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Abstract
Background  The number of HIV patients has been decreasing globally due to world-wide efforts to end this 
epidemic; however, HIV incidence has been significantly increasing in Türkiye in the last five years. This study aimed to 
develop mathematical models to analyze and forecast HIV incidence and prevalence in Türkiye up to 2030.

Methods  First, we utilized a Bernoulli model and estimated the annual HIV incidence for risk groups such as 
heterosexuals (HET), men who have sex with men (MSM), persons who inject drugs (PWID) and female sex workers 
(FSW). We then developed a dynamic compartmental model of HIV transmission and progression to estimate the 
incidence of HIV from 2024 to 2030 and further determine the continuum of care levels, such as the proportion of 
people living with diagnosed HIV and the proportion of people receiving antiretroviral treatment. We also conducted 
sensitivity analyses for both models on key parameters to explore the robustness of our results.

Results  The Bernoulli model indicates that the majority of HIV incidence is driven by two primary risk groups: men 
who have sex with men (MSM) (41%) and high-risk heterosexuals (HET) (38%). While the risk of HIV transmission is 
high for people who inject drugs (PWID) (0.07%) and female sex workers (FSW) (0.85%), their contribution to total 
incidence is lower due to their smaller population sizes. Results from the dynamic compartmental model predict 
that both the incidence of HIV and the number of HIV-related deaths will continue to rise over the next decade. HIV 
incidence is projected to reach 27,036 cases in 2025 and increase 2.9-times to 105,202 cases by 2030. According to 
our models, a significant portion of the HIV-positive population remains undiagnosed (49%), and individuals at high 
risk of HIV transmission (41% of estimated HIV incidence) are the primary drivers of the epidemic.

Conclusions  The number of HIV cases could significantly increase with existing prevention efforts, and HIV could 
become a major public health threat in the near future in Türkiye.
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Introduction
According to the World Health Organization (WHO) 
global estimates, 39.9  million people were living with 
HIV, while 1.3 million people became newly infected and 
630,000 people died from HIV-related illnesses in 2023 
[1]. There have been successful efforts in fighting this dis-
ease, and considerable progress has been made since it 
was first identified in the 1980s. However, HIV continues 
to be an important public health issue worldwide.

While HIV is one of the most significant causes of 
mortality and morbidity, its economic impact on govern-
ments and countries should also be considered. At least 
17.6 million new HIV infections and 10.8 million AIDS-
related deaths globally could have occurred between 
2016 and 2030 if no prevention strategies were employed; 
on the other hand, ‘ending the HIV epidemic by 2030 tar-
gets’ could yield a 15-fold return on investments [2, 3].

When the number of infections and related treat-
ment costs are considered, the monitoring, prevention 
and treatment of HIV, both locally and globally, gain 
much more importance. Data from the Turkish Minis-
try of Health show that 45,835 HIV patients, of which 
2,438 were AIDS cases, were reported since the 1980s 
as of November 2024. Figure  1 indicates that the num-
ber of diagnosed HIV cases has increased significantly 
in recent years except for 2020 and 2021, when COVID-
19 pandemic disrupted healthcare services resulting in a 
decrease in the testing and diagnoses [4]. Over the last 
ten years, diagnosed patients account for more than 80% 
of all reported cases to date, with a 4.5-fold increase in 
the number of diagnoses [5]. Owing to the extraordinary 
circumstances caused by the COVID-19 outbreak, which 
resulted in significant barriers for HIV diagnosis and 
testing, the 2020 and 2021 results were excluded. Türkiye 
is a low-HIV-prevalence country; however, the number 

of diagnosed cases continues to rise steadily, contrary to 
the global trend of declining or stable incidence. Further-
more, Türkiye’s Health System Performance Assessment 
by the WHO revealed that to provide an evaluation of 
HIV incidence, further scrutiny is necessary [6].

While mathematical models for infectious diseases 
have been developed for decades, interest in such studies 
has increased in recent years because of global outbreaks 
and pandemics such as Zika and COVID-19 [7, 8]. HIV 
modeling studies have been conducted to estimate HIV 
risk [9, 10], project the future of HIV epidemics at local 
or global scales [11, 12], determine the most cost-effec-
tive interventions [13, 14], assess whether it is possible to 
reach HIV prevention targets such as UNAIDS’s 90-90-
90 goals [15], and allocate resources optimally [16–19]. 
Researchers have benefited from various mathematical 
models, such as Bernoulli models, compartmental mod-
els, Markov models and simulation models, as well as 
optimization and resource allocation models [20–24].

Previous studies on HIV in Türkiye focused on the 
European Center for Diseases Control (ECDC) model; 
one study used a compartmental model with three com-
partments to estimate the reproduction number R0 for 
HIV in Türkiye [25, 26]. Two other studies evaluated the 
continuum of care levels, which is an important indica-
tor for understanding gaps in prevention efforts [27, 28]. 
However, none of these studies fully address the dis-
ease’s complex behavior or, at the same time, include risk 
groups and behavioral factors of high-risk populations. It 
is important to represent groups such as female sex work-
ers (FSW), persons who inject drugs (PWID) and men 
who have sex with men (MSM) in mathematical models 
since they are at greater risk of acquiring and transmit-
ting HIV [29]. The majority of new HIV diagnoses often 
belong to high-risk populations in many countries. In the 

Fig. 1  The number of HIV/AIDS cases in Türkiye each year
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last decade, reported cases in Türkiye have shown a simi-
lar trend, with an increasing percentage of HIV-positive 
individuals being young (20–34 years of age) and MSM 
[30, 31].

Our motivation is to identify multifaceted factors of 
HIV transmission in Türkiye and to understand the rap-
idly increasing HIV epidemic with the help of mathemat-
ical modeling. This study aims to develop mathematical 
models that project HIV incidence by incorporating risk 
groups and behavioral risk factors. These models provide 
a comprehensive picture of disease dynamics on the basis 
of the risk population, disease status, and continuum of 
care. We developed two types of mathematical models 
(the Bernoulli process model and the compartmental 
model) to forecast the future of HIV incidence in Türkiye 
and compared the results of the models. On the basis of 
the methodology, data needs and results, we analyzed the 
advantages and disadvantages of each model type and 
provided key insights and recommendations on which 
type of model to choose on the basis of the needs of the 
problem observed. The benefits of our study are twofold: 
(i) to present the future trajectory of the HIV epidemic in 
Türkiye and to provide key areas for HIV prevention in 
Türkiye and (ii) to showcase different types of modeling 
techniques, their data requirements and results for better 
model selection and conceptualization in future studies.

The remainder of this paper is organized as follows: 
In Sect.  “Materials and methods”, mathematical models 
are explained in detail, and the results are presented in 
Sect.  “Results”. Key insights, limitations, and future rec-
ommendations are discussed in the last section.

Materials and methods
Mathematical models of HIV often aim to forecast pop-
ulation-level outcomes with the help of individual-level 
inputs, and one of the critical population-level outcomes 
in these models is HIV incidence [26]. Similarly, in this 
study, two types of models, the Bernoulli model and the 
compartmental model, were constructed to predict HIV 
incidence in Türkiye. While it is possible to adapt other 
modeling methodologies, these modeling techniques are 
the most appropriate considering that there is limited 
surveillance of HIV in Türkiye; as a result, there are not 
sufficient data to populate data-heavy and/or individual-
based models.

Bernoulli process model
The main assumption of the Bernoulli model is that 
there is a probability of HIV transmission for each risky 
act, such as unprotected sex or needle sharing [32]. This 
probability, known as the per-act probability of HIV 
transmission from an infected source, was assumed to be 
the same for each partner within each risk group in our 
model. In other words, HIV acquisition risk depends on 

the type of risky behavior; protected/unprotected sexual 
intercourse; sharing needles; type of risk population; and 
HIV prevalence. In addition, we included the preventive 
benefits of condom use and HIV treatment in the model. 
We assumed that condom use decreases HIV transmis-
sion risk by 80%, and being on HIV treatment for the 
infected partner reduces HIV transmission by 96% [33, 
34].

We divided our population into five risk groups: high-
risk heterosexuals (HET high), low-risk heterosexuals 
(HET low), men who have sex with men (MSM), people 
who inject drugs (PWID) and female sex workers (FSW). 
Unfortunately, there are few data related to behavioral 
risk factors for HIV (e.g., sexual behavior, drug use) in 
Türkiye, and there are no national data. Therefore, we 
assumed that the married adult population aged 18–64 
years was at low risk, and single persons in the same age 
group were defined as high-risk heterosexuals. This was 
done to identify high-risk heterosexuals in the model. 
While this assumption is a major simplification of sexual 
behavior, the number of sexual partners for high-risk 
heterosexuals was close to the same for low-risk hetero-
sexuals, resulting in similar overall behavior in both risk 
groups.

The Bernoulli process model for HIV infection is repre-
sented with the equations below.

	 P1 = 1 −
{

1 − π 1 ∗ NT ∗
[
1 − (1 − α n)n(1 − α k)k

]}m

� (1)

	 P ′
1 = 1 −

{
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n)n(1 − α ′
k)k

]}m

� (2)

	
P2 = π 2 ∗ NT ∗

(
1 − (1 − α t)t

)
� (3)

	
P ′

2 = π 2 ∗ T ∗
(

1 − (1 − α ′
t )t

)
� (4)

P1 and P2 represent HIV transmission risks for HIV-pos-
itive persons who are not receiving treatment, and NT 
indicates the proportion of people who are not receiving 
treatment, whereas P'1 and P'2 represent HIV transmis-
sion risks for HIV-positive persons who are receiving 
treatment, and T represents the proportion of people 
receiving treatment. Owing to the lack of national-level 
estimates of HIV-positive people receiving treatment 
in Türkiye, we assumed that 68% of HIV-positive indi-
viduals are receiving treatment, which is the same as the 
world average [35, 36]. P1 and P'1 risks were identified by 
considering unprotected sexual intercourse risk behav-
ior, whereas P2 and P'2 risks were calculated via needle-
sharing risk behavior. The total HIV risk was determined 
by adding P1 and P'1 values for the HET, MSM and FSW 
risk groups while adding P2 and P'2 values for the PWID 
risk group. Then, we estimated HIV incidence for each 
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risk group by multiplying each population size by their 
risk. All calculations were performed via MS Excel. The 
parameters used in this process are given in Table 1, and 
model validation due to a lack of data was conducted on 
the basis of expert opinions.

To present a better understanding of the model estima-
tions, a one-way sensitivity analysis was conducted. This 
analysis was applied by changing only one parameter 
value and collecting new results. We used both 20% more 
and 20% less of the base value of each parameter and 

evaluated the ranges of estimated HIV incidence. This 
analysis enabled us to determine which parameters have 
the most/the least effect on the estimates.

Dynamic compartmental model (SI model)
In the early 1900s, dynamical systems approaches were 
applied to infectious diseases. The main principle of this 
approach is to assume that individuals in the popula-
tion are either susceptible to infection, currently infec-
tious, or recovered (previously infected and consequently 
immune) [37]. Dynamic compartmental models classify 
the population into several classes and name them com-
partments. Then, mathematical equations are created to 
represent individuals moving between the compartments 
[37]. There are several compartmental models, such as SI, 
SIR, SIS, SEIR, SEIRS, MSEIR, and MSEIRS.

Our compartmental model for HIV consists of eight 
compartments, as shown in Fig.  2. In the model dia-
gram, S represents the susceptible population, and E 
represents deaths due to AIDS-related causes. In addi-
tion, deaths due to natural causes, δ, and the birth rate, 
ρ, were defined. Parameter β is the force of infection, 
which is a 3 × 3 matrix that takes into account three dif-
ferent risk groups (MSM, PWID and HET) and their 
continuum of care levels. The HIV continuum of care 
is illustrated horizontally in three stages (undiagnosed, 
diagnosed and on ART) and grouped vertically by their 
CD4 levels (CD4 ≥ 200 µL and CD4 < 200 µL). Patients 
with CD4 ≥ 200 were regarded as HIV positive, whereas 
those with CD4 < 200 were assumed to be AIDS patients. 
All compartments are defined as follows: CD4 ≥ 200 and 
undiagnosed (UA), CD4 < 200 and undiagnosed (US), 
CD4 ≥ 200 and diagnosed (DA), CD4 < 200 and diag-
nosed (DS), CD4 ≥ 200 and under treatment (on ART) 
(TA), CD4 < 200 and on ART (TS). Parameters p, q and 

Table 1  Key parameters for the Bernoulli model
Symbol Parameter Value Source
π 1 Prevalence of HIV

  Heterosexuals 0.000184 [56, 57]
  Men Who Sex with Men 0.03 [58]
  Female Sex Workers 0.01 [59]

n Number of unprotected sexual 
intercourse

89 [60–62]

k Number of protected sexual 
intercourse

20.9 [60–62]

α n Per-act probability of transmission 
(Under no protection)

0.0161 [63]

α k Per-act probability of transmission 
(Under protection)

0.00322 [35]

m Number of partners
  HET (High) 2.29 *[64]

*
*
*

  HET (Low) 1
  MSM 3.67
  FSW 3

π 2 Prevalence of HIV for PWIDs 0.0066 [65]
α t Per-act probability of transmission for 

needle-sharing
0.0063 [66]

t Annual number of times needle 
sharing

60 [67–69]

* Calculated on the basis of source

Fig. 2  Dynamic compartmental model diagram
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r represent the progression of HIV. k and l represent the 
diagnosis rate and treatment rate, respectively, and α rep-
resents the death rate due to AIDS-related causes.

After that, a model was established via the differen-
tial equations below. All possible movements between 
compartments were transformed into mathematical 
equations. Since model outcomes for three different 
risk groups are needed, index i (i = 1,2,3) represents risk 
groups (MSM, PWID and HET), whereas the total popu-
lation is denoted by N.

	
dSi

dt
= ρN −

Si

[
β1UAi + β2DAi + β3TAi
+β1USi + β2DSi + β3TSi

]

N
− δSi

� (5)
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i
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∑

i
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∑

i
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The compartmental model was coded in MATLAB [38], 
and differential equations were solved via the Runge–
Kutta method. Before running the algorithm, the initial 
population, which was an allocation of MSM, PWID and 
HET individuals into eight compartments, was created 
using the parameters shown in Table 2.

The modeling approach was designed as a process with 
four different periods: a warm-up period (2005–2012), 
a calibration period (2014–2016), a model validation 
period (2017–2023) and an estimation period (2024–
2030). The warm-up period was defined to help our 
model reach a stable state.

Table 2  Input parameters for the compartmental model
Symbol Parameter Value Source
ρ Birth rate 0,01818 [57]
δ Natural death rate 0,00589 [57]
p Infection progression rate for 

undiagnosed people
0,03 [42]

q Infection progression rate 
for diagnosed and not under 
treatment patients

0,03 [70]

r Infection progression rate for 
diagnosed and under treat-
ment patients

0,0189 [70]

Calibrated input parameters
β1 Force of infection for undiag-

nosed patients
0.33–0.98 Calibrated

β2 Force of infection for diag-
nosed patients

0.16–0.46 Calibrated

β3 Force of infection for patients 
on treatment

0.01–0.02 Calibrated

α1 HIV-related mortality rate for 
undiagnosed and diagnosed 
patients (2005–2013)

0.0523 Calibrated

α3 HIV-related mortality rate for 
patients under treatment 
(2005–2013)

0.0098 Calibrated

α1’ HIV-related mortality rate for 
undiagnosed and diagnosed 
patients (2014–2030)

0.0318 Calibrated

α3’ HIV-related mortality rate for 
patients under treatment 
(2014–2030)

0.0028 Calibrated

k1 Diagnosis rate 0.506 Calibrated
k2 Diagnosis rate 0.509 Calibrated
l1 Treatment rate 0.818 Calibrated
l2 Treatment rate 0.878 Calibrated
Initial population parameters
Population 
Size

MSM 40,000 Expert 
opinion

Population 
Size

PWID 59,895 [65]

Population 
Size

HET 46,938,000 [71]

Prevalence MSM 0.03 [58]
Prevalence PWID 0.0066 [65]
Number of 
PLHIV

MSM 1,200 *[58]

Number of 
PLHIV

PWID 395 *[65]

Number of 
PLHIV

HET 697 *[56]

Number of 
PLHIV

Total number of PLHIV 2,292 [56]

Continuum 
of care (%)

HIV positive 15% *[56]

Continuum 
of care (%)

AIDS 85% *[56]

* Calculated based on the source and details of calculation can be found in the 
Supplemental Appendix
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Model calibration
Some aspects of reality are unmeasured or unknown, and 
we are often confronted with models that require inputs 
for which no or only indirect data exist. In such cases, 
the calibration method can be used to select input val-
ues that lead to model outputs “as close as possible” to 
the available empirical data [39]. The calibration period 
was included because of a lack of data regarding impor-
tant parameters. The steps of our calibration process 
are presented in Supplementary Fig. S1. Where pos-
sible, we defined minimum and maximum values for 
the calibrated input parameters based on published lit-
erature and generated values using a uniform distribu-
tion within these ranges. Supplemental Table S1 provides 
the ranges for the diagnosis and treatment rates. Other 
calibrated parameters were generated using a uniform 
distribution between 0 and 1, as all parameters represent 
probabilities.

In the first step of the calibration, the force of infec-
tion, diagnosis rate, and treatment rate were calibrated 
for 2014 and 2016. The model was run 100,000 times, and 
mean squared errors (MSEs) were obtained by taking the 
average of sum of squared differences between the actual 
number of diagnosed HIV patients and the estimated val-
ues for 2014, 2015 and 2016. Then, the MSE values were 
sorted, and the parameters with the least errors were 
chosen as the calibrated parameters. In the second step 
of the calibration, death rates due to AIDS-related causes 
were calibrated. The same calibration procedure was 
applied for the annual number of deaths due to AIDS-
related causes, with 10,000 model runs for 2013, 2014 
and 2015. The calibrated parameters and their values are 
shown in Table 2 and Supplemental Table S2. Afterwards, 
model results were collected for future estimations.

Model validation
Validation is a set of methods and techniques to assess a 
model’s accuracy in generating relevant predictions. Fol-
lowing recommendations of ISPOR-SMDM guidelines 
on model transparency and validation, we evaluated face, 
internal and external validity of our models [40].

Four aspects of face validity—model structure, data 
sources, problem formulation, and results—are docu-
mented in detail. A subject matter expert, an infectious 
disease specialist with over 20 years of experience, has 
evaluated the model and its outcomes to ensure that the 
model’s assumptions align with real-world conditions 
and that the results are appropriate.

For internal validity, both modelers verified the indi-
vidual equations of two models and verified their imple-
mentation in code. With an extensive walk-through, the 
programmer explained the code to the other modeler and 
parameters that are calculated are validated by the other 
modeler independently. In addition, we ran extreme value 
analysis on some scenarios and evaluated our anticipated 
predictions with the model results.

For external validity, the dynamic compartmental 
model was validated against the number of diagnosed 
cases reported by the Ministry of Health between 2017 
and 2023 [5]. This represents a partially dependent vali-
dation, as data from earlier years were used during model 
calibration. However, this dataset remains the most 
comprehensive record of reported cases, encompass-
ing diagnoses from all regions of Türkiye as well as state 
and private hospitals. The Bernoulli model estimates HIV 
incidence by risk groups. Unfortunately, reliable data on 
the actual size or HIV incidence within these groups—
such as MSM, FSW, and PWID—is unavailable in Türkiye 
due to the stigma, discrimination, and legal challenges 
faced by these populations. Consequently, the evaluation 
of the Bernoulli model results relied on the expert opin-
ion of a subject matter specialist.

Results
Bernoulli process model
HIV incidence was estimated on the basis of HIV risk 
and population size for each risk group. Since we did not 
have information about the population size of MSM in 
Türkiye, we consulted experts in this area. Accordingly, 
we defined low, medium and high categories for the 
MSM population in Türkiye. Furthermore, we used two 
HIV prevalence rates for the MSM population obtained 

Table 3  Estimated HIV incidence according to MSM category and HIV prevalence rates for MSM
HIV Prevalence Category of MSM 

population size
MSM Population HIV Incidence of 

MSM
Total HIV Incidence Percentage of 

MSM (%)
Diag-
nosis 
rate 
(%)

0.03 Low 40,000 1,241 10,140 12.2 39.8
0.03 Medium 200,000 6,207 15,106 41.1 26.7
0.03 High 1,500,000 46,554 55,453 84 7.3
0.127 Low 40,000 5,110 14,009 36.5 28.8
0.127 Medium 200,000 25,552 34,450 74.2 11.7
0.127 High 1,500,000 191,641 200,539 95.6 2
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from different studies, and the results are given in Table 3 
[26, 41].

The experts evaluated the results; the medium-sized 
MSM population size and the 15,106 new HIV patients 
in 2019 were selected as the most reasonable outputs. 
In the first stage, we assumed that 68% of people living 
with HIV (PLHIV) were under treatment in this analysis. 
We then changed the treatment rate depending on the 
cohort studies (75.3%, 86%, 88% and 92%), and the results 
are presented in a table in the supplementary appendix 
(Supplementary Table S3) [27, 28, 42, 43]. For example, 
when the treatment rate was 86%, new HIV infections 
were calculated as 8,318, with 41% relating to MSM and a 
48% diagnosis rate. The range for HIV incidence in 2019 
was found to be approximately 4,000-166,000, according 
to these results.

The estimated HIV incidence rates for each risk group 
are summarized in Table 4. According to the results, the 
MSM risk group had the highest number of new HIV 
cases in 2019. High- and low-risk heterosexual individu-
als followed, with 5,735 and 3,093 new HIV cases, respec-
tively. MSM was the riskiest group, with a probability of 
transmission of approximately 3%. The FSW group was 
riskier than the PWID group was, but the HIV incidence 
of PWID was greater than that of the FSW risk group 
because of population size. The total annual HIV inci-
dence in 2019 was estimated at 15,106, according to the 
Bernoulli model.

For sensitivity analysis, 20% more of the selected 
parameter’s value was regarded as ‘the best’, and 20% less 
of the same parameter’s value was regarded as ‘the worst’ 
case. New HIV incidences are illustrated with tornado 
diagrams in Supplementary Fig. S2. Each parameter did 
not affect the HIV incidence in the same way. The sen-
sitivity analysis revealed that HIV prevalence, per-act 
probability of HIV transmission without protection, the 
number of risky acts (unprotected sexual intercourse), 
and the average number of partners per year significantly 
affected the estimation of HIV incidence for MSM, HET 
and FSW. The HIV prevalence for PWIDs, per-act prob-
ability of HIV transmission in cases of needle sharing and 
the average annual number of times needle sharing were 
considered important parameters for the PWID group. 

The per-act probability of HIV transmission with con-
dom use and the number of risky acts by a partner during 
protected sexual intercourse are not important param-
eters because they have a much smaller effect on model 
results.

Dynamic compartmental model
The first step of calibration in the dynamic compartmen-
tal model enables us to reach the diagnosis and treat-
ment rates. Thus, we defined the HIV treatment cascade 
for Türkiye as depicted in Fig. 3. According to the model, 
51% of HIV patients knew that they have been infected 
with HIV, and 85% of diagnosed patients received treat-
ment. Since the HIV treatment cascade was defined with 
a denominator that presented all people living with HIV 
(PLHIV), these rates were readjusted. It was found that 
among all PLHIV, 51% of patients knew their status, and 
43.35% were under treatment.

To carry out the validation process of our model, a 
comparison was made between model results and offi-
cial data from the Turkish Ministry of Health (Fig.  4). 
The annual number of diagnosed HIV positive and AIDS 
patients in 2017 were 3145 and 126, while our model esti-
mated these values as 3048 and 436, respectively. In 2018, 
the annual numbers of diagnosed HIV positive and AIDS 
patients were 3823 and 130, according to national data. 
In the same year, model results were 3661 diagnosed HIV 
positive patients and 508 diagnosed AIDS patients. For 
the extreme value analyses, we reported the results in the 
Supplemental Table S4.

Model estimations for HIV positive and AIDS inci-
dences are shown in Fig. 5. According to the results, the 
estimated number of HIV-positive patients was 6516, and 
the estimated number of AIDS patients was 678 in 2019. 
In 2023, these numbers were found to be 16,345 (1.5-fold 
increase) and 1481 (1.18-fold increase). According to 
the model results, 105,202 HIV-positive cases and 8056 
AIDS cases could be reached by 2030 and consequently 
would increase approximately 15 times compared with 
estimations in 2019.

The annual number of AIDS-related deaths was esti-
mated to be 18, 21 and 24 for 2016, 2017 and 2018, 
respectively. Model estimations for the annual number 
of deaths were compared with official data (Fig. 6). They 
were found to be very close to each other during both the 
2013–2015 calibration period and the 2016–2023 vali-
dation period. As we assumed that no deaths existed at 
the beginning of the model, cumulative estimations were 
calculated by adding the annual number of deaths from 
2013. The total number of deaths between 2013 and 2019 
and between 2013 and 2023 were 151 and 330, respec-
tively. The cumulative number of deaths was predicted to 
exceed 1400 at the end of 2030.

Table 4  Estimations of HIV incidence from the Bernoulli model 
for each risk population
Risk group HIV Risk

(%)
Population HIV incidence

(%)
HET (High) 0.02 28,123,158 5,735 (38)
HET (Low) 0.009 34,729,806 3,093 (20)
MSM 3 200,000 6,207 (41)
PWID 0.07 59,895 44 (0.3)
FSW 0.85 3,100 26 (0.2)
TOTAL - - 15,106
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The estimated total number of HIV-positive patients 
(UA, DA and TA compartments) and the total number of 
AIDS patients (US, DS and TS compartments) according 
to their risk groups are shown in Supplementary Fig. S3. 
The majority of HIV patients can be identified as hetero-
sexual, whereas the MSM risk group came after hetero-
sexual. Moreover, the number of HIV patients in the HET 
group tended to increase during the estimation period. It 
is also important to note that all risk groups exhibit rising 
HIV incidence, consistent with real-life trends.

The sensitivity analysis for the compartmen-
tal model was performed by defining different cases 

(Supplementary Fig. S4 and Fig. S5). In the base case, all 
the parameters take their initial values. In contrast, in 
the other cases, only one of the parameters, the diagno-
sis rate, treatment rate and force of infection, decreased 
by 20% or increased by 20%. Sensitivity analyses revealed 
that the force of infection has a stronger effect on model 
estimations. The effect of the diagnosis rate takes second 
place after the force of infection, whereas the treatment 
rate has the least effect. Hence, the calibrated parameters 
were ranked in descending order of importance as fol-
lows: force of infection, diagnosis rate and treatment rate.

Fig. 4  The annual number of diagnosed HIV and AIDS patients from 2014–2030 based on model results and comparisons with official data

 

Fig. 3  HIV cascade in Türkiye based on the compartmental model
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Discussion
HIV is one of the leading health problems worldwide. 
Fortunately, mathematical models allow us to follow the 
spread of the disease, determining outputs such as the 
number of new infections or deaths due to AIDS, as well 
as the number of PLHIV.

Although Türkiye is among the low-HIV prevalence 
countries, the annual number of diagnosed patients 
has drastically increased. Moreover, it is believed that 
reported numbers constitute only part of the disease, and 
the number of diagnosed cases is underestimated [44]. 
There is a poor registration system for establishing the 
exact number of cases [26]. Therefore, it is necessary to 

investigate HIV progression in Türkiye. This study was 
conducted to project the future of HIV with the help of 
modeling techniques.

First, we benefit from the Bernoulli model with prob-
abilities of transmission. MSM was found to be the riski-
est group, while the majority of new infections were from 
the HET high-risk group. Hence, it was concluded that 
MSM and HET high-risk groups were the most impor-
tant and can be regarded as targeted groups for potential 
interventions. The fact that focusing on the MSM popu-
lation was found to be beneficial in fighting the disease is 
in line with various studies [45–47]. The sensitivity analy-
sis of the Bernoulli model revealed that protection was an 

Fig. 6  Annual and cumulative number of deaths due to AIDS-related causes from 2013–2030 and comparison with official data

 

Fig. 5  Estimated HIV-positive and AIDS incidence rates from 2014–2030 on the basis of the model results
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effective way to prevent HIV transmission. The number 
of individuals engaging in protected sexual intercourse 
and the probability of HIV transmission with protected 
intercourse were found to be unimportant parameters in 
the model. The HIV incidence calculated with our model 
is approximately 3.5 times greater than the number of 
HIV cases diagnosed and reported in 2019. This gap 
shows that reducing the number of people with undiag-
nosed HIV could be key in preventing HIV in Türkiye.

Afterwards, a dynamic system approach was exploited 
by developing a compartmental model with a more com-
plex structure than the Bernoulli model for long-term 
projection. Compared with the Bernoulli model, we inte-
grated three additional characteristics as follows: (i) the 
CD4 level, which assumes the distinction between HIV-
positive patients and AIDS patients; (ii) Diagnosis and 
treatment status, which indicates the HIV continuum of 
care; and (iii) HIV risk groups. Model estimations for the 
annual number of diagnosed HIV patients and the num-
ber of deaths due to AIDS were very close to reported 
numbers from the Ministry of Health, whereas the results 
for AIDS patients were greater than those reported previ-
ously. Among the risk groups, the highest number of HIV 
patients were heterosexual, as expected, due to the high 
population size of heterosexual individuals. The number 
of patients among MSM was second highest. According 
to the model, if the HIV situation in Türkiye continues 
at the same level, the annual HIV incidence will exceed 
105,000, and the number of people living with HIV will 
reach about 500,000 in 2030. People who are unaware of 
their HIV status contribute to the spread of disease, as 
they maintain risky behavior. While the estimated diag-
nosis rate was 51% and the estimated treatment rate was 
85%, some interventions should be put into practice to 
reach the 90-90-90 UNAIDS target.

Both models have shown that there is a growing num-
ber of both diagnosed and undiagnosed HIV patients in 
Türkiye, and if no effort is made to change the current 
trend, Türkiye will potentially face HIV as a major pub-
lic health threat in the near future. Some other contrib-
uting factors are Türkiye’s close proximity to higher-HIV 
prevalence countries (Eastern Europe and Central Asia) 
[48]; its growing tourism opportunities; increasing popu-
lation, refugee and migration issues [49, 50]; developing 
economic and commercial sectors; and increasing num-
ber of people working and returning from abroad. In 
addition to these factors, an increasing number of drug 
users [51, 52] have also led Türkiye to become an HIV 
risk area. Thus, authorities should focus on risk groups 
and take immediate preventative action. The develop-
ment of strategies for prevention, testing, and diagnosis 
will substantially reduce the number of infections. Thus, 
such a course of action should be pursued to implement 

effective healthcare policies and provide the most benefi-
cial healthcare solutions.

After having a good surveillance of HIV status, another 
important aspect is to close the gaps in the continuum of 
care. Since the diagnosis step presents a weakness, efforts 
could be focused on minimizing barriers and employing 
strategies to incentivize testing. As peer education has 
proven to be effective in behavioral change within high-
risk populations [53], this strategy can be implemented 
to decrease infections in the population. Besides testing 
and treatment programs, information campaigns which 
led changing the attitude in the population about HIV 
and removing stigma and discrimination is another help-
ful strategy for high prevalence countries such as South 
Africa [54] and can be suggested for mitigating the dis-
ease spread. To establish an enhanced HIV surveillance 
system is important for presenting the real progress 
towards global targets and revealing the undiagnosed 
PLHIV. We do not have a national database including all 
reported case [30], and thus studies are conducted based 
on cohort-level data. National HIV surveillance system 
would help to make evidence-based public health deci-
sions. To monitor and assess the national HIV response, 
lack of such system is considered as an unmet need [51]. 
As mentioned in this report [55], low prevalence coun-
tries should introduce a surveillance system that can 
detect HIV infections among risky populations earlier 
instead of late diagnosis.

The limitations of the study can be discussed in two 
different aspects: application limitations and method-
ological limitations. The lack of national data concern-
ing important essential parameters, such as parameters 
related to sexual behavior and MSM population size, can 
be regarded as the main application limitation. Method-
ological limitations include the structure of the models. 
One of them is the Bernoulli model’s dependence on 
parameters. It can be seen as a method that depends too 
much on its input parameters. Moreover, the Bernoulli 
model is a method with static features in its structure. 
Although we only provided annual HIV estimates for a 
single year, our methodology could be repeated each 
year by updating parameters on a rolling basis. On the 
other hand, the deterministic compartmental model is 
a dynamic method that generates estimations for many 
years, but its structure keeps the parameters stable 
during the estimation period. Additionally, one of the 
assumptions of the compartmental model is that individ-
uals of the same compartments act homogeneously. That 
is, the behavior of individuals in each compartment is the 
same.

For future studies, the number of groups can be 
increased according to specific characteristics, such as 
the age and sex of the population, for the Bernoulli model. 
Moreover, this model can be extended for different stages 
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of HIV. Probabilistic sensitivity analyses can be applied to 
both models. For the compartmental model, the number 
of compartments can be increased by adding the acute 
infection and/or viral suppression phase to the contin-
uum of care or including demographic characteristics 
such as age and sex. The viral suppression phase would 
contribute to enhancing the HIV cascade for Türkiye at 
the same time. The reason is that these types of models 
are beneficial for assessing Türkiye’s performance with 
90–90–90 targets. Bernoulli and compartmental models 
are used to perform cost-effectiveness analyses; thus, sev-
eral prevention methods can be added to models to find 
the best prevention strategies.

Conclusion
Our study highlights the importance of a rising public 
health problem in Türkiye: increasing HIV incidence in 
the last decade. Our models suggest that there will be a 
considerable surge in the number of HIV infections in 
the future and that the burden of such changes in the 
health system and treatment costs could be devastating. 
Furthermore, our results show that prevention efforts 
should focus on persons who are at high risk of HIV 
infection, such as MSM, high-risk HET and FSW, to curb 
this upsetting trend.
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