe epme OuasHocmuka MeH emOeyldi XekeneHOipy Moacenesnepi
Kapacmbipblniadbl. ¥cbiHbinFaH adic meduuyuHanblk Oepekmepdi eHOey carnacbiH apmmbipyFa MYMKIHOIK
bepedi. [JepbecmeHdipinzeH meduyuHa epexernepidH 0ambimyra barbimmarfraH.

TyliH ce30ep: OepbecmeHdipineeH meduuuHa, batiec mandaybl, xacaHObl UHMEsIEKM, MalWUHabIK
OKbImYy, KIUHUKasbIK wewim Kabbindayobi Konday.
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WCCNEOOBAHUE METOAOB NEPCOHANM3NPOBAHHOW MEOULMHbLI C MPUMEHEHUEM
BAUECOBCKOIO AHAJU3A

Cmambsi nocesiuweHa U3y4eHur Memodo8 MepCoHaIUu3UupPo8aHHOU MeAUUYUHbI C UCMNOMb308aHUEM
baliecosckoz2o aHanusa. B cospemeHHOU MeduuyuHe npuHamue 3hoeKmMuUBHbIX peweHul € y4emom
2eHemu4ecKux, KAUHUYeCKUX U obpasa XU3HU Kax0020 nayueHma cmaHosumcsi 0OHUM U3 8axKHeUWux
nodxodos. B cesa3u ¢ amum ocoboe npuMeHeHUE UMEKm 8epOsIMHOCMHbIe MO0OX00b! K aHanu3y O0aHHbIX 8
ycnosusix HeonpedeneHHocmu. B pabome paccmampuearomcsi 803MOXHOCMU OUEHKU 8epOosimHOCMmU
passumusi 3abonesaHulli u onmumu3ayuu cmpameeuli sie4YeHuUss fnymemM O0b6beOUHEeHUS] pPasfiuYHbIX
UCMOYHUKO8 MeduyuHCcKUx daHHbIX. batiecosckuli Memod codemaem 8 cebe npedsapumeribHble 3HaHUs U
HOBYI0 KITUHUYECKYI0 UHGbopMayuto. Tem cambiM 10380719€m 08bICUMb MOYHOCMb 10CMaHo8KU duasHo3a u
oueHumb pucku. B uccnedoeaHuu aHanusupyromcs 3hekmusHbie crocobbl nod0epxKu rpouyecca
npuHaIMuUs MeOQUUUHCKUX pelweHull ¢ Ucrnonb308aHUeM 8eposimHOCMHbIX Modernel. Takxe onpedensgemcs
rpakmu4eckasi 3Ha4uMoCmb NepPCoOHUGULUUPOB8aHHO20 nodxoda. B mom yucre paccmampuearomcs 80rpochl
paHHell OQuasHOCMUKU U nepcoHanu3dayuu nedeHus. [lpednazaembili Memod r10380Ji15em [108bICUMb
Kadyecmeo obpabomku mMeOUUUHCKUX OaHHbIX. HanpaeneH Ha passumue npasus rnepcoHanu3upo8aHHoUl
MeOUUUHbI.

Knrodeebie croea: nepcoHanusuposaHHasi MeduuuHa, baliecosckuli aHanus, UCKYyCCMEEHHbIU
UHMernnekm, MaWuHHoe 0by4yeHuUe, KITuHUYecKasi moddepKa npuHImMus peweHud.
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