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ABSTRACT

Background: Using a previously developed and validated mathematical model, we 

predicted future prevalence of type 2 diabetes mellitus (T2DM) and major modifiable 

risk factors (obesity, physical inactivity, and smoking) stratified by age and sex in 

Turkey up to the year 2050.  

Methods: We used a deterministic compartmental model to fit nationally 

representative demographic and risk factor data for Turkish adults (aged 20-79) 

between 1997 to 2017, then estimated future trends. We explored the impact of 

future obesity trends on these projections, specifically modelling i) a gradual fall in 

obesity in women after the year 2020 until it equalled the age-specific levels seen in 

men and ii) cessation of the rise in obesity after 2020. 

Results: T2DM prevalence is projected to rise from an estimated 14.0% (95% 

uncertainty interval [UI] 12.8%-16.0%) in 2020 to 18.4% (95% UI 16.9%-20.9%) by 

2050; 19.7% in women and 17.2% in men by 2050; reflecting high levels of obesity 

(39.7% for women and 22.0% for men in 2050). Overall, T2DM prevalence could be 

reduced by about 4% if obesity stopped rising after 2020 or by 12% (22% in women) 

if obesity prevalence among women could be lowered to equal that of men. The 

higher age-specific obesity prevalence among women resulted in 2,076,040 

additional women developing T2DM by the year 2050. 

Conclusion: T2DM is common in Turkey and will remain so. Interventions and 

policies targeting the high burden of obesity (and low physical activity levels), 

particularly in women, could significantly impact future disease burdens. 

Keywords: Type 2 diabetes mellitus, Obesity, Turkey, Prevalence, Mathematical 

Modelling, gender.
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Strengths and limitations of this study

Strengths

 Estimates incorporate all major risk factors for type 2 diabetes

 Sophisticated and validated mathematical model that takes into account 

population distribution of risk factors and their relationships with type 2 

diabetes

 High quality population based data available in Turkey from repeated key risk 

factor surveys and all of the data is nationally representative.

Limitations

 Uncertainty about future trends in risk factors and disease remains present

 Optimal means to reduce obesity prevalence in women is uncertain
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Introduction

Diabetes prevalence has increased dramatically in many countries over the 

last 30 years or so; globally, about 1 in 11 adults are now thought to have 

diabetes, and 85-90% of these have type 2 diabetes (T2DM)1. This substantial 

rise has been driven mainly by demographic changes (population ageing) and 

lifestyle changes, particularly changes in diet and reductions in physical 

activity that in combination have resulted in increases in obesity. As a region, 

the Middle East and North Africa has the highest estimated prevalence of 

diabetes globally; 12.8% of adults (aged 20-79)1. Current estimates of diabetes 

prevalence in Turkey broadly reflect this regional picture. Recent surveys have 

suggested that over 10% of Turkish adults already have T2DM and that for the 

middle-aged (age 35 and above), the mean body mass index (BMI) was already 

over 30 in women and 27 in men2 3. BMI had been increasing by roughly 

0.1kg/m2 annually over the time frame 1995-20093. These elevated risk factor 

levels put Turkish adults at high risk of developing T2DM as they age. 

Globally, diabetes prevalence is higher among men than women4, but this 

pattern is reversed in Turkey, reflecting the extremely high levels of obesity 

among women. Despite this, the “obesity gap” (excess burden of diabetes 

among women due to higher levels of obesity compared with men) has not 

been estimated previously to our knowledge. 

Earlier research suggested that substantial increases in T2DM might be 

expected in Turkey over the next few decades; however, these estimates were 

based on a very simple Markov model and used only data published up until 

20115, whilst several high-quality national surveys have been published since 
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this time6 7. These more recent national surveys from Turkey have suggested 

some flattening of trends in T2DM prevalence over the past decade. Turkey 

has also made some public health gains, particularly some reductions in 

smoking prevalence and other cardiovascular risk factors2 8, possibly resulting 

from better medical management in primary care2. Therefore, we have 

produced new estimates of diabetes prevalence by age and sex and 

projections into the future using a more sophisticated dynamic model 

developed more recently and already applied to countries in the region4 9 10. 

This model includes all age and sex groups in Turkey, incorporates data from 

four national surveys published in Turkey since 19956 11-13, and incorporates 

some methodological advances, including a more realistic distribution of risk 

factors in the population. The latter allowed adults to explicitly have more than 

one risk factor (e.g., both obesity and physical activity)9. Improved estimates 

are of substantial interest to national and regional health planners and the 

public health communities in both Turkey and the Middle East. 

Epidemiological models are also valuable for estimating the population effects 

of potential preventive policies such as strategies to reduce obesity, informing 

policy directions for both the country and the region.  
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Methods

Model development

We extended a recently-developed T2DM age-structured mathematical model and 

parameterized this with data from Turkey. Full details of the original model can be 

found in Awad et al9. The model developed was population-based and deterministic, 

representing Turkey's population (aged 0-99) by a set of differential equations. The 

equations categorise the population into 640 groups, according to sex, age group, 

and presence or absence of T2DM, and each of three major risk factors for T2DM. 

Box S1 in the Appendix 1 shows a schematic representation of how the population is 

divided into the different risk factors and health states. The three key risk factors 

included were identified as the most critical risk factors in other published literature: 

obesity, physical inactivity and smoking9, and readily obtainable from serial surveys 

in many populations14. Obesity was defined as BMI ≥30 kg/m2 across all age groups. 

Physical inactivity was defined as activity levels below the World Health 

Organisation’s recommendations (i.e. at least 30 minutes of moderate or vigorous 

exercise daily, or 150 minutes per week)15 16 and smoking as reporting current daily 

cigarette smoking14. The case definition for T2DM was self-reported diabetes on 

medication or fasting blood glucose (FBG) above a threshold level (7.0 mmol/l) to 

detect undiagnosed cases. On an annual basis, individuals were assumed to 

develop T2DM at rates consistent with their age, sex and risk factor status. These 

were parameterized using epidemiological and natural history data (see Appendix 1 

Table S1). 
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Risk factor data and parameterisation

Large international meta-epidemiological studies were used to estimate the sex and, 

where possible age-specific relative risk (RR) of developing T2DM associated with 

obesity, physical inactivity and smoking, respectively, identified through a 

comprehensive literature review, previously reported (Appendix 1 Table S1). In brief, 

where several systematic reviews and meta-analyses were available, we used 

parameter estimates from studies that reported age and sex-stratified RR, given the 

known interaction of many risk factors with biologic sex17 also the age attenuation of 

most RRs. 

Turkish data for each risk factor level and trends in each risk factor over time were 

searched in Medline, including any national or sub-national data published after the 

year 1995 (see Appendix 1 Box S2 and Figure S1). Potentially relevant studies were 

critically appraised to make a final selection for parameterization based on key 

quality criteria, including whether it was nationally representative or took place only 

in specific areas, the definition of the risk factor (e.g., whether T2DM prevalence was 

estimated based on FBG measurements alone or whether more sensitive measures 

such as the oral glucose tolerance tests (OGTT) were used to detect undiagnosed 

diabetes), and survey response rates, as well as accessibility to the data (see Table 

S2 Appendix 1) 7 11 12 18 19. As we wanted to examine trends in age and sex-specific 

prevalence over an extended time frame, we used the definition of the risk factor 

mostly consistently reported (i.e. FBG to identify undiagnosed diabetes) even when 

this was not the most optimal or sensitive definition reported by the included studies. 
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Data on the size of the Turkish population and its distribution by age and sex, both 

for the baseline year and up until 2050, were obtained from the National Institute in 

Turkey (https://www.tuik.gov.tr/Home/Index) and compared with the population 

estimates produced by the United Nations (https://wwwunorg/en/sections/issues-

depth/population/; Appendix 1 Figure S2). 

Model fitting and scenario development

The model was fitted to sex- and age-specific T2DM, obesity, smoking and physical 

inactivity prevalence data identified through literature searches (see Table S2 of 

Appendix 1 for the Turkish population) using a nonlinear least-square fitting method20 

programmed in MATLAB 2019a21 (codes available from the authors on request). 

Further details on the model structure and assumptions have been published 

previously4 9 10 22 and are summarized in Box S1 and Table S1 of Appendix 1 and 

Appendix 2. Trends in T2DM prevalence up to the year 2050 were predicted using 

the fitted parameters. Appendix 1 Figures S3-S6 show the model fit age and sex-

specific trends in T2DM, obesity, smoking, and physical inactivity, respectively.

In the base case, age-specific obesity prevalence was assumed to continue to 

increase following trends observed between 1990 and 2017. Due to lack of evidence 

of trends over time, current age and sex-specific rates of physical inactivity were 

assumed to remain constant after 2017, and only minimal changes in smoking 

prevalence were projected; hence most of the change in T2DM prevalence can be 

attributed to trends in population ageing and obesity. 

Since only obesity prevalence is potentially modifiable, we considered two further 

scenarios. In the first scenario, we assumed that some intervention targeting women 
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could be introduced after 2020, which would reduce the prevalence of obesity to that 

seen among men by the year 2030 (Figure S7A of Appendix 1). In the second 

scenario, we assumed that some intervention could halt projected increases in 

obesity prevalence after 2020 across all age-sex groups in the population (a current 

non-communicable disease [NCD] target already set for Turkey23; Figure S7B). In 

this way, we estimate the “excess incidence” of T2DM associated with the difference 

in obesity prevalence between men and women; the “obesity gender gap”.  

The proportion of T2DM incidence attributed to each risk factor was calculated using 

a modification of the population attributable risk fraction approach to account for 

overlaps between risk factors4 10 22 24 25.

Uncertainty analyses

A multivariable uncertainty analysis of 1,000 runs was conducted to specify the 

range of uncertainty in the projected T2DM prevalence. The Latin Hypercube 

sampling technique was utilized to generate random samples of the critical structural 

model parameter values listed in Table S1. A ±30% uncertainty was adopted around 

the parameters’ point estimates for parameters with no prior confidence interval or 

plausibility range. The T2DM model was refitted for each set of new input parameter 

values, and the 95% uncertainty intervals (UIs) were calculated for T2DM prevalence 

(see Appendix 1 Figure S8). 

Patient and Public Involvement

None.
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Results

Overall, T2DM prevalence in Turkey was projected to increase from 14.0% (95% UI 

12.8%-16.0%) in 2020 to 18.4% (95% UI 16.9%-20.9%) by 2050, a rise of about 

31.3% over this time period (Figure 1A; 95% UI shown in Figure S8). Also see 

Appendix 3 for model estimates by age, sex and year. Compared with men, T2DM 

prevalence in women was significantly higher; 19.7% for women and 17.2% for men 

by 2050 (Figure 1A). The burden of T2DM is expected to continue to increase even 

more substantially over the next 30 years due to both projected population growth 

(Turkey’s population is expected to increase from a total population size of over 86 

million in 2018 to approximately 106 million in 2050; Figure S1 of Appendix 1) and 

population ageing (about 12% of the population in Turkey were aged between 60-80 

years [the upper limit age included in our model] in 2018 while it is estimated that 20% 

will be aged 60-80 by 2050). The number of new cases of T2DM occurring annually in 

Turkey was projected to increase from 319,948 in 2020 to 460,709 new cases by 2050, 

a rise of approximately 44% (Figure 1B). Age-specific T2DM prevalence remains 

highest in the oldest age groups throughout the next few decades (31% for those aged 

75-79 in 2020; rising to 34% in 2050). However, prevalence is projected to increase 

among middle-aged adults (from 12% to 14% among those aged 45-49, a 17% 

increase). As Turkey's population ages, the age groups experiencing the highest 

burden of prevalent cases will rise from 55-64 years in 2020 up to 65-74 in 2050 (see 

Figure 1C).

Over half of the T2DM prevalence could be statistically attributed to the three major 

risk factors included in the model; almost all to rising obesity levels (Figure 2A-C). The 

prevalence of obesity was projected to increase from 27.4% in 2019 to 30.6% by 2050 

Page 11 of 49

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

11

(Figure 2A). This increase in T2DM prevalence closely reflected projections in obesity 

prevalence, which were estimated to rise to 39.7% in women and 22.0% in men by 

2050. The proportion of T2DM incidence statistically attributed to obesity was 

expected to remain broadly consistent, at just under half (for 2020 and 2050; 49.0% 

and 49.2% respectively) over this entire time frame (Figure 2B). 

Given the importance of obesity as a risk factor and the huge disparity in obesity 

prevalence between men and women in Turkey, we further used the model to 

estimate the reduction in diabetes prevalence in women that could hypothetically 

have been achieved if obesity among women declined linearly over the ten-year 

period 2020-2030, such that age-specific prevalence among women had declined to 

reach levels seen among men by the year 2030 (Figure S7A). If this could be 

achieved, T2DM prevalence among women would be 15.2% (instead of 19.7%) by 

2050, a reduction of about 22% (Figure 3A). Cumulatively between 2030-2050, this 

would result in over 2 million fewer women developing T2DM (2,076,040; Figure 3B). 

In the entire population (men and women), diabetes prevalence would fall from 

18.4% to 16.2%, a reduction of approximately 12%. 

We also considered a scenario where some intervention could hypothetically prevent 

obesity from increasing further after the year 2020 (Turkey’s current NCD target23; 

Figure S7B). This had a smaller effect on T2DM prevalence (reducing it from 18.4% 

to 17.6%; an overall fall of about 4%, very similar in both men and women; Figure 

4A). Even this apparently modest intervention would reduce diabetes incidence by 

about 38,821 cases annually by the year 2050 or by 722,672 cumulatively by the 

year 2050 (Figure 4B).
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Discussion

Substantial increases in diabetes burden are expected over the next few decades in 

Turkey and likely similar countries. We estimate that over 18% of the adult population 

will have T2DM by 2050; a rise of nearly one-third from the 2020 estimate of 14.0%. 

More alarmingly, as Turkey’s population ages, the number of new cases of T2DM 

occurring annually can be expected to almost double from 2020 levels, increasing to 

nearly half a million new cases each year by 2050. These estimates are somewhat 

higher than those from other sources such as the International Diabetes Federation 

(IDF) diabetes atlas, which estimated that about 10 million people in Turkey would 

have diabetes in 20451 compared with approximately 13 million by 2050 in our model. 

Unlike the IDF approach, our analysis explicitly considers epidemiological trends in 

key risk factors; this should provide a better estimate of the burden in countries where 

key risk factors such as obesity have increased most rapidly26. 

Our results suggest the sex difference in T2DM prevalence is likely to continue, with 

estimates of prevalence in women remaining significantly higher than those in men. If 

obesity prevalence in women could be reduced to that of men, then women’s 

prevalence of T2DM would decline by nearly one-third. Over 2 million fewer women 

would develop T2DM by 2050 if they experienced the exact age-specific obesity 

prevalence as men, so this “obesity gender gap” is substantial. Globally, the 

prevalence of T2DM is slightly higher among men than women, and men appear to be 

at greater risk of T2DM once major risk factors have been taken into account27, so the 

substantially higher prevalence in women is very notable. The excess risk in Turkish 

women reflects their much higher obesity prevalence than men (estimated at 39.7% 

vs. 22.0% by 2050). Globally, obesity is higher among women than men28, but levels 
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of obesity in women are very elevated across the Middle East compared with other 

regions28. Although Turkey is officially classified in Europe region by both WHO and 

IDF the gender inequity pattern of obesity and diabetes prevalences is more similar to 

Middle East countries, and very different from Northern European countries like the 

UK where obesity prevalence is broadly similar in men and women29. This may reflect 

many socio-cultural factors that can be detrimental to women’s well-being, including 

women’s traditional roles in the home30, more limited physical activity levels, and 

potentially higher parity31 32.

Interestingly, a recent overview found that higher obesity levels in women were 

associated with increased gender inequality in a global ecological analysis33. Recent 

studies show that gender inequalities in obesity are related to educational and 

employment status in Turkey and that obesity increases substantially in unemployed 

and low educational groups. Enhancing the status of women in Turkey could reduce 

obesity34 35. The social determinants of this risk warrant more detailed exploration in 

order to design interventions to reduce obesity prevalence that are tailored to and 

more appropriate for women. 

Our model has several strengths, particularly its more sophisticated handling of risk 

factors and their distributions in the Turkish population. Another key strength is the 

robustness of the risk factor data available from Turkey. There is a tradition of high-

quality epidemiological studies that have been commissioned since the 1990s and 

have collected data on key risk factors using broadly consistent methodologies and 

definitions over an extended period of time. Our model fitting process closely mirrored 

trends in the risk factors observed in these national-level surveys, increasing our 

confidence in the estimates we have produced (Figures S2-S5). 
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However, all models have limitations, especially when used to assess future burdens 

of disease. There are other risk factors for T2DM (e.g., other aspects of diet such as 

fruit and vegetable consumption, whole grains, alcohol consumption)36, family 

history37, that our epidemiological model does not capture. Our model intended to 

capture the contributions of the most significant modifiable risk factors that are 

associated with the most powerful increases in relative risk (such as obesity, which 

increases the risk of T2DM by 4-8 times depending on age and sex), and those that 

are easiest to measure from routinely available, serial data sources (such as smoking 

prevalence). Data on physical inactivity and trends in this risk factor are more 

challenging to collect consistently and accurately; none of the Turkish studies we 

identified had used objective measures of physical activity (such as pedometers or 

accelerometers), even though self-reported assessments of physical activity may 

substantially over-estimate more objective measurements. We could not identify clear 

trends in physical inactivity and thus conservatively assumed that this parameter was 

not changing over time in our baseline assessment; overall, we likely have somewhat 

underestimated the prevalence and contribution of physical activity on diabetes risk. 

Our model makes many key assumptions about the epidemiology and natural history 

of T2DM9; in particular, it assumes that once an individual has transitioned from a 

“healthy” state to a “T2DM” state that this process is not reversible. Our model also 

assumes that individual risks combine in a log-linear manner, an assumption that is 

broadly accepted and reflected in other chronic disease models but with relatively 

limited supporting evidence.  

One of the most important limitations of our work may be a significant underestimation 

of the prevalence of T2DM both in 2020 and up to 2050 in Turkey. This is because we 

based our estimate of undiagnosed T2DM prevalence on trends in just FBG levels in 
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Turkey. It is well established that using only FBG substantially under-estimates the 

prevalence of undiagnosed T2DM by up to 30% compared with more sensitive 

diagnostic measures for T2DM such as the OGTT38. Some earlier studies of T2DM in 

the 1990s used both OGTT and FBG to identify undiagnosed diabetes but did not 

present sufficient data for us to adjust estimates from more recent surveys that used 

FBG only. More recent studies in Turkey used glycated haemoglobin (HbA1c) and 

FBG to identify undiagnosed diabetes`, but HbA1c was only recommended for 

diagnosis of diabetes in 2011 and thus was not available from earlier studies. We`, 

therefore`, based our model estimates of trends in T2DM prevalence on survey data 

using FBG only. Assuming that prevalence based on OGTT might be 30% higher`, this 

crudely implies that the true age-sex prevalence of T2DM could be as high as 18.2% 

in 2020 and nearly 24% by 2050. Further`, our model did not estimate trends in 

impaired glucose tolerance or “intermediate hyperglycaemia” though this may also be 

increasing substantially in Turkey1 and potentially at younger ages.

Our findings highlight that a sizeable future burden of T2DM is unavoidable in Turkey 

since the key driver of rising trends is the very substantial population ageing 

anticipated over the next few decades. However, any policies or actions aimed at 

reducing obesity prevalence could have significant benefits, as even small reductions 

in this risk factor could result in significantly fewer future cases of T2DM22 in the future. 

Turkey has set targets for obesity reduction, but clear plans on how to achieve these 

are not well developed. In general, the precise policy levers to achieve this remain 

uncertainly. Nevertheless, there is some evidence that nutrition education 

programmes and social marketing plans encouraging consumption of less energy-

dense foods (such as fruit and vegetables) may have small benefits, and in particular, 

pricing interventions (such as taxes on sugar-sweetened beverages39 and potentially 
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saturated fats40 could have small but sustained benefits resulting in reductions in BMI 

and hence future T2DM prevalence. Further understanding of the best ways to 

implement such programmes, particularly for highly disadvantaged women and 

burdened by obesity and diabetes, is urgently needed in Turkey and the region as a 

whole. 
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Key Messages: 

 Population ageing and high levels of obesity could increase type 2 diabetes 

prevalence (T2DM) to nearly 20% of Turkish adults by the year 2050

 Around half of all T2DM incidence can be attributable to high levels of obesity 

in Turkey

 Obesity levels in Turkish women are almost double that of men; contrary to 

other European countries like the UK where obesity levels are broadly similar 

by sex

 If women’s age-specific obesity levels could be reduced to those of men’s 

between 2020-2030, then over 2 million fewer women would develop T2DM 

by 2050, a fall in diabetes prevalence of over 20% in women. 

 High obesity prevalence causes substantial excess ill-health in women from 

T2DM and strategies to reduce obesity in disadvantaged women should be 

prioritised.
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The data underlying this article are available in the article and in its online 

supplementary material. The Matlab model codes are available from the authors on 

request. 

Figure Titles and Legend

Figure 1. Prevalence of T2DM in Turkey by age, sex and calendar time (2020-2050)

Figure 2. Projections of the prevalence of key T2DM risk factors and the proportion 

attributed to T2DM prevalence in Turkey by sex and calendar time 

Figure 3. Scenario analysis: effects on DM prevalence and incidence of reducing  

women’s obesity prevalence to that of men’s between 2020-2030

Figure 4. Scenario analysis: effects on DM prevalence and incidence of halting the rise 

in obesity prevalence after 2020 on future T2DM prevalence
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Appendix

Impact of trends and gender disparity in obesity on future Type 2 
diabetes in Turkey; a mathematical modelling analysis
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4World Health Organization Collaborating Centre for Disease Epidemiology Analytics on 

HIV/AIDS, Sexually Transmitted Infections, and Viral Hepatitis, Weill Cornell Medicine – 
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5Department of Population Health Sciences, Weill Cornell Medicine, Cornell University, 
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Additional Boxes

Box S1. Description of the mathematical modeling methodology applied in this study
Methodology Description

Conceptual framework

H: Healthy, 
O: Obese, 
S: Smoker, 
PIA: Physically 
inactive, 
O-S: Obese and 
smoker, 
O-PIA: Obese and 
physically inactive, 
S-PIA: Smoker and 
physically inactive, 
O-S-PIA: Obese, 
smoker, and 
physically inactive, 
T2DM: Living with 
type 2 diabetes 
mellitus based on 
health status.  

Type 2 diabetes mellitus 
(T2DM) model structure

- Expressed in terms of a set of 640 coupled differential equations (9).
- Disaggregated the population into:

o gender (women and men)
o 20 five-year age bands (0–4, 5–9… 95–99 years old) 
o four main susceptible classes: “healthy” (i.e. non-obese, non-smoker, physically active, and non-diabetic), obese, smoker, 

and physically inactive
o four susceptible classes with overlapping risk factors
o eight T2DM status classes based on the risk-factor status

Natural history 
and mortality data

o Gender- and age-specific relative risks of developing T2DM for key risk factors were obtained from systematic reviews and 
meta-analyses of prospective cohort studies (9, 41-47):
o relative risk of developing T2DM if obese
o relative risk of developing T2DM if current smoker
o relative risk of developing T2DM if physically inactive

o Relative risk of developing T2DM if the individual had more than one risk factor was assumed to be the multiplicative of the 
individual risks.
o Relative risk of mortality in T2DM as compared to the general population was obtained from the DECODA (Diabetes 

Epidemiology: Collaborative Analysis of Diagnostic Criteria in Asia) study.

Prevalence data

Epidemiological data were obtained from four national and sub-national surveys conducted in Turkey. Data included gender- and 
age-specific (by 5-years age band) prevalence for (6,7,11-13, 18-19):  

o T2DM
o obesity
o smoking
o physical inactivity 

Da
ta

 S
ou

rc
es

Demographic data
Demographic data were obtained from the National Statistics Institute in Turkey (48). Demographic data included: 

o total and gender-specific population size
o age-specific population size and/or distribution 

Fitting method

o The model was fitted to all available country-specific data using a nonlinear least-square fitting method (20).
o Parameters quantified through best fit included gender- and age-specific:

o T2DM baseline incidence rate (i.e., incidence rate from “healthy” to T2DM)
o transition rate from healthy to obese
o transition rate from obese to healthy
o transition rate from healthy to smoker
o transition rate from smoker to healthy
o transition rate from healthy to physically inactive
o transition rate from physically inactive to healthy 

Sensitivity-analyses Univariate sensitivity analyses were conducted to assess robustness of model predictions to variations in:
o predicted trend for obesity prevalence 

Uncertainty-analysis

- Multivariable uncertainty analysis was conducted using Latin Hypercube sampling (49) to specify the ranges of uncertainty in 
projected T2DM outcomes, with respect to variations in the key structural model parameters.

- 1,000 model runs were generated in this analysis.
- Parameters varied in the uncertainty analysis were relative risks of:

o developing T2DM if obese
o developing T2DM if smoker
o developing T2DM if physically inactive
o mortality in T2DM as compared to the general population 

Page 28 of 49

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

3

T2DM: Type 2 diabetes mellitus

Additional Tables

Table S1. Model assumptions in terms of parameter values

Parameter value (95% CI)Assumption Age 
group

Men Women

Reference

Number of age compartments in 
the model (each for 5 years; a)

- 20 20 By choice

Relative risk of developing T2DM 
if obese ( )ORR

All 6.48 (5.17–8.13) 8.38 (5.46–12.85) 41

Relative risk of developing T2DM 
if current smoker ( )SRR

All 1.42 (1.34–1.50) 1.33 (1.26–1.41) 44

Relative risk of developing T2DM 
if physically inactive ( ) FRR

15–69 

70–79 

≥80 

1.45 (1.37–1.54)

1.32 (1.25–1.40)

1.20 (1.14–1.28)

1.45 (1.37–1.54)

1.32 (1.25–1.40)

1.20 (1.14–1.28)

46

Relative risk of developing T2DM 
if obese and smoker ( ) OSRR

All 9.20 (6.93–12.20) 11.15 (6.88–18.12) Calculated 
based on 
41,44

Relative risk of developing T2DM 
if obese and physically inactive          
( ) OFRR

15–69 

70–79 

≥80 

9.40 (7.08–12.52)

8.55 (6.46–11.38)

7.78 (5.89–10.41)

12.15 (7.48–19.79)

11.06 (6.83–18.12)

10.06 (6.22–16.45)

Calculated 
based on 
41,46

Relative risk of developing T2DM 
if smoker and physically inactive        
( ) SFRR

15–69 

70–79 

≥80 

2.06 (1.84–2.37)

1.87 (1.68–2.17)

1.70 (1.53–1.97)

1.93(1.73–2.17)

1.76 (1.58–1.99)

1.60 (1.44–1.80)

Calculated 
based on 
44,46

Relative risk of developing T2DM 
if obese, smoker, and physically 
inactive ( ) OSFRR

15–69 

70–79 

≥80 

13.34 (9.49–19.28)

12.15 (8.66–17.65)

11.04 (7.90–16.03)

16.16 (9.43–27.90)

14.71 (8.60–25.55)

13.37 (7.84–23.19)

Calculated 
based on 41-
44,46

RR of mortality in T2DM as 
compared to the general 
population ( )MRR

20–29

30–39

40–49

50–59

60–69

70–79+

3.70

3.30

1.95

1.65

1.62

1.40

5.95

5.61

3.41

2.73

2.08

1.78

50,51

T2DM: Type 2 diabetes mellitus
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Box S2 Selection of Data Sources on risk factors in Turkey

A comprehensive literature search was performed on 6th June 2019 in order to determine 
the data sources of this study and collecting the data. The latest studies related to diabetes 
and its risk factors in last 23 years were found and critically assessed.

The criteria used to select data sources for inclusion in the modelling analyses were as 
follows:

 Population representative of Turkey (stratified random sample or probabilistic 

sample at a national level) 

 Adequacy of the sampling frame and method

 Response rate

 Diabetes definition and measurement method

 Risk factor definitions and measurement methods

 Data available stratified by age and sex 

 Data accessible either in publications or open access

Since we wished to obtain comparable data on trends over time, we used the definition (of 
diabetes, smoking, physical activity) most consistently reported in included studies, even 
though these may not always be the most sensitive or optimal definition. For example, we 
based our assessment of diabetes prevalence on fasting plasma glucose (FPG), although 
we know that oral glucose tolerance tests (OGTT) are the gold standard for detecting 
diabetes. This is because FPG was the only measurement consistently reported across 
repeated studies of diabetes prevalence in Turkey. Similarly we based our assessment of 
smoking prevalence on those who self-report as “current smokers” although better 
classifications may be available e.g. currently smoking at least one cigarette per day. 
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Figure S1 below shows the flow of studies through the selection processes for this 
analysis 

.

 Turkey Urban and Rural Epidemiology 1 (TURDEP 1) 
 Turkey Urban and Rural Epidemiology 2 (TURDEP 2) 
 Global Adult Tobacco Survey, GATS 2008
 Global Adult Tobacco Survey, GATS 2012  
 Turkey Chronic Diseases and Risk Factors Prevalences Study 

2013
 WHO Natıonal Household Health Survey In Turkey Prevalence Of 

Noncommunıcable Dısease Rısk Factors 2017

WHO Global Report On Trends In Prevalence Of 
Tobacco Smoking 2015, PURE and TEKHARF 
studies were excluded because age and sex 
stratified prevalence data were not accessible. 

Studies initially identified through the searching process

 Turkey Diabetes, Hypertension, Obesity and Endocrinologic 
Diseases Prevalence Study 1 (TURDEP 1; 11) 

 Turkey Diabetes, Hypertension, Obesity and Endocrinologic 
Diseases Prevalence Study Turkey Urban and Rural 
Epidemiology 2 (TURDEP 2; 12) 

 Global Adult Tobacco Survey, GATS 2008 (18)
 Global Adult Tobacco Survey, GATS 2012  (19)
 Turkey Chronic Diseases and Risk Factors Prevalences Study 

2013 (20)
 WHO Global Report On Trends In Prevalence Of Tobacco 

Smoking 2015 (52)
 WHO Natıonal Household Health Survey In Turkey Prevalence Of 

Noncommunıcable Dısease Rısk Factors 2017 (6)
 The Prospective Urban Rural Epidemiology (PURE) (53)
 TEKHARF (54,55)
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Table S2. Characteristics of the Turkey’s population-based surveys used in the analysis for type 2 diabetes mellitus 
(T2DM) and its risk factors

.
Sex 

distribution
Response 

rate
Method of diagnosis 
for diabetes

Reported risk 
factors

ReferenceSurvey/Study title Survey 
year

Age group
(years)

M W
National surveys
National Household Health 
Survey – Prevalence of 
Noncommunicable Disease 
Risk Factors in Turkey 2017

2017 ≥15 40% 60% 70% FBG Diabetes
Obesity
Physical inactivity
Smoking

6
 

Chronic Diseases And Risk 
Factors Survey in Turkey 2013

2011 ≥15 47% 53% 46% FBG Diabetes
Obesity
Physical inactivity
Smoking

20

TURDEP 2 (Turkey Diabetes, 
Hypertension, Obesity and 
Endocrinologic Diseases 
Prevalence Study 2)

2010 ≥20 37% 63% 87% OGTT+FBG Diabetes
Obesity

11

TURDEP 1 (Turkey Diabetes, 
Hypertension, Obesity and 
Endocrinologic Diseases 
Prevalence Study 1)

1997-1998 ≥20 44.7
%

55.3% 85% OGTT+FBG Diabetes
Obesity
Smoking

12

WHO Global Adult Tobacco 
Survey 2012

2012 ≥15 49.2
%

50.2% 90.1% Smoking 19

WHO Global Adult Tobacco 
Survey 2008

2008 ≥15 -- -- 97% Smoking 18  

Footnotes: 
FBG = Fasting Blood Glucose
OGTT = Oral Glucose Tolerance Test
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Additional Figures

Figure S2. Model predictions for the population size of Turkey overall and stratified by 
sex, as compared to estimates of the National Statistics Institute in Turkey (TurkStat; 
48). 
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Figure S3. Model fit for the sex- and age-specific type 2 diabetes mellitus (T2DM) prevalence in Turkey in 2017 (A and 
B), 2013 (C and D), 2010 (E and F), and 1997 (G and H) national surveys. The black crosses in the panels are the data 
provided by the different population-based surveys in these years (References 11-12)
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Figure S4. Model fit for the sex- and age-specific obesity prevalence in Turkey in 2013 (A and B), 2010 (C and D), and 
1997 (E and F) national surveys. The black crosses in the panels are the data provided by the different population-based 
surveys in these years (References 11-13)
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Figure S5. Model fit for the sex- and age-specific smoking prevalence in Turkey in 2017 (A and B), 2013 (C and D), 2012 
(E and F), 2008 (G and H), and 1997 (I and J) national surveys9-13. The black crosses in the panels are the data provided 
by the different population-based surveys in these years. (6,11,12,13,20)

A. B.

C. D.

E. F.

G. H.

I. J.
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Figure S6. Model fit for the sex- and age-specific physical inactivity prevalence in 
Turkey in 2017 (A and B) and 2013 (C and D) national surveys. The black crosses in 
the panels are the data provided by the different population-based surveys in these 
years. (6,13)

A. B.

C. D.
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Figure S7. Assumptions used in three sensitivity analyses. Obesity trend between 
2020-2050 assuming A) that the obesity prevalence in women will be reduced to that 
seen among men by the year 2030, and B) that the age-specific obesity prevalence 
remained constant after 2020.
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Figure S8. Uncertainty interval for the prevalence of type 2 diabetes mellitus (T2DM) in 
Turkey between 2020-2050. The solid black line represents the mean, while the dashed 
lines bracket the 95% uncertainty interval.
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Appendix 2

Model equations

Susceptible population with up to one risk factor 

We assumed that individuals were born “healthy” susceptible—meaning that they did not have 

T2DM nor T2DM-related risk factors. Individuals remained in the “healthy” state until they 

became obese, active smokers, physically inactive, or progressed to T2DM. Individuals in any of 

these susceptible states were assumed to die of natural causes (i.e. causes not related to T2DM).

1
1 1

1

1:

( ) ( ) ( ( ) ) ( )

1:

( ) ( ) ( ) ( )

( ( ) ( ) ( ))
H

a
a a a aO H S H F H

H DM H O H S H F a a

a
dH b t N t t H t
dt

a
dH H t O t S t F t
dt

t t H t

 



 

  

  

  





  



  



   

      

Those in the “obese” state remained as such until they became smokers (i.e. moved to the 

overlapping compartment of “obese smoker”), physically inactive (i.e. moved to the overlapping 

compartment of “obese physically inactive”), “healthy” again (i.e. became non-obese), or 

progressed to T2DM. Those in the “smoker” state remained as such until they became obese, 

physically inactive, “healthy” again, or progressed to T2DM. Those in the “physical inactivity” 

state remained as such until they became obese, smokers, “healthy” again, or progressed to 

T2DM.
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Susceptible population with overlap of more than one risk factor (for those >4 years old)

Individuals in the “obese smoker” state remained as such until they became physically inactive 

(i.e. moved to the overlapping compartment of “obese, smoker, physically inactive”), moved to 

“obese” state, moved to “smoker” state, or developed T2DM. Those in the “obese physically 

inactive” state remained as such until they became smokers, moved to “obese” state, moved to 

“physically inactive” state, or developed T2DM. Those in the “smoker physically inactive” state 

remained as such until they became obese, moved to “smoker” state, moved to “physically 

inactive” state, or developed T2DM. Individuals in the “obese, smoker, physically inactive” state 

remained as such until they moved to “obese smoker”, “obese physically inactive”, or “smoker 

physically inactive”, or developed T2DM. 
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Populations with T2DM with up to one or more risk factors (for those >4 years old)

Individuals with T2DM remained diabetic (i.e. assuming there was no remission), or died of 

natural or disease-related causes. T2DM individuals with one risk factor could develop the 

second risk factor, or reverse to T2DM with none of the risk factors. Those with two risk factors 

could develop a third risk factor, or reverse to only one of the risk factors, while those with three 

risk factors could reverse one of the current risk factors. 
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Definitions of all symbols in the equations of the model can be found in Tables S1.

Table S1. Definitions of the symbols in the equations of the type 2 diabetes mellitus (T2DM) 
age-structured mathematical model.
Symbol Definition

 aH “Healthy” T2DM-susceptible population (do not have T2DM nor T2DM-
related risk factors) 

 aO T2DM-susceptible but obese population#

 aS T2DM-susceptible but smoker population

 aF T2DM-susceptible but physically inactive population

 aOS T2DM-susceptible but obese and smoker population

 aOF T2DM-susceptible but obese and physically inactive population

 aSF T2DM-susceptible but smoker and physically inactive population 

 aOSF T2DM-susceptible but obese, smoker, and physically inactive population 
DM Populations with T2DM where the index  marks the risk factor status; 

 , ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF 

N Total population size
  Transition rate from one age group ( ) to the next age groupa

DM 
T2DM-disease progression rate where the index  marks the risk factor status; 

, ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF 

a Natural death rate

acf T2DM-related death rate
RR Relative risk of developing T2DM where the index  marks the risk factor 

status;  , ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF 
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, , a a a Transition rates from “healthy” (regardless of T2DM status) with none of the 
risk factors to one of the risk factors; i.e. becomes obese ( ), smoker ( ), or O S
physically inactive ( ) F

, , ,a a a
, ,a a a

Transition rates from having one of the risk factors to having two risk factors 
(i.e. becomes , , or ; regardless of T2DM status)OS OF SF

, , a a a Transition rates from having one of the risk factors to being “healthy” with 
none of the risk factors (regardless of T2DM status)

, , a aЄ a Transition rates from having two of the risk factors to having three of the risk 
factors (regardless of T2DM status)

, , a a
, a a
, a a

Transition rates from having two of the risk factors to having one of the risk 
factors (regardless of T2DM status)

, , a&& a a Transition rates from having three of the risk factors to having two of the risk 
factors (regardless of T2DM status)

# Defined as body mass index >30 kg per m2 [3].

Due to the nature of available data, the following changes were necessary in the present work 

relative to our previous study [1]:

Population growth and mortality rates

The population growth rate ( ) and the natural mortality rate ( ) were described by the ( )b t ( , )t a

following functions [4], providing a good fit of the population growth and demographic age 

structure in Jordan [5]:
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Here, the parameters , , , , , , , and were obtained by fitting the model to the 0a 1a 2a 0t 1t 0b 1b 2b

demographic data of Jordan from the database of the Population Division of the United Nations 

Department of Economic and Social Affairs [5].

Obesity onset rate

Given evidence for increasing obesity prevalence in Jordan, the rate of becoming obese in the 

T2DM model was allowed to be time- and age-dependent and was parameterized through a 

combined Gaussian-logistic function: 

. 

2
2

1

2 2

1( , )
1



 
 

 

 


  

t t
d

d a c

c et a
e

Here, , , , , and  are fitting parameters obtained by fitting the model to the age-1c 2c 2t 1d 2d

structured obesity prevalence data [6-11]. 
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APPENDIX 2
Prevalence Incidence (thousands) Prevalence cases Incidence rate

Time (year)Total population Women Men Total population Women Men Total population Women Men Total population Women Men
1990 10.6% 11.0% 10.0% 135 80 55 3 1 1 3.765 4.056 3.447

1990.5 10.6% 11.1% 10.1% 137 81 56 3 1 1 3.782 4.078 3.460
1991 10.7% 11.2% 10.1% 140 83 57 3 2 1 3.800 4.100 3.473

1991.5 10.7% 11.2% 10.2% 142 84 58 3 2 1 3.817 4.123 3.486
1992 10.8% 11.3% 10.2% 145 85 59 3 2 1 3.835 4.145 3.499

1992.5 10.8% 11.3% 10.2% 147 87 60 3 2 1 3.852 4.167 3.513
1993 10.9% 11.4% 10.3% 150 88 62 3 2 1 3.870 4.190 3.526

1993.5 10.9% 11.5% 10.3% 153 90 63 3 2 1 3.888 4.212 3.540
1994 11.0% 11.5% 10.4% 155 91 64 3 2 1 3.906 4.235 3.554

1994.5 11.1% 11.6% 10.4% 158 93 65 3 2 1 3.924 4.258 3.568
1995 11.1% 11.7% 10.5% 161 94 66 3 2 1 3.942 4.281 3.582

1995.5 11.2% 11.7% 10.5% 163 96 67 3 2 1 3.960 4.304 3.596
1996 11.2% 11.8% 10.6% 166 98 69 3 2 1 3.979 4.327 3.610

1996.5 11.3% 11.9% 10.6% 169 99 70 3 2 1 3.997 4.350 3.624
1997 11.3% 11.9% 10.7% 172 101 71 3 2 2 4.016 4.373 3.639

1997.5 11.4% 12.0% 10.7% 175 102 73 3 2 2 4.034 4.396 3.654
1998 11.4% 12.0% 10.7% 178 104 74 4 2 2 4.053 4.420 3.669

1998.5 11.5% 12.1% 10.8% 181 105 75 4 2 2 4.072 4.443 3.684
1999 11.5% 12.2% 10.8% 183 107 76 4 2 2 4.091 4.467 3.699

1999.5 11.6% 12.2% 10.9% 186 109 78 4 2 2 4.110 4.491 3.714
2000 11.7% 12.3% 10.9% 189 110 79 4 2 2 4.130 4.515 3.729

2000.5 11.7% 12.4% 11.0% 192 112 80 4 2 2 4.149 4.539 3.745
2001 11.8% 12.4% 11.0% 195 114 82 4 2 2 4.169 4.563 3.761

2001.5 11.8% 12.5% 11.1% 198 115 83 4 2 2 4.188 4.587 3.777
2002 11.9% 12.6% 11.1% 202 117 85 4 2 2 4.208 4.611 3.793

2002.5 11.9% 12.6% 11.2% 205 119 86 4 2 2 4.228 4.636 3.809
2003 12.0% 12.7% 11.2% 208 120 87 4 2 2 4.248 4.660 3.825

2003.5 12.0% 12.8% 11.3% 211 122 89 4 2 2 4.268 4.685 3.842
2004 12.1% 12.8% 11.3% 214 124 90 4 2 2 4.288 4.709 3.858

2004.5 12.2% 12.9% 11.4% 217 126 92 5 3 2 4.309 4.734 3.875
2005 12.2% 13.0% 11.4% 220 127 93 5 3 2 4.329 4.759 3.892

2005.5 12.3% 13.0% 11.5% 224 129 95 5 3 2 4.350 4.784 3.909
2006 12.3% 13.1% 11.5% 227 131 96 5 3 2 4.371 4.809 3.926

2006.5 12.4% 13.2% 11.6% 230 132 98 5 3 2 4.392 4.834 3.943
2007 12.4% 13.2% 11.6% 233 134 99 5 3 2 4.413 4.860 3.960

2007.5 12.5% 13.3% 11.7% 237 136 101 5 3 2 4.434 4.885 3.978
2008 12.6% 13.4% 11.7% 240 138 102 5 3 2 4.455 4.911 3.996

2008.5 12.6% 13.4% 11.8% 243 139 104 5 3 2 4.476 4.936 4.014
2009 12.7% 13.5% 11.8% 246 141 105 5 3 2 4.498 4.962 4.031

2009.5 12.7% 13.6% 11.9% 250 143 107 5 3 2 4.519 4.988 4.050
2010 12.8% 13.6% 11.9% 253 145 108 5 3 2 4.541 5.014 4.068

2010.5 12.9% 13.7% 12.0% 256 147 110 6 3 3 4.563 5.040 4.086
2011 12.9% 13.8% 12.0% 260 148 111 6 3 3 4.585 5.067 4.105

2011.5 13.0% 13.8% 12.1% 263 150 113 6 3 3 4.607 5.093 4.123
2012 13.0% 13.9% 12.1% 266 152 114 6 3 3 4.629 5.119 4.142

2012.5 13.1% 14.0% 12.2% 270 154 116 6 3 3 4.651 5.146 4.161
2013 13.1% 14.0% 12.2% 273 155 118 6 3 3 4.674 5.173 4.180

2013.5 13.2% 14.1% 12.3% 276 157 119 6 3 3 4.696 5.199 4.199
2014 13.3% 14.2% 12.3% 280 159 121 6 3 3 4.719 5.226 4.218

2014.5 13.3% 14.2% 12.4% 283 161 122 6 3 3 4.742 5.253 4.238
2015 13.4% 14.3% 12.4% 286 163 124 6 3 3 4.765 5.280 4.257

2015.5 13.5% 14.4% 12.5% 290 164 126 7 4 3 4.788 5.308 4.277
2016 13.5% 14.4% 12.6% 293 166 127 7 4 3 4.811 5.335 4.297

2016.5 13.6% 14.5% 12.6% 297 168 129 7 4 3 4.834 5.362 4.317
2017 13.6% 14.6% 12.7% 300 170 130 7 4 3 4.857 5.390 4.337

2017.5 13.7% 14.7% 12.7% 303 171 132 7 4 3 4.881 5.417 4.357
2018 13.8% 14.7% 12.8% 307 173 134 7 4 3 4.904 5.445 4.377

2018.5 13.8% 14.8% 12.8% 310 175 135 7 4 3 4.928 5.473 4.397
2019 13.9% 14.9% 12.9% 313 177 137 7 4 3 4.952 5.501 4.418

2019.5 14.0% 14.9% 13.0% 317 178 138 7 4 3 4.976 5.529 4.438
2020 14.0% 15.0% 13.0% 320 180 140 7 4 3 5.000 5.557 4.459

2020.5 14.1% 15.1% 13.1% 323 182 142 8 4 3 5.024 5.585 4.480
2021 14.1% 15.1% 13.1% 327 183 143 8 4 4 5.048 5.614 4.500

2021.5 14.2% 15.2% 13.2% 330 185 145 8 4 4 5.072 5.642 4.521
2022 14.3% 15.3% 13.3% 333 187 146 8 4 4 5.097 5.670 4.543

2022.5 14.3% 15.4% 13.3% 336 188 148 8 4 4 5.121 5.699 4.564
2023 14.4% 15.4% 13.4% 340 190 149 8 4 4 5.146 5.728 4.585

2023.5 14.5% 15.5% 13.4% 343 192 151 8 4 4 5.170 5.757 4.606
2024 14.5% 15.6% 13.5% 346 193 153 8 4 4 5.195 5.785 4.628

2024.5 14.6% 15.7% 13.6% 349 195 154 8 4 4 5.220 5.814 4.649
2025 14.7% 15.7% 13.6% 352 197 156 8 5 4 5.245 5.843 4.671

2025.5 14.7% 15.8% 13.7% 355 198 157 9 5 4 5.270 5.873 4.693
2026 14.8% 15.9% 13.7% 359 200 159 9 5 4 5.295 5.902 4.714

2026.5 14.9% 15.9% 13.8% 362 202 160 9 5 4 5.320 5.931 4.736
2027 14.9% 16.0% 13.9% 365 203 162 9 5 4 5.345 5.960 4.758

2027.5 15.0% 16.1% 13.9% 368 205 163 9 5 4 5.371 5.990 4.780
2028 15.1% 16.2% 14.0% 371 206 165 9 5 4 5.396 6.019 4.802

2028.5 15.1% 16.2% 14.1% 374 208 166 9 5 4 5.422 6.049 4.824
2029 15.2% 16.3% 14.1% 377 209 168 9 5 4 5.447 6.079 4.847

2029.5 15.3% 16.4% 14.2% 380 211 169 9 5 4 5.473 6.108 4.869
2030 15.4% 16.5% 14.3% 383 212 170 10 5 4 5.498 6.138 4.891

2030.5 15.4% 16.5% 14.3% 385 214 172 10 5 5 5.524 6.168 4.914
2031 15.5% 16.6% 14.4% 388 215 173 10 5 5 5.550 6.198 4.936

2031.5 15.6% 16.7% 14.5% 391 216 175 10 5 5 5.576 6.228 4.959
2032 15.6% 16.8% 14.5% 394 218 176 10 5 5 5.602 6.258 4.981

2032.5 15.7% 16.8% 14.6% 396 219 177 10 5 5 5.628 6.288 5.004
2033 15.8% 16.9% 14.7% 399 221 179 10 5 5 5.654 6.318 5.027

2033.5 15.9% 17.0% 14.7% 402 222 180 10 5 5 5.680 6.348 5.049
2034 15.9% 17.1% 14.8% 404 223 181 10 5 5 5.706 6.379 5.072

2034.5 16.0% 17.2% 14.9% 407 224 182 10 6 5 5.732 6.409 5.095
2035 16.1% 17.2% 15.0% 409 226 184 11 6 5 5.758 6.439 5.118

2035.5 16.1% 17.3% 15.0% 412 227 185 11 6 5 5.784 6.470 5.141
2036 16.2% 17.4% 15.1% 414 228 186 11 6 5 5.811 6.500 5.164

2036.5 16.3% 17.5% 15.2% 417 229 187 11 6 5 5.837 6.531 5.187
2037 16.4% 17.5% 15.2% 419 230 189 11 6 5 5.863 6.561 5.209

2037.5 16.4% 17.6% 15.3% 421 232 190 11 6 5 5.890 6.592 5.232
2038 16.5% 17.7% 15.4% 424 233 191 11 6 5 5.916 6.622 5.255

2038.5 16.6% 17.8% 15.5% 426 234 192 11 6 5 5.942 6.653 5.278
2039 16.7% 17.9% 15.5% 428 235 193 11 6 5 5.969 6.683 5.301

2039.5 16.7% 17.9% 15.6% 430 236 194 11 6 5 5.995 6.714 5.325
2040 16.8% 18.0% 15.7% 432 237 195 12 6 5 6.022 6.745 5.348

2040.5 16.9% 18.1% 15.7% 434 238 196 12 6 6 6.048 6.775 5.371
2041 17.0% 18.2% 15.8% 436 239 197 12 6 6 6.074 6.806 5.394

2041.5 17.1% 18.3% 15.9% 438 240 198 12 6 6 6.101 6.837 5.417
2042 17.1% 18.3% 16.0% 440 241 199 12 6 6 6.127 6.867 5.440

2042.5 17.2% 18.4% 16.0% 441 242 200 12 6 6 6.154 6.898 5.463
2043 17.3% 18.5% 16.1% 443 242 201 12 6 6 6.180 6.929 5.486

2043.5 17.4% 18.6% 16.2% 445 243 202 12 6 6 6.207 6.959 5.509
2044 17.4% 18.7% 16.3% 446 244 202 12 6 6 6.233 6.990 5.532

2044.5 17.5% 18.7% 16.4% 448 245 203 12 6 6 6.260 7.021 5.555
2045 17.6% 18.8% 16.4% 449 245 204 12 6 6 6.286 7.051 5.578

2045.5 17.7% 18.9% 16.5% 451 246 205 13 7 6 6.312 7.082 5.601
2046 17.8% 19.0% 16.6% 452 247 205 13 7 6 6.339 7.113 5.624

2046.5 17.8% 19.1% 16.7% 453 247 206 13 7 6 6.365 7.143 5.646
2047 17.9% 19.2% 16.7% 455 248 207 13 7 6 6.392 7.174 5.669

2047.5 18.0% 19.2% 16.8% 456 249 207 13 7 6 6.418 7.204 5.692
2048 18.1% 19.3% 16.9% 457 249 208 13 7 6 6.444 7.235 5.715

2048.5 18.2% 19.4% 17.0% 458 250 208 13 7 6 6.470 7.265 5.738
2049 18.2% 19.5% 17.1% 459 250 209 13 7 6 6.496 7.296 5.760

2049.5 18.3% 19.6% 17.1% 460 250 209 13 7 6 6.523 7.326 5.783
2050 18.4% 19.7% 17.2% 461 251 210 13 7 6 6.549 7.357 5.805 31.25164272231640% -0.43995
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1

Checklist of information that should be included in new reports of global health 
estimates

Item 
#

Checklist item Reported on 
page #

Objectives and funding
1 Define the indicator(s), populations (including age, sex, and geographic entities), and 

time period(s) for which estimates were made.
Main 
manuscript page 
6 and appendix 
page 2 Box S1

2 List the funding sources for the work. Main 
manuscript page 
17

Data Inputs
   For all data inputs from multiple sources that are synthesized as part of the study:
3 Describe how the data were identified and how the data were accessed. Main 

manuscript page 
7-8 and 
appendix page 4 
Box S2

4 Specify the inclusion and exclusion criteria. Identify all ad-hoc exclusions. Appendix page 4 
Box S2 and page 
5 Figure S1

5 Provide information on all included data sources and their main characteristics. For each 
data source used, report reference information or contact name/institution, population 
represented, data collection method, year(s) of data collection, sex and age range, 
diagnostic criteria or measurement method, and sample size, as relevant. 

Appendix page 6 
Table S2

6 Identify and describe any categories of input data that have potentially important biases 
(e.g., based on characteristics listed in item 5).

Main 
manuscript page 
7-8 and 
appendix page 2 
Box S1

   For data inputs that contribute to the analysis but were not synthesized as part of the study:
7 Describe and give sources for any other data inputs. None
   For all data inputs:
8 Provide all data inputs in a file format from which data can be efficiently extracted (e.g., a 

spreadsheet rather than a PDF), including all relevant meta-data listed in item 5. For any 
data inputs that cannot be shared because of ethical or legal reasons, such as third-party 
ownership, provide a contact name or the name of the institution that retains the right to 
the data.

see Tables S1 
and S2, 
Appendix page 3 
and page 6

Data analysis
9 Provide a conceptual overview of the data analysis method. A diagram may be helpful. appendix page 2 

Box S1
10 Provide a detailed description of all steps of the analysis, including mathematical 

formulae. This description should cover, as relevant, data cleaning, data pre-processing, 
data adjustments and weighting of data sources, and mathematical or statistical 
model(s). 

Appendix 2

11 Describe how candidate models were evaluated and how the final model(s) were 
selected.

Main 
manuscript page 
4
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2

12 Provide the results of an evaluation of model performance, if done, as well as the results 
of any relevant sensitivity analysis.

Appendix page 2 
Box S1

13 Describe methods for calculating uncertainty of the estimates. State which sources of 
uncertainty were, and were not, accounted for in the uncertainty analysis.

Main 
manuscript page 
9 and appendix 
page 2 Box S1

14 State how analytic or statistical source code used to generate estimates can be accessed. Main 
manuscript page 
8 (Matlab codes 
are available on 
request) 

Results and Discussion
15 Provide published estimates in a file format from which data can be efficiently extracted. Appendix 3
16 Report a quantitative measure of the uncertainty of the estimates (e.g. uncertainty 

intervals).
Appendix page 3 
Table S1

17 Interpret results in light of existing evidence. If updating a previous set of estimates, 
describe the reasons for changes in estimates.

Main 
manuscript page 
12-13

18 Discuss limitations of the estimates. Include a discussion of any modelling assumptions or 
data limitations that affect interpretation of the estimates.

Main 
manuscript page 
14-15

This checklist should be used in conjunction with the GATHER statement and Explanation and Elaboration document, 
found on gather-statement.org
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ABSTRACT

Background: Using a previously developed and validated mathematical model, we 

predicted future prevalence of type 2 diabetes mellitus (T2DM) and major modifiable 

risk factors (obesity, physical inactivity, and smoking) stratified by age and sex in 

Turkey up to the year 2050.  

Methods: Our deterministic compartmental model fitted nationally representative 

demographic and risk factor data simultaneously for Turkish adults (aged 20-79) 

between 1997 to 2017, then estimated future trends. Our novel approach explored 

the impact of future obesity trends on these projections, specifically modelling i) a 

gradual fall in obesity in women after the year 2020 until it equalled the age-specific 

levels seen in men and ii) cessation of the rise in obesity after 2020. 

Results: T2DM prevalence is projected to rise from an estimated 14.0% (95% 

uncertainty interval [UI] 12.8%-16.0%) in 2020 to 18.4% (95% UI 16.9%-20.9%) by 

2050; 19.7% in women and 17.2% in men by 2050; reflecting high levels of obesity 

(39.7% for women and 22.0% for men in 2050). Overall, T2DM prevalence could be 

reduced by about 4% if obesity stopped rising after 2020 or by 12% (22% in women) 

if obesity prevalence among women could be lowered to equal that of men. The 

higher age-specific obesity prevalence among women resulted in 2,076,040 

additional women developing T2DM by the year 2050. 

Conclusion: T2DM is common in Turkey and will remain so. Interventions and 

policies targeting the high burden of obesity (and low physical activity levels), 

particularly in women, could significantly impact future disease burdens. 

Keywords: Type 2 diabetes mellitus, Obesity, Turkey, Prevalence, Mathematical 

Modelling, gender.
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Strengths and limitations of this study

Strengths

 Estimates incorporate all major risk factors for type 2 diabetes

 Sophisticated and validated mathematical model that considers population 

distribution of risk factors and their relationships with type 2 diabetes

 High quality population based and nationally representative data available in 

Turkey from repeated key risk factor surveys.

Limitations

 Uncertainty about future trends in risk factors and disease remains present

 Optimal means to reduce obesity prevalence in women is uncertain
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Introduction

Diabetes prevalence has increased dramatically in many countries over the 

last 30 years or so; globally, about 1 in 11 adults are now thought to have 

diabetes, and 85-90% of these have type 2 diabetes (T2DM)1. This substantial 

rise has been driven mainly by demographic changes (population ageing) and 

lifestyle changes, particularly changes in diet and reductions in physical 

activity that in combination have resulted in increases in obesity. As a region, 

the Middle East and North Africa has the highest estimated prevalence of 

diabetes globally; 12.8% of adults (aged 20-79)1. Current estimates of diabetes 

prevalence in Turkey broadly reflect this regional picture. Recent surveys have 

suggested that over 10% of Turkish adults already have T2DM and that for the 

middle-aged (age 35 and above), the mean body mass index (BMI) was already 

over 30 in women and 27 in men2 3. BMI had been increasing by roughly 

0.1kg/m2 annually over the time frame 1995-20093. These elevated risk factor 

levels put Turkish adults at high risk of developing T2DM as they age. 

Globally, diabetes prevalence is higher among men than women4, but this 

pattern is reversed in Turkey, reflecting the extremely high levels of obesity 

among women. Despite this, the “obesity gap” (excess burden of diabetes 

among women due to higher levels of obesity compared with men) has not 

been estimated previously to our knowledge. 

Earlier research suggested that substantial increases in T2DM might be 

expected in Turkey over the next few decades; however, these estimates were 

based on a very simple Markov model and used only data published up until 

20115, whilst several high-quality national surveys have been published since 
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this time6 7. These more recent national surveys from Turkey have suggested 

some flattening of trends in T2DM prevalence over the past decade. Turkey 

has also made some public health gains, particularly some reductions in 

smoking prevalence and other cardiovascular risk factors2 8, possibly resulting 

from better medical management in primary care2. Therefore, we have 

produced new estimates of diabetes prevalence by age and sex and 

projections into the future using a more sophisticated dynamic model 

developed more recently and already applied to countries in the region4 9 10. 

This model includes all age and sex groups in Turkey, incorporates data from 

four national surveys published in Turkey since 19956 11-13, and incorporates 

some methodological advances, including a more realistic distribution of risk 

factors in the population. The latter allowed adults to explicitly have more than 

one risk factor (e.g., both obesity and physical activity)9. Improved estimates 

are of substantial interest to national and regional health planners and the 

public health communities in both Turkey and the Middle East. 

Epidemiological models are also valuable for estimating the population effects 

of potential preventive policies such as strategies to reduce obesity, informing 

policy directions for both the country and the region.  
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Methods

Model development

We extended a recently-developed T2DM age-structured mathematical model and 

parameterized this with data from Turkey. Full details of the original model can be 

found in Awad et al9. The model developed was population-based and deterministic, 

representing Turkey's population (aged 0-99) by a set of differential equations 

(Appendix Table S1). The equations categorise the population into 640 groups, 

according to sex, age group, and presence or absence of T2DM, and each of three 

major risk factors for T2DM. Box S1 in the Appendix  shows a schematic 

representation of how the population is divided into the different risk factors and 

health states. The three key risk factors included were identified as critical risk 

factors in other published literature: obesity, physical inactivity and smoking9, and 

readily obtainable from serial surveys in many populations14. Obesity was defined as 

BMI ≥30 kg/m2 across all age groups. Physical inactivity was defined as activity 

levels below the World Health Organisation’s recommendations (i.e. at least 30 

minutes of moderate or vigorous exercise daily, or 150 minutes per week)15 16 and 

smoking as reporting current daily cigarette smoking14. The case definition for T2DM 

was self-reported diabetes on medication or fasting blood glucose (FBG) above a 

threshold level (7.0 mmol/l) to detect undiagnosed cases. On an annual basis, 

individuals were assumed to develop T2DM at rates consistent with their age, sex 

and risk factor status. These were parameterized using epidemiological and natural 

history data (see Appendix Table S2). Risk factors were assumed to be independent 

of each other i.e. to combine multiplicatively, but we explored the potential impact of 
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this assumption by assuming the 3 risk factors combined additively in a sensitivity 

analysis. 

Risk factor data and parameterisation

Large international meta-epidemiological studies were used to estimate the sex and, 

where possible age-specific relative risk (RR) of developing T2DM associated with 

obesity, physical inactivity and smoking, respectively, identified through a 

comprehensive literature review, previously reported (Appendix  Table S2). In brief, 

where several systematic reviews and meta-analyses were available, we used 

parameter estimates from studies that reported age and sex-stratified RR, given the 

known interaction of many risk factors with biologic sex17 and the age attenuation of 

most RRs. 

Turkish data for each risk factor level and trends in each risk factor over time were 

searched in Medline, including any national or sub-national data published after the 

year 1995 (see Appendix Box S2 and Figure S1). Potentially relevant studies were 

critically appraised to make a final selection for parameterization based on key 

quality criteria, including whether it was nationally representative or took place only 

in specific areas, the definition of the risk factor (e.g., whether T2DM prevalence was 

estimated based on FBG measurements alone or whether more sensitive measures 

such as the oral glucose tolerance tests (OGTT) were used to detect undiagnosed 

diabetes), and survey response rates, as well as accessibility to the data (see Table 

S3 Appendix ) 7 11 12 18 19. As we wanted to examine trends in age and sex-specific 

prevalence over an extended time frame, we used the definition of the risk factor 
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mostly consistently reported (i.e. FBG to identify undiagnosed diabetes) even when 

this was not the most optimal or sensitive definition reported by the included studies. 

Data on the size of the Turkish population and its distribution by age and sex, both 

for the baseline year and up until 2050, were obtained from the National Institute in 

Turkey (https://www.tuik.gov.tr/Home/Index) and compared with the population 

estimates produced by the United Nations (https://wwwunorg/en/sections/issues-

depth/population/; Appendix  Figure S2). 

Model fitting and scenario development

The model was fitted to sex- and age-specific T2DM, obesity, smoking and physical 

inactivity prevalence data identified through literature searches (see Table S2 of 

Appendix  for the Turkish population) using a nonlinear least-square fitting method20 

programmed in MATLAB 2019a21 (codes available from the authors on request). In 

brief, we used the sum of squared error as the cost function, with the tolerance set at  

10−4,to terminate the fitting process (and to assess goodness of fit).

Further details on the model structure and assumptions have been published 

previously4 9 10 22 and are summarized in Appendix Box S1 and Table S2. Trends in 

T2DM prevalence up to the year 2050 were predicted using the fitted parameters. 

Appendix Figures S3-S6 show the model fit to age and sex-specific trends in T2DM, 

obesity, smoking, and physical inactivity, respectively.

In the base case, age-specific obesity prevalence was assumed to continue to 

increase following trends observed between 1990 and 2017. Due to lack of evidence 

of trends over time, current age and sex-specific rates of physical inactivity were 
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assumed to remain constant after 2017, and only minimal changes in smoking 

prevalence were projected; hence most of the change in T2DM prevalence can be 

attributed to trends in population ageing and obesity. 

Since only obesity prevalence is potentially modifiable, we considered two further 

scenarios. In the first scenario, we assumed that some intervention targeting women 

could be introduced after 2020, which would reduce the prevalence of obesity to that 

seen among men by the year 2030 (Figure S7A of Appendix). In the second 

scenario, we assumed that some intervention could halt projected increases in 

obesity prevalence after 2020 across all age-sex groups in the population (a current 

non-communicable disease [NCD] target already set for Turkey23; Figure S7B). In 

this way, we estimate the “excess incidence” of T2DM associated with the difference 

in obesity prevalence between men and women; the “obesity gender gap”.  

The proportion of T2DM incidence attributed to each risk factor was calculated using 

a modification of the population attributable risk fraction approach to account for 

overlaps between risk factors4 10 22 24 25.

Uncertainty analyses

A multivariable uncertainty analysis of 1,000 runs was conducted to specify the 

range of uncertainty in the projected T2DM prevalence. The Latin Hypercube 

sampling technique was utilized to generate random samples of the critical structural 

model parameter values listed in Table S1. A ±30% uncertainty was adopted around 

the parameters’ point estimates for parameters with no prior confidence interval or 

plausibility range. The T2DM model was refitted for each set of new input parameter 
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values, and the 95% uncertainty intervals (UIs) were calculated for T2DM prevalence 

(see Appendix Figure S8). 

Patient and Public Involvement

None.
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Results

Overall, T2DM prevalence in Turkey was projected to increase from 14.0% (95% UI 

12.8%-16.0%) in 2020 to 18.4% (95% UI 16.9%-20.9%) by 2050, a rise of about 

31.3% over this time period (Figure 1A; 95% UI shown in Figure S8). Even if we 

assumed that risk factors might combine additively rather than multiplicatively, T2DM 

prevalence would rise to 17.5% (95% CI 16.9% to 18.2%) by 2050 (Figure S9). Also 

see Appendix for model estimates by age, sex, and year. Compared with men, T2DM 

prevalence in women was significantly higher; 19.7% for women and 17.2% for men 

by 2050 (Figure 1A). The burden of T2DM is expected to continue to increase even 

more substantially over the next 30 years due to both projected population growth 

(Turkey’s population is expected to increase from a total population size of over 86 

million in 2018 to approximately 106 million in 2050; Figure S1 of Appendix) and 

population ageing (about 12% of the population in Turkey were aged between 60-80 

years [the upper limit age included in our model] in 2018 while it is estimated that 20% 

will be aged 60-80 by 2050). The number of new cases of T2DM occurring annually in 

Turkey was projected to increase from 319,948 in 2020 to 460,709 new cases by 2050, 

a rise of approximately 44% (Figure 1B). Age-specific T2DM prevalence remains 

highest in the oldest age groups throughout the next few decades (31% for those aged 

75-79 in 2020; rising to 34% in 2050). However, prevalence is projected to increase 

among middle-aged adults (from 12% to 14% among those aged 45-49, a 17% 

increase). As Turkey's population ages, the age groups experiencing the highest 

burden of prevalent cases will rise from 55-64 years in 2020 up to 65-74 in 2050 (see 

Figure 1C).
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Over half of the T2DM prevalence could be statistically attributed to the three major 

risk factors included in the model; almost all to rising obesity levels (Figure 2A-C). The 

prevalence of obesity was projected to increase from 27.4% in 2019 to 30.6% by 2050 

(Figure 2A). This increase in T2DM prevalence closely reflected projections in obesity 

prevalence, which were estimated to rise to 39.7% in women and 22.0% in men by 

2050. The proportion of T2DM incidence statistically attributed to obesity was 

expected to remain broadly consistent, at just under half (for 2020 and 2050; 49.0% 

and 49.2% respectively) over this entire time frame (Figure 2B). 

Given the importance of obesity as a risk factor and the huge disparity in obesity 

prevalence between men and women in Turkey, we further used the model to 

estimate the reduction in diabetes prevalence in women that could hypothetically 

have been achieved if obesity among women declined linearly over the ten-year 

period 2020-2030, such that age-specific prevalence among women had declined to 

reach levels seen among men by the year 2030 (Figure S7A). If this could be 

achieved, T2DM prevalence among women would be 15.2% (instead of 19.7%) by 

2050, a reduction of about 22% (Figure 3A). Cumulatively between 2030-2050, this 

would result in over 2 million fewer women developing T2DM (2,076,040; Figure 3B). 

In the entire population (men and women), diabetes prevalence would fall from 

18.4% to 16.2%, a reduction of approximately 12%. 

We also considered a scenario where some intervention could hypothetically prevent 

obesity from increasing further after the year 2020 (Turkey’s current NCD target23; 

Figure S7B). This had a smaller effect on T2DM prevalence (reducing it from 18.4% 

to 17.6%; an overall fall of about 4%, similar in both men and women; Figure 4A). 

Even this apparently modest intervention would reduce diabetes incidence by about 
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38,821 cases annually by the year 2050 or by 722,672 cumulatively by the year 2050 

(Figure 4B).
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Discussion

Substantial increases in diabetes burden are expected over the next few decades in 

Turkey and likely similar countries. The International Diabetes Federation (IDF) 

diabetes atlas estimated that the Middle East and North African region had the highest 

prevalence of diabetes globally at over 12% in 2019, with the regional burden 

projected to increase by nearly 100% by the year 20451. We estimate that over 18% 

of the adult population will have T2DM by 2050; a rise of nearly one-third from the 

2020 estimate of 14.0%. More alarmingly, as Turkey’s population ages, the number of 

new cases of T2DM occurring annually can be expected to almost double from 2020 

levels, increasing to nearly half a million new cases each year by 2050. 

Our estimates are somewhat higher than those from the IDF, which estimated that 

about 10 million people in Turkey would have diabetes in 20451 compared with 

approximately 13 million by 2050 in our model. Unlike the IDF approach, our analysis 

explicitly considers epidemiological trends in key risk factors; this should provide a 

better estimate of the burden in countries where key risk factors such as obesity have 

increased most rapidly26 and where IDF estimates may be conservative1. Other 

statistical models have produced higher estimates of future prevalence; a recent global 

analysis estimated that the prevalence of diabetes in Turkey would be 18.3% by 

203027, though the uncertainty intervals in this study (15.6% to 20.9%) overlapped with 

our estimates of just over 15.4% (14.3% to 16.5%) in 2030. 

Our results suggest the sex difference in T2DM prevalence is likely to continue, with 

estimates of prevalence in women remaining significantly higher than those in men. If 

obesity prevalence in women could be reduced to that of men, then women’s 
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prevalence of T2DM would decline by nearly one-third. Over 2 million fewer women 

would develop T2DM by 2050 if they experienced the exact age-specific obesity 

prevalence as men, so this “obesity gender gap” is substantial. Globally, the 

prevalence of T2DM is slightly higher among men than women, and men appear to be 

at greater risk of T2DM once major risk factors have been taken into account28, so the 

substantially higher prevalence in women is very notable. The excess risk in Turkish 

women reflects their much higher obesity prevalence than men (estimated at 39.7% 

vs. 22.0% by 2050). Globally, obesity is higher among women than men29, but levels 

of obesity in women are very elevated across the Middle East compared with other 

regions29. Although Turkey is officially classified in Europe region by both WHO and 

IDF the gender inequity pattern of obesity and diabetes prevalences is more similar to 

Middle East countries, and very different from Northern European countries like the 

UK where obesity prevalence is broadly similar in men and women30. This may reflect 

many socio-cultural factors that can be detrimental to women’s well-being, including 

women’s traditional roles in the home31, more limited physical activity levels, and 

potentially higher parity32 33.

Interestingly, a recent overview found that higher obesity levels in women were 

associated with increased gender inequality in a global ecological analysis34. Recent 

studies show that gender inequalities in obesity are related to educational and 

employment status in Turkey and that obesity increases substantially in unemployed 

and low educational groups. Enhancing the status of women in Turkey could reduce 

obesity35 36. The social determinants of this risk warrant more detailed exploration in 

order to design interventions to reduce obesity prevalence that are tailored to and 

more appropriate for women. 

Page 16 of 51

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

16

Our model has several strengths, particularly its more sophisticated handling of risk 

factors and their distributions in the Turkish population. We explored the impact of key 

assumptions around the way that risk factors might combine (e.g. additively or 

multiplicatively) which had only a small impact on our future estimates).  Another key 

strength is the robustness of the risk factor data available from Turkey. There is a 

tradition of high-quality epidemiological studies that have been commissioned since 

the 1990s and have collected data on key risk factors using broadly consistent 

methodologies and definitions over an extended period of time. Our model fitting 

process closely mirrored trends in the risk factors observed in these national-level 

surveys, increasing our confidence in the estimates we have produced (Appendix 

Figures S3-S6). 

However, all models have limitations, especially when used to assess future burdens 

of disease. There are other risk factors for T2DM (e.g., other aspects of diet such as 

fruit and vegetable consumption, whole grains, dietary fibre, red meat and alcohol 

consumption)37, family history38, that our epidemiological model does not capture. 

Trends in the 3 risk factors only explained about 60% of the increase in diabetes 

(Figure 2); the remaining 40% might be partially attributed to increases in other risk 

factors that were not accounted for. In particular, dietary risk factors may be significant; 

for example recent analyses suggest that high consumption of red meat might 

increase risk of T2DM by as much as 30%39. Trends in dietary risk factors are difficult 

to model, requiring repeated high quality dietary data, and not available in Turkey. Our 

model intended to capture the contributions of the most significant modifiable risk 

factors that are associated with the most powerful increases in relative risk (such as 

obesity, which increases the risk of T2DM by 4-8 times depending on age and sex), 

and those that are easiest to measure from routinely available, serial data sources 
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(such as smoking prevalence). Data on physical inactivity and trends in this risk factor 

are also more challenging to collect consistently and accurately; none of the Turkish 

studies we identified had used objective measures of physical activity (such as 

pedometers or accelerometers), even though self-reported assessments of physical 

activity may substantially over-estimate more objective measurements. We could not 

identify clear trends in physical inactivity and thus conservatively assumed that this 

parameter was not changing over time in our baseline assessment; overall, we likely 

have somewhat underestimated the prevalence and contribution of physical activity 

on diabetes risk. Our model makes many key assumptions about the epidemiology 

and natural history of T2DM9; in particular, it assumes that once an individual has 

transitioned from a “healthy” state to a “T2DM” state that this process is not reversibleIt 

further assumes that changes in risk factor status are not associated with overall 

health status, though some relationship is plausible Our model also assumes that 

individual risks combine in a log-linear manner, an assumption that is broadly accepted 

and reflected in other chronic disease models but with relatively limited supporting 

evidence.  

One of the most important limitations of our work may be a significant underestimation 

of the prevalence of T2DM both in 2020 and up to 2050 in Turkey. This is because we 

based our estimate of undiagnosed T2DM prevalence on trends in just FBG levels in 

Turkey. It is well established that using only FBG substantially under-estimates the 

prevalence of undiagnosed T2DM by up to 30% compared with more sensitive 

diagnostic measures for T2DM such as the OGTT40. Some earlier studies of T2DM in 

the 1990s used both OGTT and FBG to identify undiagnosed diabetes but did not 

present sufficient data for us to adjust estimates from more recent surveys that used 

FBG only. More recent studies in Turkey used glycated haemoglobin (HbA1c) and 
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FBG to identify undiagnosed diabetes`, but HbA1c was only recommended for 

diagnosis of diabetes in 2011 and thus was not available from earlier studies. We`, 

therefore`, based our model estimates of trends in T2DM prevalence on survey data 

using FBG only. Assuming that prevalence based on OGTT might be 30% higher`, this 

crudely implies that the true age-sex prevalence of T2DM could be as high as 18.2% 

in 2020 and nearly 24% by 2050. Further`, our model did not estimate trends in 

impaired glucose tolerance or “intermediate hyperglycaemia” though this may also be 

increasing substantially in Turkey1 and potentially at younger ages.

Our findings highlight that a sizeable future burden of T2DM is unavoidable in Turkey 

since the key driver of rising trends is the very substantial population ageing 

anticipated over the next few decades. However, any policies or actions aimed at 

reducing obesity prevalence could have significant benefits, particularly if targeted at 

women, as even small reductions in this risk factor could result in significantly fewer 

future cases of T2DM22 in the future. Turkey has set targets for obesity reduction, but 

clear plans on how to achieve these are not well developed. In general, the precise 

policy levers to achieve this remain uncertainly. Nevertheless, there is some evidence 

that nutrition education programmes and social marketing plans encouraging 

consumption of less energy-dense foods (such as fruit and vegetables) may have 

small benefits, and in particular, pricing interventions (such as taxes on sugar-

sweetened beverages41 and potentially saturated fats42 could have small but sustained 

benefits resulting in reductions in BMI and hence future T2DM prevalence. Further 

understanding of the best ways to implement such programmes, particularly for highly 

disadvantaged women and burdened by obesity and diabetes, is urgently needed in 

Turkey and the region as a whole. 
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Key Messages: 

 Population ageing and elevated levels of obesity could increase type 2 

diabetes prevalence (T2DM) to nearly 20% of Turkish adults by the year 2050

 Around half of all T2DM incidence can be attributable to elevated levels of 

obesity in Turkey

 Obesity levels in Turkish women are almost double that of men; contrary to 

other European countries like the UK where obesity levels are broadly similar 

by sex

 If women’s age-specific obesity levels could be reduced to those of men’s 

between 2020-2030, then over 2 million fewer women would develop T2DM 

by 2050, a fall in diabetes prevalence of over 20% in women. 

 High obesity prevalence causes substantial excess ill-health in women from 

T2DM and strategies to reduce obesity in disadvantaged women should be 

prioritised.
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request. 

Figure Titles and Legend

Figure 1. Prevalence of T2DM in Turkey by age, sex and calendar time (2020-2050)

Figure 2. Projections of the prevalence of key T2DM risk factors and the proportion 

attributed to T2DM prevalence in Turkey by sex and calendar time 

Figure 3. Scenario analysis: effects on DM prevalence and incidence of reducing  

women’s obesity prevalence to that of men’s between 2020-2030

Figure 4. Scenario analysis: effects on DM prevalence and incidence of halting the rise 

in obesity prevalence after 2020 on future T2DM prevalence
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Model equations 

Susceptible population with up to one risk factor  

We assumed that individuals were born “healthy” susceptible—meaning that they did not have 

T2DM nor T2DM-related risk factors. Individuals remained in the “healthy” state until they 

became obese, active smokers, physically inactive, or progressed to T2DM. Individuals in any of 

these susceptible states were assumed to die of natural causes (i.e. causes not related to T2DM). 

1
1 1

1

1:

( ) ( ) ( ( ) ) ( )
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( ) ( ) ( ) ( )

( ( ) ( ) ( )
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Those in the “obese” state remained as such until they became smokers (i.e. moved to the 

overlapping compartment of “obese smoker”), physically inactive (i.e. moved to the overlapping 

compartment of “obese physically inactive”), “healthy” again (i.e. became non-obese), or 

progressed to T2DM. Those in the “smoker” state remained as such until they became obese, 

physically inactive, “healthy” again, or progressed to T2DM. Those in the “physical inactivity” 

state remained as such until they became obese, smokers, “healthy” again, or progressed to 

T2DM. 
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Susceptible population with overlap of more than one risk factor (for those >4 years old) 

Individuals in the “obese smoker” state remained as such until they became physically inactive 

(i.e. moved to the overlapping compartment of “obese, smoker, physically inactive”), moved to 

“obese” state, moved to “smoker” state, or developed T2DM. Those in the “obese physically 

inactive” state remained as such until they became smokers, moved to “obese” state, moved to 

“physically inactive” state, or developed T2DM. Those in the “smoker physically inactive” state 

remained as such until they became obese, moved to “smoker” state, moved to “physically 

inactive” state, or developed T2DM. Individuals in the “obese, smoker, physically inactive” state 

remained as such until they moved to “obese smoker”, “obese physically inactive”, or “smoker 

physically inactive”, or developed T2DM.  
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Populations with T2DM with up to one or more risk factors (for those >4 years old) 

Individuals with T2DM remained diabetic (i.e. assuming there was no remission), or died of 

natural or disease-related causes. T2DM individuals with one risk factor could develop the 

second risk factor, or reverse to T2DM with none of the risk factors. Those with two risk factors 

could develop a third risk factor, or reverse to only one of the risk factors, while those with three 

risk factors could reverse one of the current risk factors.  
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Definitions of all symbols in the equations of the model can be found in Tables S1. 

Table S1. Definitions of the symbols in the equations of the type 2 diabetes mellitus (T2DM) age-
structured mathematical model. 

Symbol Definition 

aH   “Healthy” T2DM-susceptible population (do not have T2DM nor T2DM-related risk 
factors)  

aO   T2DM-susceptible but obese population# 

aS
  T2DM-susceptible but smoker population 

aF
  T2DM-susceptible but physically inactive population 

aOS
  T2DM-susceptible but obese and smoker population 

aOF
  T2DM-susceptible but obese and physically inactive population 

aSF
  T2DM-susceptible but smoker and physically inactive population  

aOSF
  T2DM-susceptible but obese, smoker, and physically inactive population  

DM  Populations with T2DM where the index   marks the risk factor status; 
, ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF =   

N  Total population size 
   Transition rate from one age group ( a ) to the next age group 

DM→  T2DM-disease progression rate where the index   marks the risk factor status; 
, ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF =  

a  Natural death rate 

acf
 T2DM-related death rate 

RR  Relative risk of developing T2DM where the index   marks the risk factor status; 
, ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF =   
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a , 
a , 

a  Transition rates from “healthy” (regardless of T2DM status) with none of the risk 

factors to one of the risk factors; i.e. becomes obese ( O ), smoker ( S ), or physically 
inactive ( F )  

a , 
a , 

a ,

a , 
a , a  

Transition rates from having one of the risk factors to having two risk factors (i.e. 

becomes OS , OF , or SF ; regardless of T2DM status) 

a , a , a  Transition rates from having one of the risk factors to being “healthy” with none of 
the risk factors (regardless of T2DM status) 

a , 
aЄ , a  Transition rates from having two of the risk factors to having three of the risk factors 

(regardless of T2DM status) 

a , a ,  

a , a  

a , 
a  

Transition rates from having two of the risk factors to having one of the risk factors 
(regardless of T2DM status) 

a , 
a , 

a  Transition rates from having three of the risk factors to having two of the risk factors 
(regardless of T2DM status) 

# Defined as body mass index >30 kg per m2 [3]. 

Due to the nature of available data, the following changes were necessary in the present work relative 

to our previous study [1]: 

Population growth and mortality rates 

The population growth rate ( ( )b t ) and the natural mortality rate ( ( , )t a ) were described by the 

following functions [4], providing a good fit of the population growth and demographic age structure in 

Turkey [5]: 

2

0

0

0( )

t t

b
b t a e

 −
− 
 =            

and  

( )

2

1

1

2 2

1( , )
1

t t

b

b a a

a e
t a

e


 −
− 
 

− −
=
 +
 

         

Here, the parameters 0a , 1a , 2a , 0t , 1t , 0b , 1b , and 2b were obtained by fitting the model to the 

demographic data of Turkey from the database of the Population Division of the United Nations 

Department of Economic and Social Affairs [5]. 
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Obesity onset rate 

Given evidence for increasing obesity prevalence in Turkey, the rate of becoming obese in the 

T2DM model was allowed to be time- and age-dependent and was parameterized through a 

combined Gaussian-logistic function:  

( )

2

2

1

2 2

1( , )
1



 −
− 
 

− −
=
 +
 

t t

d

d a c

c e
t a

e
.         

Here, 1c , 2c , 2t , 1d , and 2d  are fitting parameters obtained by fitting the model to the age-

structured obesity prevalence data [6-11]. 
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Additional Boxes 

Box S1. Description of the mathematical modeling methodology applied in this study 

Methodology  Description 

Conceptual framework 

H: Healthy,  

O: Obese,  

S: Smoker,  

PIA: Physically 

inactive,  

O-S: Obese and 

smoker,  

O-PIA: Obese and 

physically inactive,  

S-PIA: Smoker and 

physically inactive,  

O-S-PIA: Obese, 

smoker, and 

physically inactive,  

T2DM: Living with 

type 2 diabetes 

mellitus based on 

health status.   

Type 2 diabetes mellitus 

(T2DM) model structure 

- Expressed in terms of a set of 640 coupled differential equations (9). 
- Disaggregated the population into: 

o gender (women and men) 
o 20 five-year age bands (0–4, 5–9… 95–99 years old)  
o four main susceptible classes: “healthy” (i.e. non-obese, non-smoker, physically active, and non-diabetic), obese, smoker, 

and physically inactive 
o four susceptible classes with overlapping risk factors 
o eight T2DM status classes based on the risk-factor status 

D
at

a 
So

u
rc

e
s 

Natural history 

and mortality data 

o Gender- and age-specific relative risks of developing T2DM for key risk factors were obtained from systematic reviews and 
meta-analyses of prospective cohort studies (9, 41-47): 
o relative risk of developing T2DM if obese 
o relative risk of developing T2DM if current smoker 
o relative risk of developing T2DM if physically inactive 

o Relative risk of developing T2DM if the individual had more than one risk factor was assumed to be the multiplicative of the 
individual risks. 
o Relative risk of mortality in T2DM as compared to the general population was obtained from the DECODA (Diabetes 

Epidemiology: Collaborative Analysis of Diagnostic Criteria in Asia) study. 

Prevalence data 

Epidemiological data were obtained from four national and sub-national surveys conducted in Turkey. Data included gender- and 

age-specific (by 5-years age band) prevalence for (6,7,11-13, 18-19):   

o T2DM 
o obesity 
o smoking 
o physical inactivity  

Demographic data 
Demographic data were obtained from the National Statistics Institute in Turkey (48). Demographic data included:  

o total and gender-specific population size 
o age-specific population size and/or distribution  

Fitting method 

o The model was fitted to all available country-specific data using a nonlinear least-square fitting method (20). 
o Parameters quantified through best fit included gender- and age-specific: 

o T2DM baseline incidence rate (i.e., incidence rate from “healthy” to T2DM) 
o transition rate from healthy to obese 
o transition rate from obese to healthy 
o transition rate from healthy to smoker 
o transition rate from smoker to healthy 
o transition rate from healthy to physically inactive 
o transition rate from physically inactive to healthy  

Sensitivity-analyses Univariate sensitivity analyses were conducted to assess robustness of model predictions to variations in: 

o predicted trend for obesity prevalence  

Uncertainty-analysis 

- Multivariable uncertainty analysis was conducted using Latin Hypercube sampling (49) to specify the ranges of uncertainty in 
projected T2DM outcomes, with respect to variations in the key structural model parameters. 

- 1,000 model runs were generated in this analysis. 
- Parameters varied in the uncertainty analysis were relative risks of: 

o developing T2DM if obese 
o developing T2DM if smoker 
o developing T2DM if physically inactive 
o mortality in T2DM as compared to the general population  

T2DM: Type 2 diabetes mellitus 
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Additional Tables 

Table S2. Model assumptions in terms of parameter values 

 

Assumption Age 
group 

Parameter value (95% CI) Reference 

Men Women 

Number of age compartments in 
the model (each for 5 years; a) 

- 20 20 By choice 

Relative risk of developing T2DM 

if obese (
O

RR ) 

All 6.48 (5.17–8.13) 8.38 (5.46–12.85) 43 

Relative risk of developing T2DM 

if current smoker ( S
RR ) 

All 1.42 (1.34–1.50)  1.33 (1.26–1.41)  46 

Relative risk of developing T2DM 

if physically inactive (
F

RR )  

15–69  

70–79  

≥80  

1.45 (1.37–1.54) 

1.32 (1.25–1.40) 

1.20 (1.14–1.28) 

1.45 (1.37–1.54) 

1.32 (1.25–1.40) 

1.20 (1.14–1.28) 

48 

 

Relative risk of developing T2DM 

if obese and smoker ( OS
RR )  

All  9.20 (6.93–12.20) 11.15 (6.88–18.12) Calculated 
based on 
43,46 

Relative risk of developing T2DM 
if obese and physically inactive          

(
OF

RR )  

15–69  

70–79  

≥80  

9.40 (7.08–12.52) 

8.55 (6.46–11.38) 

7.78 (5.89–10.41) 

12.15 (7.48–19.79) 

11.06 (6.83–18.12) 

10.06 (6.22–16.45) 

Calculated 
based on 
43,48 

Relative risk of developing T2DM 
if smoker and physically inactive        

( SF
RR )  

15–69  

70–79  

≥80  

2.06 (1.84–2.37) 

1.87 (1.68–2.17) 

1.70 (1.53–1.97) 

1.93(1.73–2.17) 

1.76 (1.58–1.99) 

1.60 (1.44–1.80) 

Calculated 
based on 
46,48 

Relative risk of developing T2DM 
if obese, smoker, and physically 

inactive (
OSF

RR )  

15–69  

70–79  

≥80  

13.34 (9.49–19.28) 

12.15 (8.66–17.65) 

11.04 (7.90–16.03) 

16.16 (9.43–27.90) 

14.71 (8.60–25.55) 

13.37 (7.84–23.19) 

Calculated 
based on 41-
46,48 

RR of mortality in T2DM as 
compared to the general 

population ( M
RR ) 

 

20–29 

30–39 

40–49 

50–59 

60–69 

70–79+ 

3.70 

3.30 

1.95 

1.65 

1.62 

1.40 

5.95 

5.61 

3.41 

2.73 

2.08 

1.78 

52,53 

T2DM: Type 2 diabetes mellitus
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Box S2 Selection of Data Sources on risk factors in Turkey

A comprehensive literature search was performed on 6th June 2019 in order to determine 

the data sources of this study and collecting the data. The latest studies related to diabetes 

and its risk factors in last 23 years were found and critically assessed. 

The criteria used to select data sources for inclusion in the modelling analyses were as 

follows: 

• Population representative of Turkey (stratified random sample or probabilistic 

sample at a national level)  

• Adequacy of the sampling frame and method 

• Response rate 

• Diabetes definition and measurement method 

• Risk factor definitions and measurement methods 

• Data available stratified by age and sex  

• Data accessible either in publications or open access 

Since we wished to obtain comparable data on trends over time, we used the definition (of 

diabetes, smoking, physical activity) most consistently reported in included studies, even 

though these may not always be the most sensitive or optimal definition. For example, we 

based our assessment of diabetes prevalence on fasting plasma glucose (FPG), although 

we know that oral glucose tolerance tests (OGTT) are the gold standard for detecting 

diabetes. This is because FPG was the only measurement consistently reported across 

repeated studies of diabetes prevalence in Turkey. Similarly we based our assessment of 

smoking prevalence on those who self-report as “current smokers” although better 

classifications may be available e.g. currently smoking at least one cigarette per day.  
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Figure S1 below shows the flow of studies through the selection processes for this 

analysis  
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• Turkey Urban and Rural Epidemiology 1 (TURDEP 1)  

• Turkey Urban and Rural Epidemiology 2 (TURDEP 2)  

• Global Adult Tobacco Survey, GATS 2008 

• Global Adult Tobacco Survey, GATS 2012   

• Turkey Chronic Diseases and Risk Factors Prevalences Study 
2013 

• WHO Natıonal Household Health Survey In Turkey Prevalence Of 
Noncommunıcable Dısease Rısk Factors 2017 

WHO Global Report On Trends In Prevalence Of 

Tobacco Smoking 2015, PURE and TEKHARF 

studies were excluded because age and sex 

stratified prevalence data were not accessible.  

Studies initially identified through the searching process 

 

• Turkey Diabetes, Hypertension, Obesity and Endocrinologic 
Diseases Prevalence Study 1 (TURDEP 1; 11)  

• Turkey Diabetes, Hypertension, Obesity and Endocrinologic 
Diseases Prevalence Study Turkey Urban and Rural 
Epidemiology 2 (TURDEP 2; 12)  

• Global Adult Tobacco Survey, GATS 2008 (18) 

• Global Adult Tobacco Survey, GATS 2012  (19) 

• Turkey Chronic Diseases and Risk Factors Prevalences Study 
2013 (20) 

• WHO Global Report On Trends In Prevalence Of Tobacco 
Smoking 2015 (52) 

• WHO Natıonal Household Health Survey In Turkey Prevalence Of 
Noncommunıcable Dısease Rısk Factors 2017 (6) 

• The Prospective Urban Rural Epidemiology (PURE) (53) 

• TEKHARF (54,55) 
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Table S3. Characteristics of the Turkey’s population-based surveys used in the analysis for type 2 diabetes mellitus 
(T2DM) and its risk factors 
 
. 

Survey/Study title Survey 
year 

Age group 
(years) 

Sex 
distribution 

Response 
rate 

Method of diagnosis 
for diabetes 

Reported risk 
factors 

Reference 
 

M  W    

National surveys         

National Household Health 
Survey – Prevalence of 
Noncommunicable Disease 
Risk Factors in Turkey 2017 

2017 ≥15  40% 60% 70% FBG Diabetes 
Obesity 
Physical inactivity 
Smoking 

6 
  

 

Chronic Diseases And Risk 
Factors Survey in Turkey 2013 

2011 ≥15  47% 53% 46% FBG Diabetes 
Obesity 
Physical inactivity 
Smoking 

20 
 

TURDEP 2 (Turkey Diabetes, 
Hypertension, Obesity and 
Endocrinologic Diseases 
Prevalence Study 2) 

2010 ≥20  37% 63% 87% OGTT+FBG Diabetes 
Obesity 

11 

TURDEP 1 (Turkey Diabetes, 
Hypertension, Obesity and 
Endocrinologic Diseases 
Prevalence Study 1) 

1997-1998 ≥20  44.7
% 

55.3% 85% OGTT+FBG Diabetes 
Obesity 
Smoking 

12 

WHO Global Adult Tobacco 
Survey 2012 

2012 ≥15  49.2
% 

50.2% 90.1%  Smoking 19 

WHO Global Adult Tobacco 
Survey 2008 

2008 ≥15  -- -- 97%  Smoking 18   

Footnotes:  
FBG = Fasting Blood Glucose 
OGTT = Oral Glucose Tolerance Test
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Additional Figures 

Figure S2. Model predictions for the population size of Turkey overall and stratified by 
sex, as compared to estimates of the National Statistics Institute in Turkey (TurkStat; 
48).  
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Figure S3. Model fit for the sex- and age-specific type 2 diabetes mellitus (T2DM) prevalence in Turkey in 2017 (A and 

B), 2013 (C and D), 2010 (E and F), and 1997 (G and H) national surveys. The black crosses in the panels are the data 

provided by the different population-based surveys in these years (References 11-12) 

 
 

Page 42 of 51

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

15 
 

Figure S4. Model fit for the sex- and age-specific obesity prevalence in Turkey in 2013 (A and B), 2010 (C and D), and 

1997 (E and F) national surveys. The black crosses in the panels are the data provided by the different population-based 

surveys in these years (References 11-13) 

B. 

D. 

F. 

A. 

C. 

E. 
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Figure S5. Model fit for the sex- and age-specific smoking prevalence in Turkey in 2017 (A and B), 2013 (C and D), 2012 
(E and F), 2008 (G and H), and 1997 (I and J) national surveys9-13. The black crosses in the panels are the data provided 
by the different population-based surveys in these years. (6,11,12,13,20) 

A. B. 

C. D. 

E. 
F. 

G. H. 

I. J. 
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Figure S6. Model fit for the sex- and age-specific physical inactivity prevalence in 
Turkey in 2017 (A and B) and 2013 (C and D) national surveys. The black crosses in 
the panels are the data provided by the different population-based surveys in these 
years. (6,13) 

 

 

A. B. 

C. D. 
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Figure S7. Assumptions used in three sensitivity analyses. Obesity trend between 

2020-2050 assuming A) that the obesity prevalence in women will be reduced to that 

seen among men by the year 2030, and B) that the age-specific obesity prevalence 

remained constant after 2020. 
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Figure S8. Uncertainty interval for the prevalence of type 2 diabetes mellitus (T2DM) in 
Turkey between 2020-2050. The solid black line represents the mean, while the dashed 
lines bracket the 95% uncertainty interval. 
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Figure S9 Figure showing the estimated trends in type 2 diabetes prevalence, stratified by sex, 

if risk factors combined additively rather than multiplicatively 
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Checklist of information that should be included in new reports of global health 
estimates

Item 
#

Checklist item Reported on 
page #

Objectives and funding
1 Define the indicator(s), populations (including age, sex, and geographic entities), and 

time period(s) for which estimates were made.
Main 
manuscript 
methods page 6 
and appendix 
Box S1

2 List the funding sources for the work. Main 
manuscript page 
19

Data Inputs
   For all data inputs from multiple sources that are synthesized as part of the study:
3 Describe how the data were identified and how the data were accessed. Main 

manuscript 
methods page 7-
8 and appendix 
Box S2

4 Specify the inclusion and exclusion criteria. Identify all ad-hoc exclusions. Appendix Box S2 
and Figure S1

5 Provide information on all included data sources and their main characteristics. For each 
data source used, report reference information or contact name/institution, population 
represented, data collection method, year(s) of data collection, sex and age range, 
diagnostic criteria or measurement method, and sample size, as relevant. 

Appendix Table 
S2 and S3

6 Identify and describe any categories of input data that have potentially important biases 
(e.g., based on characteristics listed in item 5).

Main 
manuscript 
methods page 7-
8 and appendix 
Box S2

   For data inputs that contribute to the analysis but were not synthesized as part of the study:
7 Describe and give sources for any other data inputs. None
   For all data inputs:
8 Provide all data inputs in a file format from which data can be efficiently extracted (e.g., a 

spreadsheet rather than a PDF), including all relevant meta-data listed in item 5. For any 
data inputs that cannot be shared because of ethical or legal reasons, such as third-party 
ownership, provide a contact name or the name of the institution that retains the right to 
the data.

see Tables S1 
and S2, 
Appendix page 3 
and page 6

Data analysis
9 Provide a conceptual overview of the data analysis method. A diagram may be helpful. Box S1, page 8 

of appendix. 
Appendix Pages 
2-9; Methods 
page 6-10

10 Provide a detailed description of all steps of the analysis, including mathematical 
formulae. This description should cover, as relevant, data cleaning, data pre-processing, 
data adjustments and weighting of data sources, and mathematical or statistical 
model(s). 

Appendix pages 
2-9
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11 Describe how candidate models were evaluated and how the final model(s) were 
selected.

Main 
manuscript page 
4-5

12 Provide the results of an evaluation of model performance, if done, as well as the results 
of any relevant sensitivity analysis.

Sensitivity 
analyses 
reported on 
page 11, model 
fitting on page 8

13 Describe methods for calculating uncertainty of the estimates. State which sources of 
uncertainty were, and were not, accounted for in the uncertainty analysis.

Main 
manuscript page 
9-10 and 
appendix Box S1

14 State how analytic or statistical source code used to generate estimates can be accessed. Main 
manuscript page 
9 (Matlab codes 
are available on 
request) 

Results and Discussion
15 Provide published estimates in a file format from which data can be efficiently extracted. Estimates_data
16 Report a quantitative measure of the uncertainty of the estimates (e.g. uncertainty 

intervals).
Reported in 
results (95% 
Uncertainty 
intervals and 
data source 
listed above)

17 Interpret results in light of existing evidence. If updating a previous set of estimates, 
describe the reasons for changes in estimates.

Main 
manuscript page 
14 (discussion)

18 Discuss limitations of the estimates. Include a discussion of any modelling assumptions or 
data limitations that affect interpretation of the estimates.

Main 
manuscript page 
14-16

This checklist should be used in conjunction with the GATHER statement and Explanation and Elaboration document, 
found on gather-statement.org
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ABSTRACT

Background: Using a previously developed and validated mathematical model, we 

predicted future prevalence of type 2 diabetes mellitus (T2DM) and major modifiable 

risk factors (obesity, physical inactivity, and smoking) stratified by age and sex in 

Turkey up to the year 2050.  

Methods: Our deterministic compartmental model fitted nationally representative 

demographic and risk factor data simultaneously for Turkish adults (aged 20-79) 

between 1997 to 2017, then estimated future trends. Our novel approach explored 

the impact of future obesity trends on these projections, specifically modelling i) a 

gradual fall in obesity in women after the year 2020 until it equalled the age-specific 

levels seen in men and ii) cessation of the rise in obesity after 2020. 

Results: T2DM prevalence is projected to rise from an estimated 14.0% (95% 

uncertainty interval [UI] 12.8%-16.0%) in 2020 to 18.4% (95% UI 16.9%-20.9%) by 

2050; 19.7% in women and 17.2% in men by 2050; reflecting high levels of obesity 

(39.7% for women and 22.0% for men in 2050). Overall, T2DM prevalence could be 

reduced by about 4% if obesity stopped rising after 2020 or by 12% (22% in women) 

if obesity prevalence among women could be lowered to equal that of men. The 

higher age-specific obesity prevalence among women resulted in 2,076,040 

additional women developing T2DM by the year 2050. 

Conclusion: T2DM is common in Turkey and will remain so. Interventions and 

policies targeting the high burden of obesity (and low physical activity levels), 

particularly in women, could significantly impact future disease burdens. 

Keywords: Type 2 diabetes mellitus, Obesity, Turkey, Prevalence, Mathematical 

Modelling, gender.
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Strengths and limitations of this study

Strengths

 Estimates incorporate all major risk factors for type 2 diabetes

 Sophisticated and validated mathematical model that takes into account 

population distribution of risk factors and their relationships with type 2 

diabetes

 High quality population based data available in Turkey from repeated key risk 

factor surveys and all of the data is nationally representative.

Limitations

 Uncertainty about future trends in risk factors and disease remains present

 Optimal means to reduce obesity prevalence in women is uncertain
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Introduction

Diabetes prevalence has increased dramatically in many countries over the 

last 30 years or so; globally, about 1 in 11 adults are now thought to have 

diabetes, and 85-90% of these have type 2 diabetes (T2DM)1. This substantial 

rise has been driven mainly by demographic changes (population ageing) and 

lifestyle changes, particularly changes in diet and reductions in physical 

activity that in combination have resulted in increases in obesity. As a region, 

the Middle East and North Africa has the highest estimated prevalence of 

diabetes globally; 12.8% of adults (aged 20-79)1. Current estimates of diabetes 

prevalence in Turkey broadly reflect this regional picture. Recent surveys have 

suggested that over 10% of Turkish adults already have T2DM and that for the 

middle-aged (age 35 and above), the mean body mass index (BMI) was already 

over 30 in women and 27 in men2 3. BMI had been increasing by roughly 

0.1kg/m2 annually over the time frame 1995-20093. These elevated risk factor 

levels put Turkish adults at high risk of developing T2DM as they age. 

Globally, diabetes prevalence is higher among men than women4, but this 

pattern is reversed in Turkey, reflecting the extremely high levels of obesity 

among women. Despite this, the “obesity gap” (excess burden of diabetes 

among women due to higher levels of obesity compared with men) has not 

been estimated previously to our knowledge. 

Earlier research suggested that substantial increases in T2DM might be 

expected in Turkey over the next few decades; however, these estimates were 

based on a very simple Markov model and used only data published up until 

20115, whilst several high-quality national surveys have been published since 
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this time6 7. These more recent national surveys from Turkey have suggested 

some flattening of trends in T2DM prevalence over the past decade. Turkey 

has also made some public health gains, particularly some reductions in 

smoking prevalence and other cardiovascular risk factors2 8, possibly resulting 

from better medical management in primary care2. Therefore, we have 

produced new estimates of diabetes prevalence by age and sex and 

projections into the future using a more sophisticated dynamic model 

developed more recently and already applied to countries in the region4 9 10. 

This model includes all age and sex groups in Turkey, incorporates data from 

four national surveys published in Turkey since 19956 11-13, and incorporates 

some methodological advances, including a more realistic distribution of risk 

factors in the population. The latter allowed adults to explicitly have more than 

one risk factor (e.g., both obesity and physical activity)9. Improved estimates 

are of substantial interest to national and regional health planners and the 

public health communities in both Turkey and the Middle East. 

Epidemiological models are also valuable for estimating the population effects 

of potential preventive policies such as strategies to reduce obesity, informing 

policy directions for both the country and the region.  

Page 6 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

6

Methods

Model development

We extended a recently-developed T2DM age-structured mathematical model and 

parameterized this with data from Turkey. Full details of the original model can be 

found in Awad et al9. The model developed was population-based and deterministic, 

representing Turkey's population (aged 0-99) by a set of differential equations 

(Appendix Table S1). The equations categorise the population into 640 groups, 

according to sex, age group, and presence or absence of T2DM, and each of three 

major risk factors for T2DM. Box S1 in the Appendix  shows a schematic 

representation of how the population is divided into the different risk factors and 

health states. The three key risk factors included were identified as critical risk 

factors in other published literature: obesity, physical inactivity and smoking9, and 

readily obtainable from serial surveys in many populations14. Obesity was defined as 

BMI ≥30 kg/m2 across all age groups. Physical inactivity was defined as activity 

levels below the World Health Organisation’s recommendations (i.e. at least 30 

minutes of moderate or vigorous exercise daily, or 150 minutes per week)15 16 and 

smoking as reporting current daily cigarette smoking14. The case definition for T2DM 

was self-reported diabetes on medication or fasting blood glucose (FBG) above a 

threshold level (7.0 mmol/l) to detect undiagnosed cases. On an annual basis, 

individuals were assumed to develop T2DM at rates consistent with their age, sex 

and risk factor status. These were parameterized using epidemiological and natural 

history data (see Appendix Table S2). Risk factors were assumed to be independent 

of each other i.e. to combine multiplicatively, but we explored the potential impact of 

this assumption by assuming the 3 risk factors combined additively in a sensitivity 
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analysis. To facilitate parameter estimation, it was also assumed that transitions 

between healthy and risk factor states were independent of health status (see 

Assumptions in Appendix page 7). 

Risk factor data and parameterisation

Large international meta-epidemiological studies were used to estimate the sex and, 

where possible age-specific relative risk (RR) of developing T2DM associated with 

obesity, physical inactivity and smoking, respectively, identified through a 

comprehensive literature review, previously reported (Appendix  Table S2). In brief, 

where several systematic reviews and meta-analyses were available, we used 

parameter estimates from studies that reported age and sex-stratified RR, given the 

known interaction of many risk factors with biologic sex17 and the age attenuation of 

most RRs. 

Turkish data for each risk factor level and trends in each risk factor over time were 

searched in Medline, including any national or sub-national data published after the 

year 1995 (see Appendix  Box S2 and Figure S1). Potentially relevant studies were 

critically appraised to make a final selection for parameterization based on key 

quality criteria, including whether it was nationally representative or took place only 

in specific areas, the definition of the risk factor (e.g., whether T2DM prevalence was 

estimated based on FBG measurements alone or whether more sensitive measures 

such as the oral glucose tolerance tests (OGTT) were used to detect undiagnosed 

diabetes), and survey response rates, as well as accessibility to the data (see Table 

S2 Appendix ) 7 11 12 18 19. As we wanted to examine trends in age and sex-specific 

prevalence over an extended time frame, we used the definition of the risk factor 
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mostly consistently reported (i.e. FBG to identify undiagnosed diabetes) even when 

this was not the most optimal or sensitive definition reported by the included studies. 

Data on the size of the Turkish population and its distribution by age and sex, both 

for the baseline year and up until 2050, were obtained from the National Institute in 

Turkey (https://www.tuik.gov.tr/Home/Index) and compared with the population 

estimates produced by the United Nations (https://wwwunorg/en/sections/issues-

depth/population/; Appendix  Figure S2). 

Model fitting and scenario development

The model was fitted to sex- and age-specific T2DM, obesity, smoking and physical 

inactivity prevalence data identified through literature searches (see Table S2 of 

Appendix  for the Turkish population) using a nonlinear least-square fitting method20 

programmed in MATLAB 2019a21 (codes available from the authors on request). In 

brief, we used the sum of squared error as the cost function, with the tolerance set at  

10−4,to terminate the fitting process (and to assess goodness of fit).

Further details on the model structure and assumptions have been published 

previously4 9 10 22 and are summarized in Appendix Box S1 and Table S2. Trends in 

T2DM prevalence up to the year 2050 were predicted using the fitted parameters. 

Appendix Figures S3-S6 show the model fit to age and sex-specific trends in T2DM, 

obesity, smoking, and physical inactivity, respectively.

In the base case, age-specific obesity prevalence was assumed to continue to 

increase following trends observed between 1990 and 2017. Due to lack of evidence 

of trends over time, current age and sex-specific rates of physical inactivity were 
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assumed to remain constant after 2017, and only minimal changes in smoking 

prevalence were projected; hence most of the change in T2DM prevalence can be 

attributed to trends in population ageing and obesity. 

Since only obesity prevalence is potentially modifiable, we considered two further 

scenarios. In the first scenario, we assumed that some intervention targeting women 

could be introduced after 2020, which would reduce the prevalence of obesity to that 

seen among men by the year 2030 (Figure S7A of Appendix). In the second 

scenario, we assumed that some intervention could halt projected increases in 

obesity prevalence after 2020 across all age-sex groups in the population (a current 

non-communicable disease [NCD] target already set for Turkey23; Figure S7B). In 

this way, we estimate the “excess incidence” of T2DM associated with the difference 

in obesity prevalence between men and women; the “obesity gender gap”.  

The proportion of T2DM incidence attributed to each risk factor was calculated using 

a modification of the population attributable risk fraction approach to account for 

overlaps between risk factors4 10 22 24 25.

Uncertainty analyses

A multivariable uncertainty analysis of 1,000 runs was conducted to specify the 

range of uncertainty in the projected T2DM prevalence. The Latin Hypercube 

sampling technique was utilized to generate random samples of the critical structural 

model parameter values listed in Table S1. A ±30% uncertainty was adopted around 

the parameters’ point estimates for parameters with no prior confidence interval or 

plausibility range. The T2DM model was refitted for each set of new input parameter 
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values, and the 95% uncertainty intervals (UIs) were calculated for T2DM prevalence 

(see Appendix Figure S8). 

Patient and Public Involvement

None.
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Results

Overall, T2DM prevalence in Turkey was projected to increase from 14.0% (95% UI 

12.8%-16.0%) in 2020 to 18.4% (95% UI 16.9%-20.9%) by 2050, a rise of about 

31.3% over this time period (Figure 1A; 95% UI shown in Figure S8). Even if we 

assumed that risk factors might combine additively rather than multiplicatively, T2DM 

prevalence would rise to 17.5% (95% CI 16.9% to 18.2%) by 2050 (Figure S9). Also 

see Appendix for model estimates by age, sex and year. Compared with men, T2DM 

prevalence in women was significantly higher; 19.7% for women and 17.2% for men 

by 2050 (Figure 1A). The burden of T2DM is expected to continue to increase even 

more substantially over the next 30 years due to both projected population growth 

(Turkey’s population is expected to increase from a total population size of over 86 

million in 2018 to approximately 106 million in 2050; Figure S1 of Appendix) and 

population ageing (about 12% of the population in Turkey were aged between 60-80 

years [the upper limit age included in our model] in 2018 while it is estimated that 20% 

will be aged 60-80 by 2050). The number of new cases of T2DM occurring annually in 

Turkey was projected to increase from 319,948 in 2020 to 460,709 new cases by 2050, 

a rise of approximately 44% (Figure 1B). Age-specific T2DM prevalence remains 

highest in the oldest age groups throughout the next few decades (31% for those aged 

75-79 in 2020; rising to 34% in 2050). However, prevalence is projected to increase 

among middle-aged adults (from 12% to 14% among those aged 45-49, a 17% 

increase). As Turkey's population ages, the age groups experiencing the highest 

burden of prevalent cases will rise from 55-64 years in 2020 up to 65-74 in 2050 (see 

Figure 1C).
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Over half of the T2DM prevalence could be statistically attributed to the three major 

risk factors included in the model; almost all to rising obesity levels (Figure 2A-C). The 

prevalence of obesity was projected to increase from 27.4% in 2019 to 30.6% by 2050 

(Figure 2A). This increase in T2DM prevalence closely reflected projections in obesity 

prevalence, which were estimated to rise to 39.7% in women and 22.0% in men by 

2050. The proportion of T2DM incidence statistically attributed to obesity was 

expected to remain broadly consistent, at just under half (for 2020 and 2050; 49.0% 

and 49.2% respectively) over this entire time frame (Figure 2B). 

Given the importance of obesity as a risk factor and the huge disparity in obesity 

prevalence between men and women in Turkey, we further used the model to 

estimate the reduction in diabetes prevalence in women that could hypothetically 

have been achieved if obesity among women declined linearly over the ten-year 

period 2020-2030, such that age-specific prevalence among women had declined to 

reach levels seen among men by the year 2030 (Figure S7A). If this could be 

achieved, T2DM prevalence among women would be 15.2% (instead of 19.7%) by 

2050, a reduction of about 22% (Figure 3A). Cumulatively between 2030-2050, this 

would result in over 2 million fewer women developing T2DM (2,076,040; Figure 3B). 

In the entire population (men and women), diabetes prevalence would fall from 

18.4% to 16.2%, a reduction of approximately 12%. 

We also considered a scenario where some intervention could hypothetically prevent 

obesity from increasing further after the year 2020 (Turkey’s current NCD target23; 

Figure S7B). This had a smaller effect on T2DM prevalence (reducing it from 18.4% 

to 17.6%; an overall fall of about 4%, very similar in both men and women; Figure 

4A). Even this apparently modest intervention would reduce diabetes incidence by 

Page 13 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

13

about 38,821 cases annually by the year 2050 or by 722,672 cumulatively by the 

year 2050 (Figure 4B).
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Discussion

Substantial increases in diabetes burden are expected over the next few decades in 

Turkey and likely similar countries. The International Diabetes Federation (IDF) 

diabetes atlas estimated that the Middle East and North African region had the highest 

prevalence of diabetes globally at over 12% in 2019, with the regional burden 

projected to increase by nearly 100% by the year 20451. We estimate that over 18% 

of the adult population will have T2DM by 2050; a rise of nearly one-third from the 

2020 estimate of 14.0%. More alarmingly, as Turkey’s population ages, the number of 

new cases of T2DM occurring annually can be expected to almost double from 2020 

levels, increasing to nearly half a million new cases each year by 2050. 

Our estimates are somewhat higher than those from the IDF, which estimated that 

about 10 million people in Turkey would have diabetes in 20451 compared with 

approximately 13 million by 2050 in our model. Unlike the IDF approach, our analysis 

explicitly considers epidemiological trends in key risk factors; this should provide a 

better estimate of the burden in countries where key risk factors such as obesity have 

increased most rapidly26 and where IDF estimates may be conservative1. Other 

statistical models have produced higher estimates of future prevalence; a recent global 

analysis estimated that the prevalence of diabetes in Turkey would be 18.3% by 

203027, though the uncertainty intervals in this study (15.6% to 20.9%) overlapped with 

our estimates of just over 15.4% (14.3% to 16.5%) in 2030. 

Our results suggest the sex difference in T2DM prevalence is likely to continue, with 

estimates of prevalence in women remaining significantly higher than those in men. If 

obesity prevalence in women could be reduced to that of men, then women’s 
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prevalence of T2DM would decline by nearly one-third. Over 2 million fewer women 

would develop T2DM by 2050 if they experienced the exact age-specific obesity 

prevalence as men, so this “obesity gender gap” is substantial. Globally, the 

prevalence of T2DM is slightly higher among men than women, and men appear to be 

at greater risk of T2DM once major risk factors have been taken into account28, so the 

substantially higher prevalence in women is very notable. The excess risk in Turkish 

women reflects their much higher obesity prevalence than men (estimated at 39.7% 

vs. 22.0% by 2050). Globally, obesity is higher among women than men29, but levels 

of obesity in women are very elevated across the Middle East compared with other 

regions29. Although Turkey is officially classified in Europe region by both WHO and 

IDF the gender inequity pattern of obesity and diabetes prevalences is more similar to 

Middle East countries, and very different from Northern European countries like the 

UK where obesity prevalence is broadly similar in men and women30. This may reflect 

many socio-cultural factors that can be detrimental to women’s well-being, including 

women’s traditional roles in the home31, more limited physical activity levels, and 

potentially higher parity32 33.

Interestingly, a recent overview found that higher obesity levels in women were 

associated with increased gender inequality in a global ecological analysis34. Recent 

studies show that gender inequalities in obesity are related to educational and 

employment status in Turkey and that obesity increases substantially in unemployed 

and low educational groups. Enhancing the status of women in Turkey could reduce 

obesity35 36. The social determinants of this risk warrant more detailed exploration in 

order to design interventions to reduce obesity prevalence that are tailored to and 

more appropriate for women. 
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Our model has several strengths, particularly its more sophisticated handling of risk 

factors and their distributions in the Turkish population. We explored the impact of key 

assumptions around the way that risk factors might combine (e.g. additively or 

multiplicatively) which had only a small impact on our future estimates).  Another key 

strength is the robustness of the risk factor data available from Turkey. There is a 

tradition of high-quality epidemiological studies that have been commissioned since 

the 1990s and have collected data on key risk factors using broadly consistent 

methodologies and definitions over an extended period of time. Our model fitting 

process closely mirrored trends in the risk factors observed in these national-level 

surveys, increasing our confidence in the estimates we have produced (Appendix 

Figures S3-S6). 

However, all models have limitations, especially when used to assess future burdens 

of disease. There are other risk factors for T2DM (e.g., other aspects of diet such as 

fruit and vegetable consumption, whole grains, dietary fibre, red meat and alcohol 

consumption)37, family history38, that our epidemiological model does not capture. 

Trends in the 3 risk factors only explained about 60% of the increase in diabetes 

(Figure 2); the remaining 40% might be partially attributed to increases in other risk 

factors that were not accounted for. In particular, dietary risk factors may be significant; 

for example recent analyses suggest that high consumption of red meat might 

increase risk of T2DM by as much as 30%39. Trends in dietary risk factors are difficult 

to model, requiring repeated high quality dietary data, and not available in Turkey. Our 

model intended to capture the contributions of the most significant modifiable risk 

factors that are associated with the most powerful increases in relative risk (such as 

obesity, which increases the risk of T2DM by 4-8 times depending on age and sex), 

and those that are easiest to measure from routinely available, serial data sources 
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(such as smoking prevalence). Data on physical inactivity and trends in this risk factor 

are also more challenging to collect consistently and accurately; none of the Turkish 

studies we identified had used objective measures of physical activity (such as 

pedometers or accelerometers), even though self-reported assessments of physical 

activity may substantially over-estimate more objective measurements. We could not 

identify clear trends in physical inactivity and thus conservatively assumed that this 

parameter was not changing over time in our baseline assessment; overall, we likely 

have somewhat underestimated the prevalence and contribution of physical activity 

on diabetes risk. Our model makes many key assumptions about the epidemiology 

and natural history of T2DM9. It assumes that once an individual has transitioned from 

a “healthy” state to a “T2DM” state that this process is not reversible. T2DM can be 

reversed or at least its progression delayed among committed volunteers who can 

maintain a very low calorie diet resulting in significant weight loss after diagnosis40, 

but diabetes reversal is thought to be currently very rare at a population level in Turkey. 

Our model further assumes that changes in risk factor status (i.e. becoming obese, 

physically active, or starting to smoke among the healthy population, or losing weight 

among the obese population, reducing physical activity, or quitting smoking among 

physically active and smokers respectively) are not associated with overall health 

status, though some relationships are clearly plausible (see Appendix page 7) Our 

model also assumes that individual risks combine in a log-linear manner, an 

assumption that is broadly accepted and reflected in other chronic disease models but 

with relatively limited supporting evidence.  

One of the most important limitations of our work may be a significant underestimation 

of the prevalence of T2DM both in 2020 and up to 2050 in Turkey. This is because we 

based our estimate of undiagnosed T2DM prevalence on trends in just FBG levels in 
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Turkey. It is well established that using only FBG substantially under-estimates the 

prevalence of undiagnosed T2DM by up to 30% compared with more sensitive 

diagnostic measures for T2DM such as the OGTT41. Some earlier studies of T2DM in 

the 1990s used both OGTT and FBG to identify undiagnosed diabetes but did not 

present sufficient data for us to adjust estimates from more recent surveys that used 

FBG only. More recent studies in Turkey used glycated haemoglobin (HbA1c) and 

FBG to identify undiagnosed diabetes`, but HbA1c was only recommended for 

diagnosis of diabetes in 2011 and thus was not available from earlier studies. We`, 

therefore`, based our model estimates of trends in T2DM prevalence on survey data 

using FBG only. Assuming that prevalence based on OGTT might be 30% higher`, this 

crudely implies that the true age-sex prevalence of T2DM could be as high as 18.2% 

in 2020 and nearly 24% by 2050. Further`, our model did not estimate trends in 

impaired glucose tolerance or “intermediate hyperglycaemia” though this may also be 

increasing substantially in Turkey1 and potentially at younger ages.

Our findings highlight that a sizeable future burden of T2DM is unavoidable in Turkey 

since the key driver of rising trends is the very substantial population ageing 

anticipated over the next few decades. However, any policies or actions aimed at 

reducing obesity prevalence could have significant benefits, particularly if targeted at 

women, as even small reductions in this risk factor could result in significantly fewer 

future cases of T2DM22 in the future. Turkey has set targets for obesity reduction, but 

clear plans on how to achieve these are not well developed. In general, the precise 

policy levers to achieve this remain uncertainly. Nevertheless, there is some evidence 

that nutrition education programmes and social marketing plans encouraging 

consumption of less energy-dense foods (such as fruit and vegetables) may have 

small benefits, and in particular, pricing interventions (such as taxes on sugar-
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sweetened beverages42 and potentially saturated fats43 could have small but sustained 

benefits resulting in reductions in BMI and hence future T2DM prevalence. Further 

understanding of the best ways to implement such programmes, particularly for highly 

disadvantaged women and burdened by obesity and diabetes, is urgently needed in 

Turkey and the region as a whole. 
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Key Messages: 

 Population ageing and high levels of obesity could increase type 2 diabetes 

prevalence (T2DM) to nearly 20% of Turkish adults by the year 2050

 Around half of all T2DM incidence can be attributable to high levels of obesity 

in Turkey

 Obesity levels in Turkish women are almost double that of men; contrary to 

other European countries like the UK where obesity levels are broadly similar 

by sex

 If women’s age-specific obesity levels could be reduced to those of men’s 

between 2020-2030, then over 2 million fewer women would develop T2DM 

by 2050, a fall in diabetes prevalence of over 20% in women. 
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 High obesity prevalence causes substantial excess ill-health in women from 

T2DM and strategies to reduce obesity in disadvantaged women should be 

prioritised.

Page 21 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

21

Data Availability Statement

. The data underlying this article are available in the article and in its online 

supplementary material. The data outputs are also in the SGUL figshare online 

repository: DOI 10.24376/rd.sgul.19026011. The Matlab model codes are available from 

the authors on request. 

Figure Titles and Legend

Figure 1. Prevalence of T2DM in Turkey by age, sex and calendar time (2020-2050)

Figure 2. Projections of the prevalence of key T2DM risk factors and the proportion 

attributed to T2DM prevalence in Turkey by sex and calendar time 

Figure 3. Scenario analysis: effects on DM prevalence and incidence of reducing  

women’s obesity prevalence to that of men’s between 2020-2030

Figure 4. Scenario analysis: effects on DM prevalence and incidence of halting the rise 

in obesity prevalence after 2020 on future T2DM prevalence

Page 22 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

22

References

1. Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N, Colagiuri S, 
Guariguata L, Motala AA, Ogurtsova K, Shaw JE, Bright D and Williams R. Global and 
regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results 
from the International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes research 
and clinical practice. 2019;157:107843.
2. Unal B, Sozmen K, Arik H, Gerceklioglu G, Altun DU, Simsek H, Doganay S, 
Demiral Y, Aslan O, Bennett K, O'Flaherty M, Capewell S and Critchley J. Explaining the 
decline in coronary heart disease mortality in Turkey between 1995 and 2008. BMC public 
health. 2013;13:1135.
3. Sozmen K, Unal B, Saidi O, Ben Romdhane H, Abu-Rmeileh NM, Husseini A, Fouad 
F, Maziak W, Bennett K, O'Flaherty M, Capewell S and Critchley J. Cardiovascular risk 
factor trends in the Eastern Mediterranean region: evidence from four countries is alarming. 
International journal of public health. 2015;60 Suppl 1:S3-11.
4. Awad SF, Huangfu P, Dargham SR, Ajlouni K, Batieha A, Khader YS, Critchley JA 
and Abu-Raddad LJ. Characterizing the type 2 diabetes mellitus epidemic in Jordan up to 
2050. Scientific Reports. 2020;10:21001.
5. Sozmen K, Unal B, Capewell S, Critchley J and O'Flaherty M. Estimating diabetes 
prevalence in Turkey in 2025 with and without possible interventions to reduce obesity and 
smoking prevalence, using a modelling approach. International journal of public health. 
2015;60 Suppl 1:S13-21.
6. National Household Health Survey – Prevalence of Noncommunicable Disease Risk 
Factors in Turkey 2017. https://www.euro.who.int/en/countries/turkey/publications/national-
household-health-survey-prevalence-of-noncommunicable-disease-risk-factors-in-turkey-
2017-2018 (last accessed: 30 March 2021). 2018.
7. WHO. Global Adult Tobacco Survey 2008&2012 Comparison Fact Sheet. . 
http://wwwwhoint/tobacco/surveillance/survey/gats/gats_turkey_2008v2012_comparison_fac
t_sheetpdf?ua=1 (last accessed: 17 Nov 2020).
8. Dinc G, Sozmen K, Gerceklioglu G, Arik H, Critchley J and Unal B. Decreasing 
trends in cardiovascular mortality in Turkey between 1988 and 2008. BMC public health. 
2013;13:896.
9. Awad SF, O'Flaherty M, Critchley J and Abu-Raddad LJ. Forecasting the burden of 
type 2 diabetes mellitus in Qatar to 2050: A novel modeling approach. Diabetes research and 
clinical practice. 2018;137:100-108.
10. Awad SF, Al-Mawali A, Al-Lawati JA, Morsi M, Critchley JA and Abu-Raddad LJ. 
Forecasting the type 2 diabetes mellitus epidemic and the role of key risk factors in Oman up 
to 2050: Mathematical modeling analyses. Journal of Diabetes Investigation. 12(7):1162-
1174.
11. Satman I, Omer B, Tutuncu Y, Kalaca S, Gedik S, Dinccag N, Karsidag K, Genc S, 
Telci A, Canbaz B, Turker F, Yilmaz T, Cakir B and Tuomilehto J. Twelve-year trends in the 
prevalence and risk factors of diabetes and prediabetes in Turkish adults. European Journal 
of Epidemiology. 2013;28:169-180.
12. Satman I, Yilmaz T, Sengül A, Salman S, Salman F, Uygur S, Bastar I, Tütüncü Y, 
Sargin M, Dinççag N, Karsidag K, Kalaça S, Özcan C and King H. Population-Based Study 

Page 23 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

https://www.euro.who.int/en/countries/turkey/publications/national-household-health-survey-prevalence-of-noncommunicable-disease-risk-factors-in-turkey-2017-2018
https://www.euro.who.int/en/countries/turkey/publications/national-household-health-survey-prevalence-of-noncommunicable-disease-risk-factors-in-turkey-2017-2018
https://www.euro.who.int/en/countries/turkey/publications/national-household-health-survey-prevalence-of-noncommunicable-disease-risk-factors-in-turkey-2017-2018
http://wwwwhoint/tobacco/surveillance/survey/gats/gats_turkey_2008v2012_comparison_fact_sheetpdf?ua=1
http://wwwwhoint/tobacco/surveillance/survey/gats/gats_turkey_2008v2012_comparison_fact_sheetpdf?ua=1
http://bmjopen.bmj.com/


For peer review only

23

of Diabetes and Risk Characteristics in Turkey. Results of the Turkish Diabetes Epidemiology 
Study (TURDEP). 2002;25:1551-1556.
13. 2013 CDARFSiT. https://sbu.saglik.gov.tr/Ekutuphane/Yayin/463 (last accessed: 30 
March 2021).
14. Epping-Jordan J, Galea G, Tukuitonga C and Beaglehole R. Preventing chronic 
diseases: Taking STEPwise action. Lancet. 2005;366:1667-71.
15. Piercy KL, Troiano RP, Ballard RM, Carlson SA, Fulton JE, Galuska DA, George SM 
and Olson RD. The Physical Activity Guidelines for Americans. JAMA. 2018;320:2020-
2028.
16. World Health Organisation. Global Recommendations on Physical Acitivty for 
Health. 2010.
17. Peters SAE and Woodward M. Sex Differences in the Burden and Complications of 
Diabetes. Curr Diab Rep. 2018;18:33-33.
18. WHO. Global Adult Tobacco Survey 2008, Turkey Report 2010. . 
https://wwweurowhoint/en/health-topics/disease-prevention/tobacco/publications/data,-
statistics-and-surveillance-reports/global-adult-tobacco-survey-gats/turkey/global-adult-
tobacco-survey-turkey-2008 (last accessed: 30 March 2021) 2010.
19. WHO. Global Tobacco Survey 2012
 http://wwwhalksagligienshacettepeedutr/KYTA_TRpdf, Last accessed 13022018. 
.
20. Lagarias JC, J. A. Reeds, M. H. Wright,and P. E. Wright. Convergence  Properties of 
the Nelder-MeadSimplex Method in Low Dimensions. SIAM  Journal of Optimization. 
1998;9:112-147.
21. The MathWorks I. MATLAB. The language of technical computing. 8.5.0.197613 
(R2019a). .
22. Awad SF, O'Flaherty M, El-Nahas KG, Al-Hamaq AO, Critchley JA and Abu-Raddad 
LJ. Preventing type 2 diabetes mellitus in Qatar by reducing obesity, smoking, and physical 
inactivity: mathematical modeling analyses. Population health metrics. 2019;17:20.
23. Ministry of Health Turkey. 2019-2023 Strategic Plan. 2021.
24. McElduff P, Attia J, Ewald B, Cockburn J and Heller R. Estimating the contribution 
of individual risk factors to disease in a person with more than one risk factor. Journal of 
Clinical Epidemiology. 2002;55:588-592.
25. Llorca J and Delgado-Rodrı́guez M. A new way to estimate the contribution of a risk 
factor in populations avoided nonadditivity. Journal of Clinical Epidemiology. 2004;57:479-
483.
26. Al-Quwaidhi AJ, Pearce MS, Sobngwi E, Critchley JA and O'Flaherty M. 
Comparison of type 2 diabetes prevalence estimates in Saudi Arabia from a validated Markov 
model against the International Diabetes Federation and other modelling studies. Diabetes 
research and clinical practice. 2014;103:496-503.
27. Ampofo AG and Boateng EB. Beyond 2020: Modelling obesity and diabetes 
prevalence. Diabetes research and clinical practice. 2020;167:108362.
28. Wild S, Roglic G, Green A, Sicree R and King H. Global Prevalence of Diabetes. 
Estimates for the year 2000 and projections for 2030. 2004;27:1047-1053.
29. Kanter R and Caballero B. Global Gender Disparities in Obesity: A Review. Advances 
in nutrition (Bethesda, Md). 2012;3:491-8.
30. Statistics on Obesity, Physical Activity and Diet, England, 2020. 2020.
31. Al Ali R, Rastam S, M.Fouad F, Mzayek F and Maziak W. Modifiable cardiovascular 
risk factors among adults in Aleppo, Syria. International journal of public health. 
2011;56:653-62.

Page 24 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

https://sbu.saglik.gov.tr/Ekutuphane/Yayin/463
https://wwweurowhoint/en/health-topics/disease-prevention/tobacco/publications/data,-statistics-and-surveillance-reports/global-adult-tobacco-survey-gats/turkey/global-adult-tobacco-survey-turkey-2008
https://wwweurowhoint/en/health-topics/disease-prevention/tobacco/publications/data,-statistics-and-surveillance-reports/global-adult-tobacco-survey-gats/turkey/global-adult-tobacco-survey-turkey-2008
https://wwweurowhoint/en/health-topics/disease-prevention/tobacco/publications/data,-statistics-and-surveillance-reports/global-adult-tobacco-survey-gats/turkey/global-adult-tobacco-survey-turkey-2008
http://wwwhalksagligienshacettepeedutr/KYTA_TRpdf
http://bmjopen.bmj.com/


For peer review only

24

32. Nikoloski Z and Williams G. Obesity in Middle East. In: R. S. Ahima, ed. Metabolic 
Syndrome: A Comprehensive Textbook Cham: Springer International Publishing; 2016: 55-
72.
33. Alnohair S. Obesity in gulf countries. Int J Health Sci (Qassim). 2014;8:79-83.
34. Garawi F, Devries K, Thorogood N and Uauy R. Global differences between women 
and men in the prevalence of obesity: is there an association with gender inequality? 
European Journal of Clinical Nutrition. 2014;68:1101-1106.
35. Islek D, Demiral Y, Ergor G and Unal B. Quantifying gender inequalities in obesity: 
findings from the Turkish population-based Balcova Heart Study. Public Health. 
2020;186:265-270.
36. Sipahi B. Effect of Socioeconomic Factors and Income Inequality to Obesity in 
Female in Turkey. Gaziantep University Journal of Social Sciences. 2020;19.
37. Neuenschwander M, Ballon A, Weber KS, Norat T, Aune D, Schwingshackl L and 
Schlesinger S. Role of diet in type 2 diabetes incidence: umbrella review of meta-analyses of 
prospective observational studies. BMJ. 2019;366:l2368.
38. Hariri S, Yoon PW, Qureshi N, Valdez R, Scheuner MT and Khoury MJ. Family 
history of type 2 diabetes: A population-based screening tool for prevention? Genetics in 
Medicine. 2006;8:102-108.
39. Pan A, Sun Q, Bernstein AM, Schulze MB, Manson JE, Willett WC and Hu FB. Red 
meat consumption and risk of type 2 diabetes: 3 cohorts of US adults and an updated meta-
analysis. Am J Clin Nutr. 2011;94:1088-96.
40. Lean MEJ, Leslie WS, Barnes AC, Brosnahan N, Thom G, McCombie L, Peters C, 
Zhyzhneuskaya S, Al-Mrabeh A, Hollingsworth KG, Rodrigues AM, Rehackova L, Adamson 
AJ, Sniehotta FF, Mathers JC, Ross HM, McIlvenna Y, Stefanetti R, Trenell M, Welsh P, 
Kean S, Ford I, McConnachie A, Sattar N and Taylor R. Primary care-led weight 
management for remission of type 2 diabetes (DiRECT): an open-label, cluster-randomised 
trial. The Lancet. 2018;391:541-551.
41. Is fasting glucose sufficient to define diabetes? Epidemiological data from 20 
European studies. The DECODE-study group. European Diabetes Epidemiology Group. 
Diabetes Epidemiology: Collaborative analysis of Diagnostic Criteria in Europe. 
Diabetologia. 1999;42:647-54.
42. Colchero MA, Rivera-Dommarco J, Popkin BM and Ng SW. In Mexico, Evidence Of 
Sustained Consumer Response Two Years After Implementing A Sugar-Sweetened Beverage 
Tax. Health Aff (Millwood). 2017;36:564-571.
43. Smed S, Scarborough P, Rayner M and Jensen JD. The effects of the Danish saturated 
fat tax on food and nutrient intake and modelled health outcomes: an econometric and 
comparative risk assessment evaluation. European Journal of Clinical Nutrition. 
2016;70:681-686.

Page 25 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

 

Prevalence of T2DM in Turkey by age, sex and calendar time (2020-2050) 

185x190mm (100 x 100 DPI) 

Page 26 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

 

Projections of the prevalence of key T2DM risk factors and the proportion 
attributed to T2DM prevalence in Turkey by sex and calendar time 

338x190mm (96 x 96 DPI) 

Page 27 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

 

Scenario analysis: effects on DM prevalence and incidence of reducing  women’s obesity prevalence to that 
of men’s between 2020-2030 

250x131mm (100 x 100 DPI) 

Page 28 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

 

Scenario analysis: effects on DM prevalence and incidence of halting the rise in obesity prevalence after 
2020 on future T2DM prevalence 

244x122mm (100 x 100 DPI) 

Page 29 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

1 
 

Impact of trends and gender disparity in obesity on future Type 2 

diabetes in Turkey; a mathematical modelling analysis 

Gül Anıl Anakök1,2, Susanne F. Awad3,4,5, Çiğdem Çağlayan2, Peijue Huangfu6, Laith J. 

Abu-Raddad3,4,5, Belgin Ünal7, Julia A. Critchley6 

1Kartepe District Health Directorate, Kocaeli, Turkey 

2Department of Public Health, Kocaeli University, Kocaeli, Turkey 

3Infectious Diseases Epidemiology Group, Weill Cornell Medicine – Qatar, Cornell 

University, Doha, Qatar 

4World Health Organization Collaborating Centre for Disease Epidemiology Analytics on 

HIV/AIDS, Sexually Transmitted Infections, and Viral Hepatitis, Weill Cornell Medicine – 

Qatar, Doha, Qatar 

5Department of Population Health Sciences, Weill Cornell Medicine, Cornell University, 

New York, USA  

6Population Health Research Institute, St George’s, University of London, London, UK  

7Department of Public Health Dokuz Eylul University, Izmir, Turkey   

  

Page 30 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

2 
 

 

Model equations 

Susceptible population with up to one risk factor  

We assumed that individuals were born “healthy” susceptible—meaning that they did not have 

T2DM nor T2DM-related risk factors. Individuals remained in the “healthy” state until they 

became obese, active smokers, physically inactive, or progressed to T2DM. Individuals in any of 

these susceptible states were assumed to die of natural causes (i.e. causes not related to T2DM). 
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Those in the “obese” state remained as such until they became smokers (i.e. moved to the 

overlapping compartment of “obese smoker”), physically inactive (i.e. moved to the overlapping 

compartment of “obese physically inactive”), “healthy” again (i.e. became non-obese), or 

progressed to T2DM. Those in the “smoker” state remained as such until they became obese, 

physically inactive, “healthy” again, or progressed to T2DM. Those in the “physical inactivity” 

state remained as such until they became obese, smokers, “healthy” again, or progressed to 

T2DM. 
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Susceptible population with overlap of more than one risk factor (for those >4 years old) 

Individuals in the “obese smoker” state remained as such until they became physically inactive 

(i.e. moved to the overlapping compartment of “obese, smoker, physically inactive”), moved to 

“obese” state, moved to “smoker” state, or developed T2DM. Those in the “obese physically 

inactive” state remained as such until they became smokers, moved to “obese” state, moved to 

“physically inactive” state, or developed T2DM. Those in the “smoker physically inactive” state 

remained as such until they became obese, moved to “smoker” state, moved to “physically 

inactive” state, or developed T2DM. Individuals in the “obese, smoker, physically inactive” state 

remained as such until they moved to “obese smoker”, “obese physically inactive”, or “smoker 

physically inactive”, or developed T2DM.  
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Definitions of all symbols in the equations of the model can be found in Tables S1. 

Table S1. Definitions of the symbols in the equations of the type 2 diabetes mellitus (T2DM) age-
structured mathematical model. 

Symbol Definition 

aH   “Healthy” T2DM-susceptible population (do not have T2DM nor T2DM-related risk 
factors)  

aO   T2DM-susceptible but obese population# 

aS
  T2DM-susceptible but smoker population 

aF
  T2DM-susceptible but physically inactive population 

aOS
  T2DM-susceptible but obese and smoker population 

aOF
  T2DM-susceptible but obese and physically inactive population 

aSF
  T2DM-susceptible but smoker and physically inactive population  

aOSF
  T2DM-susceptible but obese, smoker, and physically inactive population  

DM  Populations with T2DM where the index   marks the risk factor status; 
, ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF =   

N  Total population size 
   Transition rate from one age group ( a ) to the next age group 

DM →  T2DM-disease progression rate where the index   marks the risk factor status; 
, ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF =  

a  Natural death rate 

acf
 T2DM-related death rate 

RR
 Relative risk of developing T2DM where the index   marks the risk factor status; 

, ,  ,  ,  ,  ,  ,  H O S F OS OF SF OSF =   
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a , 
a , 

a  Transition rates from “healthy” (regardless of T2DM status) with none of the risk 

factors to one of the risk factors; i.e. becomes obese (O ), smoker ( S ), or physically 
inactive ( F )  

a , 
a , 

a ,

a , 
a , a  

Transition rates from having one of the risk factors to having two risk factors (i.e. 

becomes OS , OF , or SF ; regardless of T2DM status) 

a , a , a  Transition rates from having one of the risk factors to being “healthy” with none of 
the risk factors (regardless of T2DM status) 

a , aЄ , a  Transition rates from having two of the risk factors to having three of the risk factors 
(regardless of T2DM status) 

a , a ,  

a , a  

a , 
a  

Transition rates from having two of the risk factors to having one of the risk factors 
(regardless of T2DM status) 

a , 
a , 

a  Transition rates from having three of the risk factors to having two of the risk factors 
(regardless of T2DM status) 

# Defined as body mass index >30 kg per m2 [3]. 

Due to the nature of available data, the following changes were necessary in the present work relative 

to our previous study [1]: 

Population growth and mortality rates 

The population growth rate ( ( )b t ) and the natural mortality rate ( ( , )t a ) were described by the 

following functions [4], providing a good fit of the population growth and demographic age structure in 

Turkey [5]: 

2

0

0

0( )

t t

b
b t a e

 −
− 
 =            

and  

( )

2

1

1

2 2

1( , )
1

t t

b

b a a

a e
t a

e


 −
− 
 

− −
=
 +
 

         

Here, the parameters 0a , 1a , 2a , 0t , 1t , 0b , 1b , and 2b were obtained by fitting the model to the 

demographic data of Turkey from the database of the Population Division of the United Nations 

Department of Economic and Social Affairs [5]. 
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Obesity onset rate 

Given evidence for increasing obesity prevalence in Turkey, the rate of becoming obese in the 

T2DM model was allowed to be time- and age-dependent and was parameterized through a 

combined Gaussian-logistic function:  

( )

2

2

1

2 2

1( , )
1



 −
− 
 

− −
=
 +
 

t t

d

d a c

c e
t a

e
.         

Here, 1c , 2c , 2t , 1d , and 2d  are fitting parameters obtained by fitting the model to the age-

structured obesity prevalence data [6-11]. 

 

Our model is comprehensive in allowing overlap, different histories, and diverse dynamics for 

the different population compartments. However, there is not sufficient evidence to parameterize 

many of the rates in the model. Therefore, we have made the following assumptions to reduce 

the number of free parameters in the model:  

 

• Assumption 1: The rate in which individuals become obese in the population is 

independent of their health status.  

• Assumption 2: The rate in which individuals become smokers in the population is 

independent of their health status. 

• Assumption 3: The rate in which individuals become physically inactive in the population 

is independent of their health status. 

• Assumption 4: The rate in which individuals become non-obese in the population is 

independent of their health status. 

• Assumption 5: The rate in which individuals quit smoking in the population—i.e. move 

out of smoker state—is independent of their health state. 

• Assumption 6: The rate in which individuals leave the physically inactive state in the 

population is independent of their health status.” 
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Additional Boxes 

Box S1. Description of the mathematical modeling methodology applied in this study 

Methodology  Description 

Conceptual framework 

H: Healthy,  

O: Obese,  

S: Smoker,  

PIA: Physically 

inactive,  

O-S: Obese and 

smoker,  

O-PIA: Obese and 

physically inactive,  

S-PIA: Smoker and 

physically inactive,  

O-S-PIA: Obese, 

smoker, and 

physically inactive,  

T2DM: Living with 

type 2 diabetes 

mellitus based on 

health status.   

Type 2 diabetes mellitus 

(T2DM) model structure 

- Expressed in terms of a set of 640 coupled differential equations (9). 
- Disaggregated the population into: 

o gender (women and men) 
o 20 five-year age bands (0–4, 5–9… 95–99 years old)  
o four main susceptible classes: “healthy” (i.e. non-obese, non-smoker, physically active, and non-diabetic), obese, smoker, 

and physically inactive 
o four susceptible classes with overlapping risk factors 
o eight T2DM status classes based on the risk-factor status 

D
at

a 
So

u
rc

e
s 

Natural history 

and mortality data 

o Gender- and age-specific relative risks of developing T2DM for key risk factors were obtained from systematic reviews and 
meta-analyses of prospective cohort studies (9, 41-47): 
o relative risk of developing T2DM if obese 
o relative risk of developing T2DM if current smoker 
o relative risk of developing T2DM if physically inactive 

o Relative risk of developing T2DM if the individual had more than one risk factor was assumed to be the multiplicative of the 
individual risks. 
o Relative risk of mortality in T2DM as compared to the general population was obtained from the DECODA (Diabetes 

Epidemiology: Collaborative Analysis of Diagnostic Criteria in Asia) study. 

Prevalence data 

Epidemiological data were obtained from four national and sub-national surveys conducted in Turkey. Data included gender- and 

age-specific (by 5-years age band) prevalence for (6,7,11-13, 18-19):   

o T2DM 
o obesity 
o smoking 
o physical inactivity  

Demographic data 
Demographic data were obtained from the National Statistics Institute in Turkey (48). Demographic data included:  

o total and gender-specific population size 
o age-specific population size and/or distribution  

Fitting method 

o The model was fitted to all available country-specific data using a nonlinear least-square fitting method (20). 
o Parameters quantified through best fit included gender- and age-specific: 

o T2DM baseline incidence rate (i.e., incidence rate from “healthy” to T2DM) 
o transition rate from healthy to obese 
o transition rate from obese to healthy 
o transition rate from healthy to smoker 
o transition rate from smoker to healthy 
o transition rate from healthy to physically inactive 
o transition rate from physically inactive to healthy  

Sensitivity-analyses Univariate sensitivity analyses were conducted to assess robustness of model predictions to variations in: 

o predicted trend for obesity prevalence  

Uncertainty-analysis 

- Multivariable uncertainty analysis was conducted using Latin Hypercube sampling (49) to specify the ranges of uncertainty in 
projected T2DM outcomes, with respect to variations in the key structural model parameters. 

- 1,000 model runs were generated in this analysis. 
- Parameters varied in the uncertainty analysis were relative risks of: 

o developing T2DM if obese 
o developing T2DM if smoker 
o developing T2DM if physically inactive 
o mortality in T2DM as compared to the general population  

T2DM: Type 2 diabetes mellitus 
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Additional Tables 

Table S2. Model assumptions in terms of parameter values 

 

Assumption Age 
group 

Parameter value (95% CI) Reference 

Men Women 

Number of age compartments in 
the model (each for 5 years; a) 

- 20 20 By choice 

Relative risk of developing T2DM 

if obese (
O

RR ) 

All 6.48 (5.17–8.13) 8.38 (5.46–12.85) 43 

Relative risk of developing T2DM 

if current smoker (
S

RR ) 

All 1.42 (1.34–1.50)  1.33 (1.26–1.41)  46 

Relative risk of developing T2DM 

if physically inactive (
F

RR )  

15–69  

70–79  

≥80  

1.45 (1.37–1.54) 

1.32 (1.25–1.40) 

1.20 (1.14–1.28) 

1.45 (1.37–1.54) 

1.32 (1.25–1.40) 

1.20 (1.14–1.28) 

48 

 

Relative risk of developing T2DM 

if obese and smoker (
OS

RR )  

All  9.20 (6.93–12.20) 11.15 (6.88–18.12) Calculated 
based on 
43,46 

Relative risk of developing T2DM 
if obese and physically inactive          

(
OF

RR )  

15–69  

70–79  

≥80  

9.40 (7.08–12.52) 

8.55 (6.46–11.38) 

7.78 (5.89–10.41) 

12.15 (7.48–19.79) 

11.06 (6.83–18.12) 

10.06 (6.22–16.45) 

Calculated 
based on 
43,48 

Relative risk of developing T2DM 
if smoker and physically inactive        

(
SF

RR )  

15–69  

70–79  

≥80  

2.06 (1.84–2.37) 

1.87 (1.68–2.17) 

1.70 (1.53–1.97) 

1.93(1.73–2.17) 

1.76 (1.58–1.99) 

1.60 (1.44–1.80) 

Calculated 
based on 
46,48 

Relative risk of developing T2DM 
if obese, smoker, and physically 

inactive (
OSF

RR )  

15–69  

70–79  

≥80  

13.34 (9.49–19.28) 

12.15 (8.66–17.65) 

11.04 (7.90–16.03) 

16.16 (9.43–27.90) 

14.71 (8.60–25.55) 

13.37 (7.84–23.19) 

Calculated 
based on 41-
46,48 

RR of mortality in T2DM as 
compared to the general 

population (
M

RR ) 

 

20–29 

30–39 

40–49 

50–59 

60–69 

70–79+ 

3.70 

3.30 

1.95 

1.65 

1.62 

1.40 

5.95 

5.61 

3.41 

2.73 

2.08 

1.78 

52,53 

T2DM: Type 2 diabetes mellitus
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Box S2 Selection of Data Sources on risk factors in Turkey

A comprehensive literature search was performed on 6th June 2019 in order to determine 

the data sources of this study and collecting the data. The latest studies related to diabetes 

and its risk factors in last 23 years were found and critically assessed. 

The criteria used to select data sources for inclusion in the modelling analyses were as 

follows: 

• Population representative of Turkey (stratified random sample or probabilistic 

sample at a national level)  

• Adequacy of the sampling frame and method 

• Response rate 

• Diabetes definition and measurement method 

• Risk factor definitions and measurement methods 

• Data available stratified by age and sex  

• Data accessible either in publications or open access 

Since we wished to obtain comparable data on trends over time, we used the definition (of 

diabetes, smoking, physical activity) most consistently reported in included studies, even 

though these may not always be the most sensitive or optimal definition. For example, we 

based our assessment of diabetes prevalence on fasting plasma glucose (FPG), although 

we know that oral glucose tolerance tests (OGTT) are the gold standard for detecting 

diabetes. This is because FPG was the only measurement consistently reported across 

repeated studies of diabetes prevalence in Turkey. Similarly we based our assessment of 

smoking prevalence on those who self-report as “current smokers” although better 

classifications may be available e.g. currently smoking at least one cigarette per day.  
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Figure S1 below shows the flow of studies through the selection processes for this 

analysis  
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• Turkey Urban and Rural Epidemiology 1 (TURDEP 1)  

• Turkey Urban and Rural Epidemiology 2 (TURDEP 2)  

• Global Adult Tobacco Survey, GATS 2008 

• Global Adult Tobacco Survey, GATS 2012   

• Turkey Chronic Diseases and Risk Factors Prevalences Study 
2013 

• WHO Natıonal Household Health Survey In Turkey Prevalence Of 
Noncommunıcable Dısease Rısk Factors 2017 

WHO Global Report On Trends In Prevalence Of 

Tobacco Smoking 2015, PURE and TEKHARF 

studies were excluded because age and sex 

stratified prevalence data were not accessible.  

Studies initially identified through the searching process 

 

• Turkey Diabetes, Hypertension, Obesity and Endocrinologic 
Diseases Prevalence Study 1 (TURDEP 1; 11)  

• Turkey Diabetes, Hypertension, Obesity and Endocrinologic 
Diseases Prevalence Study Turkey Urban and Rural 
Epidemiology 2 (TURDEP 2; 12)  

• Global Adult Tobacco Survey, GATS 2008 (18) 

• Global Adult Tobacco Survey, GATS 2012  (19) 

• Turkey Chronic Diseases and Risk Factors Prevalences Study 
2013 (20) 

• WHO Global Report On Trends In Prevalence Of Tobacco 
Smoking 2015 (52) 

• WHO Natıonal Household Health Survey In Turkey Prevalence Of 
Noncommunıcable Dısease Rısk Factors 2017 (6) 

• The Prospective Urban Rural Epidemiology (PURE) (53) 

• TEKHARF (54,55) 
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Table S3. Characteristics of the Turkey’s population-based surveys used in the analysis for type 2 diabetes mellitus 
(T2DM) and its risk factors 
 
. 

Survey/Study title Survey 
year 

Age group 
(years) 

Sex 
distribution 

Response 
rate 

Method of diagnosis 
for diabetes 

Reported risk 
factors 

Reference 
 

M  W    

National surveys         

National Household Health 
Survey – Prevalence of 
Noncommunicable Disease 
Risk Factors in Turkey 2017 

2017 ≥15  40% 60% 70% FBG Diabetes 
Obesity 
Physical inactivity 
Smoking 

6 
  

 

Chronic Diseases And Risk 
Factors Survey in Turkey 2013 

2011 ≥15  47% 53% 46% FBG Diabetes 
Obesity 
Physical inactivity 
Smoking 

20 
 

TURDEP 2 (Turkey Diabetes, 
Hypertension, Obesity and 
Endocrinologic Diseases 
Prevalence Study 2) 

2010 ≥20  37% 63% 87% OGTT+FBG Diabetes 
Obesity 

11 

TURDEP 1 (Turkey Diabetes, 
Hypertension, Obesity and 
Endocrinologic Diseases 
Prevalence Study 1) 

1997-1998 ≥20  44.7
% 

55.3% 85% OGTT+FBG Diabetes 
Obesity 
Smoking 

12 

WHO Global Adult Tobacco 
Survey 2012 

2012 ≥15  49.2
% 

50.2% 90.1%  Smoking 19 

WHO Global Adult Tobacco 
Survey 2008 

2008 ≥15  -- -- 97%  Smoking 18   

Footnotes:  
FBG = Fasting Blood Glucose 
OGTT = Oral Glucose Tolerance Test
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Additional Figures 

Figure S2. Model predictions for the population size of Turkey overall and stratified by 
sex, as compared to estimates of the National Statistics Institute in Turkey (TurkStat; 
48).  

 

  

Page 42 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

14 
 

Figure S3. Model fit for the sex- and age-specific type 2 diabetes mellitus (T2DM) prevalence in Turkey in 2017 (A and 

B), 2013 (C and D), 2010 (E and F), and 1997 (G and H) national surveys. The black crosses in the panels are the data 

provided by the different population-based surveys in these years (References 11-12) 
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Figure S4. Model fit for the sex- and age-specific obesity prevalence in Turkey in 2013 (A and B), 2010 (C and D), and 

1997 (E and F) national surveys. The black crosses in the panels are the data provided by the different population-based 

surveys in these years (References 11-13) 

B. 

D. 

F. 

A. 

C. 

E. 

Page 44 of 52

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on July 27, 2023 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2021-053541 on 11 M
ay 2022. D

ow
nloaded from

 

http://bmjopen.bmj.com/


For peer review only

16 
 

Figure S5. Model fit for the sex- and age-specific smoking prevalence in Turkey in 2017 (A and B), 2013 (C and D), 2012 
(E and F), 2008 (G and H), and 1997 (I and J) national surveys9-13. The black crosses in the panels are the data provided 
by the different population-based surveys in these years. (6,11,12,13,20) 

A. B. 

C. D. 

E. 
F. 

G. H. 

I. J. 
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Figure S6. Model fit for the sex- and age-specific physical inactivity prevalence in 
Turkey in 2017 (A and B) and 2013 (C and D) national surveys. The black crosses in 
the panels are the data provided by the different population-based surveys in these 
years. (6,13) 
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Figure S7. Assumptions used in three sensitivity analyses. Obesity trend between 

2020-2050 assuming A) that the obesity prevalence in women will be reduced to that 

seen among men by the year 2030, and B) that the age-specific obesity prevalence 

remained constant after 2020. 
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Figure S8. Uncertainty interval for the prevalence of type 2 diabetes mellitus (T2DM) in 
Turkey between 2020-2050. The solid black line represents the mean, while the dashed 
lines bracket the 95% uncertainty interval. 
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Figure S9 Figure showing the estimated trends in type 2 diabetes prevalence, stratified by sex, 

if risk factors combined additively rather than multiplicatively 
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