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health interventions against
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modeling analyses
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Qatar, *Department of Population Health Sciences, Weill Cornell Medicine, Cornell University, New York,
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Public Health, Doha, Qatar, "Department of Public Health, College of Health Sciences, QU Health, Qatar
University, Doha, Qatar, College of Health and Life Sciences, Hamad Bin Khalifa University, Doha, Qatar

Aims: To predict the epidemiological impact of specific, and primarily structural
public health interventions that address lifestyle, dietary, and commuting behaviors
of Qataris as well as subsidies and legislation to reduce type 2 diabetes mellitus
(T2DM) burden among Qataris.

Methods: A deterministic population-based mathematical model was used to
investigate the impact of public health interventions on the epidemiology of T2DM
among Qataris aged 20-79 years, which is the age range typically used by the
International Diabetes Federation for adults. The study evaluated the impact of
interventions up to 2050, a three-decade time horizon, to allow for the long-
term effects of different types of interventions to materialize. The impact of each
intervention was evaluated by comparing the predicted T2DM incidence and
prevalence with the intervention to a counterfactual scenario without intervention.
The model was parameterized using representative data and stratified by sex, age,
T2DM risk factors, T2DM status, and intervention status.

Results: All intervention scenarios had an appreciable impact on reducing
T2DM incidence and prevalence. A lifestyle management intervention approach,
specifically applied to those who are categorized as obese and >35 years old,
averted 9.5% of new T2DM cases by 2050. An active commuting intervention
approach, specifically increasing cycling and walking, averted 8.5% of new T2DM
cases by 2050. Enhancing consumption of healthy diets including fruits and
vegetables, specifically a workplace intervention involving dietary modifications
and an educational intervention, averted 23.2% of new T2DM cases by 2050. A
subsidy and legislative intervention approach, implementing subsidies on fruits
and vegetables and taxation on sugar-sweetened beverages, averted 7.4% of new
T2DM cases by 2050. A least to most optimistic combination of interventions
averted 22.8-46.9% of new T2DM cases by 2050, respectively.

Conclusions: Implementing a combination of individual-level and structural
public health interventions is critical to prevent T2DM onset and to slow the
growing T2DM epidemic in Qatar.

KEYWORDS
epidemiology, non-communicable disease, risk factors, mathematical modeling, lifestyle

management, consumption, legislation, interventions
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1. Introduction

Diabetes mellitus (DM), of which 90% of cases are type 2
diabetes mellitus (T2DM), is one of the most rapidly growing global
health challenges (1). Globally, in 2021, 537 million (1 in 10) adults
were estimated to be living with DM, and by 2045, this number is
projected to increase by 46% to 783 million (1). In 2021, 6.7 million
deaths and 966 billion USD in health expenditure were due to DM
(1). The Middle East and North Africa (MENA) region has the
highest prevalence of DM worldwide at 16.2%, where 73 million
adults are living with DM, and by 2045, this number is projected to
increase by 87% to 136 million (1).

Qatar, one of MENA countries, has a high prevalence of DM
and its key modifiable risk factors, where in 2023, Qataris aged
20-79 years had an estimated prevalence of DM, obesity, physical
inactivity, and smoking of 17.8, 53.1, 46.5, and 20.7%, respectively.
Approximately 80% of Qataris have at least 2 risk factors for DM
(2). Recent epidemiological studies investigating T2DM among
Qataris forecasted that the prevalence of T2DM will significantly
increase over the next three decades, and that obesity will continue
to be the main driver of the T2DM epidemic (3-5).

Such high T2DM burden results in economic and social costs,
where national T2DM health expenditure is estimated to account
for up to 32% of Qatar’s total health expenditure by 2050 (3). With
such a pervasive public health challenge, individuals, families, and
the wider society experience reduced quality of life, premature loss
of workforce, and early mortality due to DM (3).

Tackling DM is a critical priority for policymakers in Qatar,
as it is outlined in the National Health Vision 2030 (6).
The current public health response has primarily focused on
providing quality case management and treatment, as well as
raising awareness and promoting behavioral interventions through
educational campaigns emphasizing individuals’ responsibility to
address their risk of developing DM. However, this has been
insufficient at reducing the growing burden of T2DM. One of
the main challenges of the DM response has been the lack of a
comprehensive understanding of DM epidemiology, its incidence,
drivers, and potential interventions to tackle this epidemic.
Therefore, this study used mathematical modeling to investigate
the epidemiological impact of specific, primarily structural public
health interventions on T2DM epidemiology among Qataris over
three decades. The study was informed by previous research on
the impact of generic “what-if” interventions on key T2DM-related
modifiable risk factors in Qatar (4). The study found that significant
reductions in T2DM incidence could be achieved by reducing
obesity, while comparatively modest reductions were observed by
reducing physical inactivity and smoking, or by increasing physical
activity (4).

This study aimed to investigate the impact of five interventions
and their specific scenarios on T2DM prevalence and incidence.
The
experimental designs or observational studies in the global

interventions were chosen based on evidence from
literature indicating their potential efficacy/effectiveness in
reducing T2DM and on their feasibility and relevance for Qatar’s
cultural and socio-economic context, which were determined
through stakeholder engagement during the early phases of the
study. The study adopted a public health approach, focusing on
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the implementation of select and relevant prevention interventions
that target the drivers of T2DM incidence, which have the potential
to effectively reduce T2DM incidence and control further epidemic
growth in Qatar.

The first intervention investigated a lifestyle management
intervention applied to populations at high-risk of T2DM
and included three specific scenarios. The second intervention
investigated increased use of different modes of active commuting
and included two specific scenarios. The third intervention
investigated increased consumption of healthy diets, including
fruits and vegetables, and included four specific scenarios. The
fourth intervention investigated the implementation of a subsidy
and legislation intervention and included three specific scenarios.
The fifth intervention investigated the impact of implementing the
most and least optimistic package of the above four interventions.

2. Methods

In this study, we extended a model developed by Awad et al.
to predict the impact of public health interventions on T2DM
epidemiology among Qataris aged 20-79 years. This age range
follows the convention typically used by the International Diabetes
Federation for adults (1).
and parametrization of T2DM natural history, risk factors, and

The model structure, assumptions,

demographics of Qataris are summarized in Supplementary Table 1
and Figure 1. Previous publications provided detailed description
of the model, its calibration, results, and figures of the calibration
as well as several applications of the model (3, 4, 7-10).

Briefly, this study utilized a deterministic compartmental
model expressed in terms of a set of differential equations to
predict the impact of specific public health interventions on T2DM
epidemiology among Qataris aged 20-79 years. The model stratifies
the population by sex, age group (20 age bands), T2DM status,
and the presence or absence of three major T2DM-related risk
factors and their overlap: obesity, physical inactivity, and smoking.
Input parameters and data for the model were obtained from
available population-level data and T2DM natural history data.
Other parameters were derived through fitting the model to existing
epidemiological data on T2DM, T2DM-related risk factors, and
demographics of the Qatari population using a nonlinear least-
square fitting method (11). This approach allowed for the best fit
of the sex- and age-specific epidemiological measures to determine
T2DM incidence rate, and transition rates between healthy, obese,
smoker, and physically inactive states (Figure 1).

Sex- and age-specific T2DM prevalence and incidence were
forecasted using this model for the period from 2021 to 2050.
MATLAB 2019a was used to implement the mathematical model
and to conduct all analyses. The model was validated by ensuring
that it fitted all empirical data related to T2DM in Qatar and that it
provided a consistent and coherent picture of T2DM epidemiology
in Qatar. Sensitivity and uncertainty analyses were conducted in
previous applications of this model, which affirmed its validity and
reliability to forecasting Qatar’s T2DM epidemic (3-5, 7-10). In
this study, we investigated different scenarios for each intervention
strategy. These scenarios can be considered as sensitivity analyses
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Methodology Description

-

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.

H

Conceptual framework

T2DM: Living with type
2 diabetes mellitus with
status of risk factor of

Obese (0)

Physically inactive
(PIA)

S —

being categorized as
obese, smoker, and
physically inactive.

sesnsnnnnd

PLATY

1 ’ oo sy s o e o g e i s S5

o Disaggregated the population into:
o Sex (male and female)

T2DM model structure

smoker, and physically inactive

o Expressed in terms of a set of 5,120 coupled differential equations.
o Twenty 5-year age bands (04, 5-9... 95-99 years old)
o Four main susceptible classes: “healthy” (i.e., non-obese, non-smoker, non-physically inactive, and non-diabetic), obese,

o Four susceptible classes with overlapping risk factors
o Eight T2DM classes based on the risk-factor status

o Sex- and age-specific relative risks of developing T2DM for the risk factors were obtained from systematic reviews and meta-
analyses of prospective cohort studies:*'**
Natural history o Relative risk of developing T2DM if obese™ )
d tali o Relative risk of developing T2DM if current smoker*
and morta lty o Relative risk of developing T2DM if physically inactive®'
] data o Relative risk of developing T2DM if the individual has more than one risk factor was assumed to be the product of the individual
= risks.
g o Relative risk of mortality in T2DM as compared to the general population was obtained from the DECODA study.*
wn o Epidemiological data for Qataris were obtained from 2012 Qatar STEPwise Survey.*' Data included sex- and age-specific (by 5-
8 year age band) prevalence for:
< o T2DM
a Prevalence data o Obesity
o Smoking
o Physical inactivity
Demographic o Age-specific population size and/or distribution by age group were obtained from Qatar’s Planning and Statistics Authority.* **
data
o The model was fitted to all available Qatar-specific data using a nonlinear least-square fitting method.*
o Parameters quantified through best fit included sex- and age-specific:
o T2DM baseline incidence rate (i.e., incidence rate from “healthy” to T2DM)
o Transition rate from healthy to obese
Fitting method 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

FIGURE 1

Summary description of the mathematical modeling methodology applied in this study. Further details have been published previously in several

applications of this model (3, 4, 7, 8, 10).

of how T2DM epidemiology would change at different levels of
the intervention.

2.1. Plan of analysis

Five intervention approaches were modeled and investigated
among Qataris. Interventions, and their specific scenarios, were
selected based on their relevance to Qatar’s cultural and socio-
economic context, that is those that seemed feasible and relevant
in discussion with local diabetes stakeholders including policy
makers and public health specialists. The effectiveness of the
interventions was parameterized by literature reviews applying
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evidence from systematic reviews and meta-analyses or high quality
randomized controlled trials (12-23). The uptake and adherence
levels to the interventions were set at assumed reasonable
and realistic values for the Qatari population affected by the
intervention.

In the model, the impact of an intervention was assessed by
comparing the predicted T2DM prevalence and incidence in the
presence of the intervention to a counterfactual scenario with the
absence of the intervention. Each intervention was assumed to be
initiated in 2021, scaled up to a certain year that varied for each
intervention, and then maintained up to 2050. The start year was set
at 2021 to provide a prediction time horizon for the simulations of
three decades ending in 2050. This allows for the long-term effects

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1167807
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Alareeki et al.

TABLE 1 Summary of the investigated interventions and their scenarios.

Scenario description

Uptake of
intervention

Adherence
to
intervention

Scale-up

time
interval

Maintenance

time
interval

10.3389/fpubh.2023.1167807

Intervention assumptions

Intervention 1: lifestyle management intervention applied to populations at high-risk of T2DM

Scenario 1: lifestyle 50% 50% 2021-2025 2026-2050 Assumed to reduce the risk of developing T2DM
management programmes by IRR = 0.70—a reduction of 30% (12, 13). This
applied to those who are IRR value is the average of the evidence-based
categorized as obese effect sizes of IRR = 0.65 (12) and IRR = 0.74 (13).
Scenario 2: lifestyle 50% 50% 2021-2025 2026-2050 Assumed to reduce the risk of developing T2DM
management programmes by IRR = 0.70—a reduction of 30% (12, 13). This
applied to those who are IRR value is the average of the evidence-based
categorized as >50 years old effect sizes of IRR = 0.65 (12) and IRR = 0.74 (13).
Scenario 3: lifestyle 50% 50% 2021-2025 2026-2050 Assumed to reduce the risk of developing T2DM
management programmes by IRR = 0.70—a reduction of 30% (12, 13). This
applied to those who are IRR value is the average of the evidence-based
categorized as obese and >35 effect sizes of IRR = 0.65 (12) and IRR = 0.74 (13).
years old
Intervention 2: increasing use of different modes of active commuting
Scenario 1: public 40% 100% 2021-2030 2031-2050 Assumed to reduce BMI by 0.51 kg/m?, (15)
transportation use leading to an obesity prevalence reduction from
53.3 to 50.9% by 2030 (16, 17). The intervention
was also assumed to increase the level of physical
activity among those physically inactive to reach
that of the level of physical activity among the
healthy general population (18, 19).
Scenario 2: cycling or walking 20% 100% 2021-2030 2031-2050 Assumed to reduce BMI by 1.68 kg/m? (15),

leading to an obesity prevalence reduction from
53.3 to 50.4% by 2030 (16, 17). The intervention
was also assumed to increase the level of physical
activity among individuals under the intervention
whereby T2DM risk is reduced by a RR = 0.76—a
reduction of 24%.

Intervention 3: increasing consumption of healthy diets including fruits and vegetables

Scenario 1: consumption of 50% 100% 2021-2030 2031-2050 Assumed to reduce the risk of developing T2DM
fruits and vegetables with a RR = 0.93—a reduction of 7% (20).
Scenario 2: consumption of 50% 100% 2021-2030 2031-2050 Assumed to reduce the risk of developing T2DM
vegetables with a RR = 0.90—a reduction of 10% (20).
Scenario 3: consumption of 50% 100% 2021-2030 2031-2050 Assumed to reduce the risk of developing T2DM
green leafy vegetables with a RR = 0.87—a reduction of 13% (20).
Scenario 4: workplace 50% 100% 2021-2030 2031-2050 Assumed to reduce the risk of developing T2DM
intervention involving dietary with a RR = 0.93—a reduction of 7% (20, 21).
modifications and an Assumed also to reduce BMI by 2.4 kg/m?
educational intervention (22, 23), leading to an obesity prevalence
reduction from 53.3 to 34.8% by 2030 (16, 17). The
target population is the working adult population
aged 20-65 years old.*
Intervention 4: implementing a subsidy and legislation intervention
Scenario 1: subsidies on fruits 20% 100% 2021-2030 2031-2050 Assumed to reduce BMI by 0.16 kg/m2 (22, 23),
and vegetables leading to an obesity prevalence reduction from
53.3 t0 52.6% by 2030 (16, 17).
Scenario 2: taxation on SSB 20% 100% 2021-2030 2031-2050 Assumed to reduce BMI by 0.24 kg/mZ (22, 23),
leading to an obesity prevalence reduction from
53.3 t0 52.3% by 2030 (16, 17).
Scenario 3: subsidies on fruits 20% 100% 2021-2030 2031-2050 Assumed to reduce BMI by 0.40 kg/m?, that is the
and vegetables and taxation additive effect of the increments of 0.16 kg/m? and
on SSB 0.24 kg/m? (22, 23), leading to an obesity
prevalence reduction from 53.3 to 51.6% by 2030
(16, 17).
(Continued)
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TABLE 1 (Continued)

10.3389/fpubh.2023.1167807

Scenario description  Uptake of Adherence Scale-up Maintenance Intervention assumptions
intervention to time time
intervention interval interval
Intervention 5: implementing combinations of interventions
Scenario 1: most optimistic Uptake of each Adherence to 2021-2030 2031-2050 The package includes the most impactful scenario
combination package of the included each included of each intervention: lifestyle management
above four interventions individual individual programmes applied to those who are categorized
scenario is scenario is as obese and >35 years old, increased walking and
included above included above cycling, workplace intervention involving dietary
modifications and an educational intervention,
and implementing subsidies on fruits and
vegetables and taxation on SSB.
Scenario 2: least optimistic Uptake of each Adherence to 2021-2030 2031-2050 The package includes the least impactful scenario
combination package of the included each included of each intervention: lifestyle management
above four interventions individual individual programmes applied to those who are categorized
scenario is scenario is as obese, increased public transportation use,
included above included above increased consumption of fruits and vegetables,
and implementing subsidies on fruits and
vegetables.

BMI, Body mass index; IRR, Incidence rate ratio; RR, Relative risk; SSB, Sugar-sweetened beverages; T2DM, Type 2 diabetes mellitus. *The target population for all intervention scenarios is the
total adult population aged 20-79 years old. Only intervention 3, scenario 4, targets the working adult population aged 20-65 years old.

of different types of interventions to materialize. Each of these
interventions is described in Table 1 and discussed briefly below.

2.1.1. Intervention 1: lifestyle management
intervention applied to populations at high-risk of
T2DM

The lifestyle management intervention approach, resembling
the Finnish Diabetes Prevention Study, reduces the risk of
developing T2DM through intensive programmes that support
individuals at high risk of developing diabetes (e.g., those with pre-
diabetes) to make health promoting changes in dietary habits and
exercise, resulting in weight loss. This intervention was assumed to
target three high-risk Qatari sub-populations to reduce their risk
of developing T2DM: those who are categorized as obese, as >50
years old, and as both obese and >35 years old (Table 1). Selection
of these three target groups was informed by applying the Qatari
Diabetes Risk Score, which highlighted a subset of the population
at high-risk of developing T2DM (10).

A 50% uptake with 50% adherence to the lifestyle management
intervention was assumed among each targeted sub-population.
This level of uptake was assumed to be scaled up gradually and to
reach its targeted level 5 years after onset of this intervention (2021-
2025). The uptake was maintained at this level thereafter until 2050.
The intervention reduced the risk of developing T2DM with an
incidence rate ratio (IRR) = 0.70, that is, a 30% reduction in risk
of T2DM onset (12, 13).

2.1.2. Intervention 2: increasing use of different
modes of active commuting

The active commuting intervention approach reduces the risk
of developing T2DM by lowering population mean body mass
index (BMI) and increasing physical activity levels (Table 1). The
modeled uptake of active commuting was scaled up gradually to
reach its targeted level after a decade (2021-2030). The uptake
was maintained at this level thereafter until 2050. Two scenarios
were modeled.

Frontiersin Public Health

In the first scenario, use (uptake) of public transportation
among 40% of Qataris was implemented. This intervention was
assumed to reduce BMI among the total population by 0.51 kg/m?,
based on pooled evidence. Applying an established method to
transform changes in population mean BMI to changes in obesity
prevalence (16, 17), this change in BMI would reduce obesity
prevalence among the total population from 53.3 to 50.9% by
2030. The intervention was also assumed to increase the level of
physical activity among those physically inactive to reach the level
of physical activity among the healthy general population (18, 19).

In the second scenario, cycling or walking by 20% of Qataris
was implemented. This intervention was assumed to reduce BMI
among the total population by 1.68 kg/m?, based on pooled
evidence. This change in BMI would reduce obesity prevalence
among the total population from 53.3 to 50.4% by 2030. The
intervention was also assumed to independently increase the level
of physical activity among individuals under the intervention
whereby T2DM is reduced by a relative risk (RR) = 0.76, that
is, a reduction of 24% in risk of T2DM onset, based on pooled
evidence. The latter scenario differs from the first in its physical
activity assumption as cycling and walking involves more intense
physical activity, and therefore, acts as a protective factor against
developing T2DM.

2.1.3. Intervention 3: increasing consumption of
healthy diets including fruits and vegetables

The dietary intervention approach reduces the risk of
developing T2DM by lowering mean BMI through enhanced
nutritional education and environmental dietary modifications,
such as in workplaces (Table 1). The modeled uptake of increased
consumption was assumed to scale up gradually and to reach its
targeted level 10 years after initiation (2021-2030). The uptake
was maintained at this level thereafter until 2050. Three scenarios
were modeled.

In the first scenario, increased consumption of fruits
and vegetables among 50% of Qataris was implemented. The

frontiersin.org
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Projected impact of the lifestyle management intervention on (A) T2DM prevalence, (B) annual number of new T2DM cases, (C) cumulative number
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intervention was assumed to reduce the risk of developing T2DM
with a RR = 0.93—a 7% reduction in risk of T2DM onset, based on
pooled evidence. In the second scenario, increased consumption of
vegetables by 50% of Qataris was implemented. The intervention
was assumed to reduce the risk of developing T2DM with a RR =
0.90—a reduction of 10% in risk of T2DM onset, based on pooled
evidence. In the third scenario, increased consumption of leafy
green vegetables among 50% of Qataris was implemented. The
intervention was assumed to reduce the risk of developing T2DM
with a RR = 0.87—a reduction of 13% in risk of T2DM onset,
based on pooled evidence.

In the fourth scenario, a complex workplace dietary
dietary
modifications and an educational intervention, that also increased

intervention  involving workplace environmental
fruit and vegetable consumption, was implemented among 50% of
Qataris of working age, 20-65 years of age, in whom the risk of
onset of T2DM is elevated (24). This intervention was modeled
informed by the results of the Food Choice at Work cluster

controlled trial (23). The intervention was assumed to reduce the
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risk of developing T2DM with a RR = 0.93—a reduction of 7%
in risk of T2DM onset, based on pooled evidence (20, 21). The
intervention was also assumed to reduce BMI among individuals
under the intervention by 2.4 kg/m?, based on factoring the
observed change in BMI in the Food Choice at Work trial and
extrapolating the effect for a 3-year scale-up (21, 22). This change
in BMI would lead to an obesity prevalence reduction strictly
among individuals undergoing the intervention from 53.3 to
34.8% by 2030 (16, 17). Admittedly such intervention is somewhat
ambitious and aspirational, but it is useful to investigate to provide
a context for the size of the impact of such interventions.

2.1.4. Intervention 4: implementing a subsidy and
legislation intervention

The subsidy and legislation intervention reduces the risk of
developing T2DM indirectly by reducing mean BMI levels through
healthier food consumption (Table 1). Informed by the National
Institutes of Health’s model of weight change, applying legislation
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on food consumption would lower caloric intake, thereby reducing
mean BMI levels, such that 50% of the weight decrease should
be reached within 1 year of intervention onset, and 100% of the
weight change should be reached within 3 years (22, 23). The
modeled uptake of this intervention was to be scaled up gradually
to reach its targeted level after a decade (2021-2030). The uptake
was maintained at this level thereafter until 2050. Three scenarios
were modeled.

In the first scenario, an application of subsidies was assumed
to lead to an uptake of 20% in the consumption of healthier foods
such as fruits and vegetables. This intervention was assumed to
reduce BMI among the total population by 0.16 kg/m?, based on
pooled evidence (22, 23). This change in BMI would lead to an
obesity prevalence reduction among the total population from 53.3
to 52.6% by 2030 (16, 17).

In the second scenario, an application of taxation on sugar-
sweetened beverages (SSB) was assumed to lead to an uptake of
20% in reduced consumption of SSB, that is 20% of the population
reduced their consumption. This intervention was assumed to
reduce BMI among the total population by 0.24 kg/m?, based on
pooled evidence (22, 23). This change in BMI would lead to an
obesity prevalence reduction among the total population from 53.3
to 52.3% by 2030 (16, 17).

In the third scenario, the two scenarios above were applied
together assuming their effects are additive. Accordingly, this
intervention reduced BMI by 0.40 kg/ m?, that is, the additive effect
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of the increments of 0.16 and 0.24 kg/m?. This change in BMI
would reduce obesity prevalence among the total population from
53.3 to 51.6% by 2030 (16, 17).

2.1.5. Intervention 5: implementing combinations
of interventions

Two combination packages of the above interventions were
also modeled (Table 1). The first represented the most optimistic
scenario of combining the above four interventions by including
the most impactful scenario of each intervention. The second
represented the least optimistic scenario of combining the above
four interventions, including the least impactful scenario of each.
Accordingly, these two packages bracket the utility of combining
the above four interventions.

3. Results
3.1. T2DM burden between 2021 and 2050

Calibration of the model to the Qatari population and
its epidemiological data has been published previously. T2DM
prevalence among 20-79-year-old Qataris, the age group to
which the interventions were applied, was projected by the

model to increase from 17.1% in 2021 to 29.5% in 2050
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(Supplementary Figure 1). The prevalent number of T2DM cases
is expected to increase from 33,821 in 2021 to 84,516 in 2050.
The annual number of new (incident) T2DM cases is expected to
increase from 2,145 in 2021 to 3,931 in 2050.

3.2. Impact of lifestyle management
intervention applied to populations at
high-risk of T2DM

The three modeled scenarios of the lifestyle management
intervention had roughly comparable impact (Figure 2). All three
reduced T2DM prevalence in 2050 by 4.4-5.2 absolute percentage
points and reduced the annual number of new T2DM cases by 4.7-
8.8%. By 2050, the cumulative number of averted T2DM cases by
the intervention ranged between 6,845 and 7,762. Also, by 2050,
the proportion of T2DM cases averted by the intervention ranged
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between 8.4 and 9.5%. Lifestyle management programmes when
applied to individuals categorized as both obese and >35 years old
had a slightly higher impact on T2DM prevalence and incidence
than when applied to individuals categorized as obese or as >50
years old.

3.3. Impact of increasing use of different
modes of active commuting

The two modeled scenarios of active commuting intervention
had comparable impact (Figure 3). Both reduced T2DM prevalence
in 2050 by 1.9-2.2 absolute percentage points and reduced the
annual number of new T2DM cases by 10.3-11.1%. By 2050, the
cumulative number of averted T2DM cases by the intervention
ranged between 6,187 and 6,970. Also, by 2050, the proportion of
T2DM cases averted by the intervention ranged between 7.6 and
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8.5%. Increased cycling and walking had a slightly higher impact
on T2DM prevalence and incidence than increased use of public
transportation (please note intervention coverage in each scenario
is different; Table 1).

3.4. Impact of increasing consumption of
healthy diets including fruits and vegetables

The first three scenarios for increasing fruit and vegetable
consumption had roughly comparable impact, whereas the fourth
scenario had a considerably higher impact (Figure 4). The four
scenarios reduced T2DM prevalence in 2050 by 5.4-6.1 absolute
percentage points and reduced the annual number of new T2DM
cases by 2.8-23.5%. By 2050, the cumulative number of averted
T2DM cases by the intervention ranged between 3,009 and
18,975. Also, by 2050, the proportion of T2DM cases averted by
the intervention ranged between 3.7 and 23.2%. Implementing
a complex workplace dietary and environmental intervention
(that includes increased fruit and vegetable consumption) had
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a substantially higher impact than increased consumption of
fruits and vegetables, of vegetables, or of leafy greens on
their own.

3.5. Impact of implementing a subsidy and
legislation intervention

The three modeled interventions involving subsidy and
legislation had similar impacts (Figure 5). The three reduced
T2DM prevalence in 2050 by 1.3-1.9 absolute percentage points
and the annual number of new T2DM cases by 7.3-9.6%. By
2050, the cumulative number of averted T2DM cases by the
intervention ranged between 4,130 and 6,090. Also, by 2050, the
proportion of T2DM cases averted by the intervention ranged
between 5.1 and 7.4%. The scenario combining subsidies on fruits
and vegetables with taxation on SSB had the highest impact
on T2DM prevalence and incidence than either intervention
scenarios alone.
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3.6. Impact of implementing subsidy and
legislation intervention

The impact of combining packages of interventions is shown in
Figure 6. The least optimistic combination of interventions reduced
T2DM prevalence in 2050 by 3.3% and reduced the annual number
of new T2DM cases by 27.6%. By 2050, 18,619 new T2DM cases
(22.8%) were averted by this package of interventions.

The most optimistic combination of interventions reduced
T2DM prevalence in 2050 by 10.1% and reduced the annual
number of new T2DM cases by 42.6%. By 2050, 38,379 new T2DM
cases (46.9%) were averted by this package of interventions.

4. Discussion

T2DM is the leading public health challenge in Qatar.
This study investigated the epidemiological impact of specific,
primarily structural public health interventions at reducing T2DM
burden. Each intervention approach and its scenarios reduced
T2DM incidence appreciably. However, combinations of these
interventions were most effective and could potentially avert
between 23 and 47% of new T2DM cases. These findings
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demonstrate the difficulty of controlling the T2DM epidemic
using a single approach, as no single public health intervention
had a major reduction on the projected T2DM prevalence and
incidence throughout the three decades of investigation. Tackling
this epidemic will require major investments in specific, large-scale
interventions applied together. Although we did not analyze this
directly, other evidence suggests such approaches may also be more
equitable e.g., by sex and socio-economic status (9).

While all interventions had an impact, there were differences
in the immediacy of the impact. Intervention approaches that
directly affected onset of T2DM, that is lifestyle management
programmes applied to populations at high-risk as well as
increasing consumption of fruits and vegetables, had an immediate
impact on reducing T2DM incidence during the scale-up time of
the intervention, but this reduction saturated by end of scale-up.
Interventions that affected onset of T2DM indirectly by affecting
obesity and physical inactivity, i.e., increasing active commuting
and subsidy and legislative interventions, had limited impact in
the short term, but large long-term impact, with benefits increasing
over time, even well after end of scale-up.

Interventions that were applied to the age group in which
T2DM onset is rising rapidly, those 40-55 years of age (24), averted
more T2DM cases, as the intervention directly affected those that
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are likely to progress to T2DM within the next few years. This was
the case for the scenario implementing a complex workplace dietary
intervention that had a substantial reduction in T2DM incidence as
it was applied to the age group that experiences the highest rate of
T2DM onset (24), thereby delaying onset of T2DM to older age or
preventing it altogether.

Impact of the interventions on reducing T2DM incidence was
higher than on reducing T2DM prevalence. This outcome is due
to the already existing high prevalence of T2DM in Qatar and to
the nature of the interventions consisting of public health strategies
that aim specifically to prevent onset of T2DM. Some scenarios
did not have a large impact on T2DM burden, which was partly
due to the limited intervention adoption/coverage assumed. For
some scenarios, we assumed a realistic adoption of only 20% if the
strategy were implemented in Qatar. A higher impact would be
observed had we assumed a larger uptake.

Although the response to T2DM in Qatar is evolving, it lags
behind the growing epidemic and most prevention and health
promotion efforts remain small-scale, generic, and didactic (25).
Current public health response focuses on behavioral and lifestyle
interventions through education and awareness campaigns. There
remains a perception, among policy makers worldwide, that it
is an individual responsibility to address the risk of developing
T2DM. Resources have been allocated and spent to raise awareness
about T2DM, the importance of T2DM screening, and treatment
options. Although such T2DM response has had an impact on
controlling glucose levels in the population and on averting
T2DM complications, i.e., tertiary prevention, such efforts are
insufficient in creating a major impact on T2DM epidemiology and
controlling T2DM incidence. In line with Qatar’s National Diabetes
Strategy (2016-2022), structural and more upstream population-
level interventions are needed, i.e., primary prevention.

While structural population-based strategies have the potential
to be effective in reducing the burden of T2DM (26-28),
their implementation is often hindered by various barriers and
challenges, such as political, policy, and social constraints (29).
These interventions are more difficult to measure and assess their
tangible outcomes in both the short- and long-term, particularly
in experimental designs with population-level randomization (29).
However, this study provides quantitative evidence advocating for
the implementation of such interventions by demonstrating their
potential epidemiological impact over the next three decades.

The uptake and adherence levels assumed in this study’s
scenarios remains to be validated in actual application, given
Qatar’s unique socio-cultural and socio-economic context, which
is rapidly evolving. To address this challenge, pilot interventions
should be conducted to test the feasibility of the proposed
interventions and adjust uptake levels accordingly. This study
emphasizes the importance of adopting a public health approach
that intervenes on whole populations, as it can effectively tackle the
burden of T2DM by addressing the fundamental drivers of DM
incidence and by being more cost-effective in the long run (26-
28). Policy-makers and public health specialists should prioritize
resource allocation to structural population-based strategies to
reduce the burden of T2DM and other chronic diseases.

The present study is grounded on the conceptual framing
of taking a public health approach to tackle the growing T2DM
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epidemic with the aim of improving quality, effectiveness, and
cost-effectiveness of health interventions. This approach considers
T2DM epidemiology as reflecting a “sick population” rather than
“sick individuals.” The current public health approach focused on
“sick individuals” will have limited success in stemming the rising
tide of T2DM incidence and prevalence, as it does not address the
drivers of T2DM incidence. Meanwhile, an approach focused on a
“sick population” seeks to shift the distribution of T2DM drivers
and underlying risk factors (i.e., obesity) so that disease onset is
prevented in the first place. Our findings advocate for the relevance
and effectiveness of this approach.

The evidence presented here demonstrates that policy level
facilitation is necessary to create an environment that makes
the “healthier choice the easier choice.” Structural public health
interventions have the greatest potential to substantially impact
the T2DM epidemic. Such structural interventions are fiscal,
legislative, or environmental in nature, and outside an individual’s
control. They include policies to reduce consumption of unhealthy
foods through fiscal policies, e.g., increasing taxation on sugar-
sweetened beverages, or providing subsidies for healthier foods,
and increasing consumption of fruits and vegetables. Other
interventions include changes to food environments, e.g., altering
the types of foods in vending machines located in schools,
workplaces, or other community settings. Increases in active
commuting could be achieved through increased taxation on roads,
cars, fuel, or car parking charges, alongside improved cycling
and walking routes and infrastructure. These contrast with, but
complement, behavioral interventions applied to individuals at risk
for T2DM with the aim of changing their diets and/or increasing
their physical activity levels.

This study has limitations. The model was parameterized
using global data for effect sizes of interventions, effects of
risk factors on T2DM, and effects of T2DM on mortality,
but the representativeness of these effect sizes for the Qatari
population remains unknown. However, these effect sizes are
based on pooled estimates from multiple settings worldwide
(12, 13, 15-23, 30-32), thereby perhaps accounting for some
variability in the global population. Effect sizes should also
represent biological mechanisms that may tend to be universal in
their effect.

Data used to parameterize the model for physical inactivity
levels were self-reported and potentially inflated relative to physical
inactivity levels assessed using objective biomarkers. In analyses
that included increasing physical activity levels, we only factored
the direct effect of physical activity on T2DM incidence, which
may underestimate its impact, given that physical activity may also
indirectly impact T2DM incidence by reducing obesity. However,
most studies have identified only small effects of physical activity
on weight change. We strictly focused on reducing obesity in the
population, but this may underestimate the impact of incremental
reductions in BMI on T2DM incidence, i.e., BMI reductions
that do not cross the obesity threshold, but can still reduce
T2DM incidence (14, 33, 34). BMI >30 kg/m2 was used to define
obesity as it is a pragmatic measure often used in surveys (35);
however, this may not be the best measure to capture the impact
of obesity on T2DM incidence (as opposed to say abdominal
obesity) (35).
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Albeit we used current and relevant epidemiological data
to parameterize our model, the availability of more nationally
representative surveys with T2DM data could have improved
its accuracy in long-term predictions. Nonetheless, previous
applications of the model included sensitivity and multivariate
uncertainty analyses, which confirmed its validity and reliability in
making predictions (3, 4, 7-10). The sensitivity analyses showed
that the model’s outcomes were highly dependent on the RR of
developing T2DM when obese, as expected since obesity is the
leading cause of T2DM in Qatar. Additionally, the results indicated
that the self-reported rates of physical inactivity impacted (to
a modest extent) the model’s accuracy, suggesting the need for
objective biomarkers in physical activity surveys. The multivariate
uncertainty analyses indicated narrow uncertainty intervals around
the point estimates of the model output, after factoring the
uncertainty in input parameters.

Although we focused on the Qatari population due to the
availability of nationally representative data, the health benefits
of the interventions investigated in this study extend to the
expatriate population living in Qatar. Once representative data
for the expatriate population become available, the benefits of
the interventions should be quantified. Although this study
focused on T2DM, the intervention approaches investigated
could simultaneously lower the incidence of other serious
morbidities such as cardiovascular diseases and cancer. Therefore,
the impact estimates should be considered as conservative
estimates of the broader health benefits of these public health
interventions. The innovative modeling methodology used in
this study can be extended beyond Qatar to other countries
in the MENA region and elsewhere, particularly those affected
by a similar T2DM epidemiology. The findings, indicating the
effectiveness of implementing combinations of individual-level
and structural interventions, can inform DM response in various
countries and could be applicable, to a certain extent, to
other countries.

4.1. Conclusion

The study findings highlight the critical need to implement
a combination of individual-level and structural public health
interventions to prevent T2DM onset and slow the growing T2DM
epidemic in Qatar. The evidence presented demonstrates that
policy level facilitation is necessary to create an environment that
makes the “healthier choice the easier choice,” and consequently,
to reduce T2DM risk by reducing its key risk factors. Structural
public health interventions targeting T2DM and its risk factors
have the greatest potential to affect diabetes epidemiology
and to slow the epidemic; individually focused interventions
targeting those at higher risk cannot have a major impact
alone. These structural interventions complement behavioral
interventions that are applied to individuals at risk of T2DM
with the aim of changing their diets and/or increasing their
physical activity.

Frontiersin Public Health

10.3389/fpubh.2023.1167807

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

LA-R conceived the study. SFA, JC, and LA-R designed
the model and intervention scenarios. SFA and AA conducted
the analyses. AA, SFA, and LA-R analyzed and interpreted the
results. AA with LA-R wrote the first draft of the manuscript.
All authors contributed significantly to this study, interpretation
of the results, writing of the manuscript, and approved the
final manuscript.

Funding

This publication was made possible by NPRP grant number 10-
1208-160017 from the Qatar National Research Fund (a member of
Qatar Foundation).

Acknowledgments

Statements made herein are solely the responsibility of the
authors. The authors are also grateful for infrastructure support
provided by the Biostatistics, Epidemiology, and Biomathematics
Research Core at Weill Cornell Medicine-Qatar.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the publisher,
the editors and the reviewers. Any product that may be

affiliated organizations, or
evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.
1167807 /full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1167807
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1167807/full#supplementary-material
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Alareeki et al.

References

1. International Diabetes Federation (IDF). Idf Diabetes Atlas. Tenth Edition
2021. Available online at: https://Diabetesatlas.Org/Idfawp/Resource-Files/2021/07/
Idf_Atlas_10th_Edition_2021.Pdf (accessed December 6, 2021).

2. Ministry of Public Health. Qatar National Diabetes Strategy. Preventing Diabetes
Together 2016-2022. (2018), p. 1-48. Available online at: https://Www.Moph.Gov.Qa/
Style%20library/Moph/Files/Strategies/Qatar%20national %20diabetes%20strategy/
12477%20pa%20national%20diabetes%20eng%20.Compressed.Pdf.2018

3. Awad SE O’Flaherty M, Critchley ], Abu-Raddad LJ. Forecasting the burden of
type 2 diabetes mellitus in Qatar to 2050: a novel modeling approach. Diabetes Res Clin
Pract. (2018) 137:100-8. doi: 10.1016/j.diabres.2017.11.015

4. Awad SE, O’Flaherty M, El-Nahas KG, Al-Hamaq AO, Critchley JA, Abu-Raddad
LJ. Preventing type 2 diabetes mellitus in Qatar by reducing obesity, smoking, and
physical inactivity: mathematical modeling analyses. Popul Health Metr. (2019) 17:1-
13. doi: 10.1186/s12963-019-0200-1

5. Awad SE, Toumi A, Al-Mutawaa KA, Alyafei SA, Ijaz MA, Khalifa SAH, et al. Type
2 diabetes epidemic and key risk factors in Qatar: a mathematical modeling analysis.
BM]J Open Diabetes Res Care. (2022) 10:e002704. doi: 10.1136/bmjdrc-2021-002704

6. Ministry of Development Planning and Statistics. Qatars Fourth National
Human Development Report: Realising Qatar’s National Vision 2030, the Right
to Development (2015). Available online at: https://Hdr.Undp.Org/System/Files/
Documents/Qatarnhdr4english15june2015pdf.Pdf (accessed June 26, 2022).

7. Awad SE Huangfu P, Dargham SR, Ajlouni K, Baticha A, Khader YS, et al.
Characterizing the type 2 diabetes mellitus epidemic in Jordan up to 2050. Sci Rep.
(2020) 10:1-10. doi: 10.1038/s41598-020-77970-7

8. Awad SE Al-Mawali A, Al-Lawati JA, Morsi M, Critchley JA, 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. J Diabetes Investig. (2021)
12:1162-74. doi: 10.1111/jdi.13452

9. Anakék GA, Awad SE Caglayan C, Huangfu P, Abu-Raddad L], Unal
B, et al. Impact of trends and gender disparity in obesity on future type
2 diabetes in turkey: a mathematical modelling analysis. BMJ Open. (2022)
12:e053541. doi: 10.1136/bmjopen-2021-053541

10. Awad SE Dargham SR, Toumi AA, Dumit EM, El-Nahas KG, Al-Hamaq
AO, et al. A diabetes risk score for Qatar utilizing a novel mathematical modeling
approach to identify individuals at high risk for diabetes. Sci Rep. (2021) 11:1-
10. doi: 10.1038/s41598-021-81385-3

11. Lagarias JC, Reeds JA, Wright MH, Wright PE. Convergence properties of
the nelder-mead simplex method in low dimensions. STAM ] Optim. (1998) 9:112-
47. doi: 10.1137/S1052623496303470

12. Haw JS, Galaviz KI, Straus AN, Kowalski AJ, Magee M]J, Weber MB, et al.
Long-term sustainability of diabetes prevention approaches: a systematic review and
meta-analysis of randomized clinical trials. JAMA Intern Med. (2017) 177:1808-
17. doi: 10.1001/jamainternmed.2017.6040

13. Ashra NB, Spong R, Carter P, Davies MJ, Dunkley A, Gillies C, et al. A
systematic review and meta-analysis assessing the effectiveness of pragmatic lifestyle
interventions for the prevention of type 2 diabetes mellitus in routine practice. London:
Public Health England (2015). Available online at: https://Assets Publishing Service.
Gov.Uk/Government/Uploads/System/Uploads/Attachment_Data/File/733053/

Phe_Evidence_Review_of_Diabetes_Prevention_Programmes-_Final Pdf ~ (accessed
November, 2020).

14. Lindstrém ], Ilanne-Parikka P, Peltonen M, Aunola S, Eriksson
JG, Hemi6 K, et al. Sustained reduction in the incidence of type 2
diabetes by lifestyle intervention: follow-up of the finnish diabetes
prevention study. Lancet. (2006) 368:1673-9. doi: 10.1016/S0140-6736(06)69
701-8

15. Flint E, Cummins S. Active commuting and obesity in mid-
life: cross-sectional, observational evidence from Uk biobank. Lancet
Diabetes  Endocrinol.  (2016)  4:420-35.  doi: 10.1016/S2213-8587(16)00
053-X

16. Razak F, Davey Smith G, Subramanian SV. The idea of uniform change: is it time

to revisit a central tenet of rose’s “strategy of preventive medicine”? Am J Clin Nutr.
(2016) 104:1497-507. doi: 10.3945/ajcn.115.127357

Frontiersin Public Health

13

10.3389/fpubh.2023.1167807

17. Rose G, Day S. The population mean predicts the number of deviant individuals.
Br Med J. (1990) 301:1031-4. doi: 10.1136/bm;j.301.6759.1031

18. Dinu M, Pagliai G, Macchi C, Sofi F. Active commuting and multiple health
outcomes: a systematic review and meta-analysis. Sports Med. (2019) 49:437-
52. doi: 10.1007/s40279-018-1023-0

19. Aune D, Norat T, Leitzmann M, Tonstad S, Vatten LJ. Physical activity and the
risk of type 2 diabetes: a systematic review and dose-response meta-analysis. Eur |
Epidemiol. (2015) 30:529-42. doi: 10.1007/s10654-015-0056-z

20. Li M, Fan Y, Zhang X, Hou W, Tang Z. Fruit and vegetable intake and risk of
type 2 diabetes mellitus: meta-analysis of prospective cohort studies. BMJ Open. (2014)
4:005497. doi: 10.1136/bmjopen-2014-005497

21. Geaney E Kelly C, Di Marrazzo JS, Harrington JM, Fitzgerald AP, Greiner BA,
et al. The effect of complex workplace dietary interventions on employees” dietary
intakes, nutrition knowledge and health status: a cluster controlled trial. Prev Med.
(2016) 89:76-83. doi: 10.1016/j.ypmed.2016.05.005

22. Hall KD, Sacks G, Chandramohan D, Chow CC, Wang YC, Gortmaker SL,
et al. Quantification of the effect of energy imbalance on bodyweight. Lancet. (2011)
378:826-37. doi: 10.1016/S0140-6736(11)60812-X

23. Afshin A, Penalvo JL, Gobbo LD, Silva J, Michaelson M, O’Flaherty
M, et al. The prospective impact of food pricing on improving dietary
consumption: a systematic review and meta-analysis. PLoS ONE. (2017)
12:¢0172277. doi: 10.1371/journal.pone.0172277

24. Cho NH, Shaw JE, Karuranga S, Huang Y, Fernandes JDd, Ohlrogge AW, et al.
Idf diabetes atlas: global estimates of diabetes prevalence for 2017 and projections for
2045. Diabetes Res Clin Pract. (2018) 138:271-81. doi: 10.1016/j.diabres.2018.02.023

25. Nash EA, Critchley JA, Pearson F, Awad SE, Abu-Raddad LJ, Abu-Hijleh FM,
et al. A systematic review of interventions to promote physical activity in six gulf
countries. PLoS ONE. (2021) 16:¢0259058. doi: 10.1371/journal.pone.0259058

26. Calder N. Healthy Weight: Why Local Authority Action Is Needed. Food Active
by the Health Equalities Group. Report No.: 235 (2016). Available online at: https://
hegroup.org.uk/ (accessed January 12, 2023).

27. World Health Organization. Fiscal Policies for Diet and Prevention of
Noncommunicable Diseases. Available online at: http://apps.who.int/iris/bitstream/
10665/250131/1/9789241511247-eng.pdftua=1 (accessed January 12, 2023).

28. World Health Organization. Using Price Policies to Promote Healthier Diets.
Available online at: http://www.euro.who.int/__data/assets/pdf_file/0008/273662/
using- price- policies- to- promote-healthier- diets.pdf?ua=1 (accessed January 12,

2023).

29. Richardson AK. Investing in public health: barriers and possible solutions. J
Public Health. (2012) 34:322-7. doi: 10.1093/pubmed/fds039

30. Fiona C, Bull TPA, Tracy Dixon SH, Andrea Neiman, Pratt M. Comparative
Quantification of Health Risks: Global and Regional Burden of Disease Attributable to
Selected Major Risk Factors. World Health Organization (2004).

31. Pan A, Wang Y, Talaei M, Hu FB, Wu T. Relation of active, passive, and quitting
smoking with incident type 2 diabetes: a systematic review and meta-analysis. The
Lancet Diabetes Endocrinol. (2015) 3:958-67. doi: 10.1016/S2213-8587(15)00316-2

32. Abdullah A, Peeters A, de Courten M, Stoelwinder J. The magnitude of
association between overweight and obesity and the risk of diabetes: a meta-
analysis of prospective cohort studies. Diabetes Res Clin Pract. (2010) 89:309-
19. doi: 10.1016/j.diabres.2010.04.012

33. Li G, Zhang P, Wang J, Gregg EW, Yang W, Gong Q, et al. The long-
term effect of lifestyle interventions to prevent diabetes in the china da qing
diabetes prevention study: a 20-year follow-up study. Lancet. (2008) 371:1783-
9. doi: 10.1016/S0140-6736(08)60766-7

34. Diabetes Prevention Program Research G, Knowler WC, Fowler SE, et al. 10-
year follow-up of diabetes incidence and weight loss in the diabetes prevention
program outcomes study. Lancet. (2009) 374:1677-86. doi: 10.1016/S0140-6736(09)
61457-4

35. Purnell JQ. Definitions, classification, and epidemiology of obesity. In: Feingold
KR, Anawalt B, Blackman MR, Boyce A, Chrousos G, Corpas E, et al. editors. Endotext.
South Dartmouth, MA: MDTextcom, Inc (2000).

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1167807
https://Diabetesatlas.Org/Idfawp/Resource-Files/2021/07/Idf_Atlas_10th_Edition_2021.Pdf
https://Diabetesatlas.Org/Idfawp/Resource-Files/2021/07/Idf_Atlas_10th_Edition_2021.Pdf
https://Www.Moph.Gov.Qa/Style%20library/Moph/Files/Strategies/Qatar%20national%20diabetes%20strategy/12477%20pa%20national%20diabetes%20eng%20.Compressed.Pdf.2018
https://Www.Moph.Gov.Qa/Style%20library/Moph/Files/Strategies/Qatar%20national%20diabetes%20strategy/12477%20pa%20national%20diabetes%20eng%20.Compressed.Pdf.2018
https://Www.Moph.Gov.Qa/Style%20library/Moph/Files/Strategies/Qatar%20national%20diabetes%20strategy/12477%20pa%20national%20diabetes%20eng%20.Compressed.Pdf.2018
https://doi.org/10.1016/j.diabres.2017.11.015
https://doi.org/10.1186/s12963-019-0200-1
https://doi.org/10.1136/bmjdrc-2021-002704
https://Hdr.Undp.Org/System/Files/Documents/Qatarnhdr4english15june2015pdf.Pdf
https://Hdr.Undp.Org/System/Files/Documents/Qatarnhdr4english15june2015pdf.Pdf
https://doi.org/10.1038/s41598-020-77970-7
https://doi.org/10.1111/jdi.13452
https://doi.org/10.1136/bmjopen-2021-053541
https://doi.org/10.1038/s41598-021-81385-3
https://doi.org/10.1137/S1052623496303470
https://doi.org/10.1001/jamainternmed.2017.6040
https://Assets.Publishing.Service.Gov.Uk/Government/Uploads/System/Uploads/Attachment_Data/File/733053/Phe_Evidence_Review_of_Diabetes_Prevention_Programmes-_Final.Pdf
https://Assets.Publishing.Service.Gov.Uk/Government/Uploads/System/Uploads/Attachment_Data/File/733053/Phe_Evidence_Review_of_Diabetes_Prevention_Programmes-_Final.Pdf
https://Assets.Publishing.Service.Gov.Uk/Government/Uploads/System/Uploads/Attachment_Data/File/733053/Phe_Evidence_Review_of_Diabetes_Prevention_Programmes-_Final.Pdf
https://doi.org/10.1016/S0140-6736(06)69701-8
https://doi.org/10.1016/S2213-8587(16)00053-X
https://doi.org/10.3945/ajcn.115.127357
https://doi.org/10.1136/bmj.301.6759.1031
https://doi.org/10.1007/s40279-018-1023-0
https://doi.org/10.1007/s10654-015-0056-z
https://doi.org/10.1136/bmjopen-2014-005497
https://doi.org/10.1016/j.ypmed.2016.05.005
https://doi.org/10.1016/S0140-6736(11)60812-X
https://doi.org/10.1371/journal.pone.0172277
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1371/journal.pone.0259058
https://hegroup.org.uk/
https://hegroup.org.uk/
http://apps.who.int/iris/bitstream/10665/250131/1/9789241511247-eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/250131/1/9789241511247-eng.pdf?ua=1
http://www.euro.who.int/__data/assets/pdf_file/0008/273662/using-price-policies-to-promote-healthier-diets.pdf?ua=1
http://www.euro.who.int/__data/assets/pdf_file/0008/273662/using-price-policies-to-promote-healthier-diets.pdf?ua=1
https://doi.org/10.1093/pubmed/fds039
https://doi.org/10.1016/S2213-8587(15)00316-2
https://doi.org/10.1016/j.diabres.2010.04.012
https://doi.org/10.1016/S0140-6736(08)60766-7
https://doi.org/10.1016/S0140-6736(09)61457-4
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Epidemiological impact of public health interventions against diabetes in Qatar: mathematical modeling analyses
	Epidemiological impact of public health interventions against diabetes in Qatar: mathematical modeling analyses
	1. Introduction
	2. Methods
	2.1. Plan of analysis
	2.1.1. Intervention 1: lifestyle management intervention applied to populations at high-risk of T2DM
	2.1.2. Intervention 2: increasing use of different modes of active commuting
	2.1.3. Intervention 3: increasing consumption of healthy diets including fruits and vegetables
	2.1.4. Intervention 4: implementing a subsidy and legislation intervention
	2.1.5. Intervention 5: implementing combinations of interventions


	3. Results
	3.1. T2DM burden between 2021 and 2050
	3.2. Impact of lifestyle management intervention applied to populations at high-risk of T2DM
	3.3. Impact of increasing use of different modes of active commuting
	3.4. Impact of increasing consumption of healthy diets including fruits and vegetables
	3.5. Impact of implementing a subsidy and legislation intervention
	3.6. Impact of implementing subsidy and legislation intervention

	4. Discussion
	4.1. Conclusion

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


