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Abstract

Aims/hypothesis The study aims to quantify the global trend of the disease burden of type 2 diabetes caused by various risks
factors by country income tiers.

Methods Data on type 2 diabetes, including mortality and disability-adjusted life years (DALYs) during 1990-2019, were
obtained from the Global Burden of Disease Study 2019. We analysed mortality and DALY rates and the population attributable
fraction (PAF) in various risk factors of type 2 diabetes by country income tiers.

Results Globally, the age-standardised death rate (ASDR) attributable to type 2 diabetes increased from 16.7 (15.7, 17.5)/
100,000 person-years in 1990 to 18.5 (17.2, 19.7)/100,000 person-years in 2019. Similarly, age-standardised DALY rates
increased from 628.3 (537.2, 730.9)/100,000 person-years to 801.5 (670.6, 954.4)/100,000 person-years during 1990-2019.
Lower-middle-income countries reported the largest increase in the average annual growth of ASDR (1.3%) and an age-
standardised DALY rate (1.6%) of type 2 diabetes. The key PAF attributing to type 2 diabetes deaths/DALYs was high BMI
in countries of all income tiers. With the exception of BMI, while in low- and lower-middle-income countries, risk factors
attributable to type 2 diabetes-related deaths and DALY's are mostly environment-related, the risk factors in high-income
countries are mostly lifestyle-related.

Conclusions/interpretation Type 2 diabetes disease burden increased globally, but low- and middle-income countries showed
the highest growth rate. A high BMI level remained the key contributing factor in all income tiers, but environmental and
lifestyle-related factors contributed differently across income tiers.

Data availability To download the data used in these analyses, please visit the Global Health Data Exchange at http://ghdx.
healthdata.org/gbd-2019.
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What is already known about this subject?
e  Global Burden of Disease studies have revealed a rapid increase in type 2 diabetes-related deaths and disability
globally, but little is known about the differences in attributable risk to type 2 diabetes by country income levels
What is the key question?
e How do population attributable risk factors contribute differently to the disease burden of type 2 diabetes in different
country income tiers?
What are the new findings?
e  We reported a growing trend of the disease burden of type 2 diabetes mellitus globally from 1990 to 2019; the trend
is disproportionally steep in low- and middle-income countries
e  Globally, the top three risk factors that contributed to the disease burden were high BMI, ambient particulate matter
pollution, and low physical activity/smoking. These three factors collectively contributed to 54.1% of type 2 diabetes-
related deaths and 62.6% of type 2 diabetes-related disability-adjusted life years in 2019
e  Household air pollution from solid fuel substantially contributed to type 2 diabetes in low- and lower-middle-income
countries, whereas dietary pattern was a key contributor to type 2 diabetes-related deaths in high-income countries
How might this impact on clinical practice in the foreseeable future?
e |n addition to BMI, health stakeholders in low- and lower-middle-income countries should focus on type 2 diabetes
attributable to environmental factors, whereas stakeholders in the high-income countries should focus on dietary
patterns for diabetes control and prevention
UMICs  Upper-middle-income countries 100,000 people in 2017 [17]. In developing countries with
YLDs Years lived with disability limited resources, inaccessibility to type 2 diabetes medica-
YLLs Years of life lost tions and other treatments [18] is an important cause of type 2
diabetes-related mortality and disability. Many resource-
limited countries employed intensive blood glucose control,
Introduction which unexpectedly increased the risk of hypoglycaemia and

Diabetes mellitus is a fast-growing ongoing global health
emergency of the twenty-first century [1, 2]. Studies show that
diabetes alone accounted for 3.96 million deaths worldwide in
2010 [3], and this number increased to 4.20 million among
adults in 2019 [1]. Diabetes has emerged as the fourth leading
cause of disability globally, and the number of disability-
adjusted life years (DALY's) caused by diabetes was 66.3
million globally in 2019 [4]. Type 2 diabetes is the most
common type of diabetes and accounts for around 90% of
all diabetic cases worldwide [1, 2, 5]. The economic develop-
ment and improvement in healthcare in individual countries
have a considerable impact on the disease burden of type 2
diabetes. In many developed countries, including Scotland
[6], Canada [7], UK [8], Denmark [9], Sweden [10],
Australia [11] and USA [12], type 2 diabetes-related mortality
has declined steadily. People living with type 2 diabetes are at
higher risk of chronic diseases, viral hepatitis and even
COVID-19 severity [13—-16]. However, large developing
economies such as China reported an ongoing and increasing
trend of diabetes mellitus, with diabetes mortality increasing
from 5.3 deaths/100,000 people in 1990 to 10.9 deaths/
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potential death in its population [19]. An epidemiological
study suggested that during 2010-2030, the number of adults
with diabetes mellitus in developing countries would increase
by 69%, which is more than threefold the 20% predicted
increase in developed countries [20].

The Global Burden of Disease (GBD) study indicated that
high BMI was the leading risk factor contributing to 41.2%
type 2 diabetes mortality and 54.0% DALYs, followed by
ambient particulate matter pollution risk factors (accounting
for 18.0% and 18.3% of type 2 diabetes-related deaths and
DALYs), and diet low in whole grains (accounting for
16.5% and 21.2% of type 2 diabetes-related deaths and
DALYs) in 2017 [21] followed. However, these previous
studies did not address the impact of diabetes on mortality
and disability attributable to major risk factors in countries at
different income levels. Understanding this knowledge will
enable policymakers to tailor their policies to adjust for the
various levels of economic development in these countries.
This will provide informed strategies for coordinated actions
to improve their health and social security systems to mitigate
diabetes-related mortality and disability. In this study, we
aimed to estimate type 2 diabetes-related deaths and DALY's
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attributable to various modifiable risk factors over the period
of 19902019 in countries at various income tiers.

Methods

Overview The GBD 2019 estimation of attributable burden
followed the general framework established for comparative
risk assessment [22, 23] used in GBD since 2002 [24]. GBD
2019 estimated prevalence of exposure and attributable
deaths, years of life lost (YLLs), years lived with disability
(YLDs), and DALYs for 23 age groups; men, women, and
both sexes combined; 87 behavioural, environmental and
occupational, and metabolic risk factors; reported estimates
for 369 diseases and injuries; and 203 countries (Taiwan:
province of China) and territories that were grouped into 21
regions and seven super-regions [4, 25]. All available data on
causes of death are standardised and pooled into a single data-
base used to generate cause-specific mortality estimates by
age, sex, year and geography [4]. In GBD 2019, DALYs were
computed by adding YLLs and YLDs for each cause, loca-
tion, age group, sex and year.

The attributable burden is the potential reduction in the
current disease burden if past population exposure had shifted
to an alternative or counterfactual distribution of risk expo-
sure. In this study, we included 13 risk factors introduced in
the GBD studies. These attributable risk factors include meta-
bolic (i.e. high BMI), environmental and occupational (i.c.
ambient particulate matter pollution and household air pollu-
tion from solid fuels), behavioural (i.e. tobacco [smoking and
second-hand smoking], dietary [diet low in whole grains, diet
low in fruits, diet low in nuts and seeds, diet high in sugar-
sweetened beverages, diet high in red meat, diet low in fibre
and diet high in processed meat], and low physical activity).
The definition of these risk factors has been provided in detail
in previous publications [26]. The GBD 2019 study adopted a
set of unified RRs for all attribution analysis globally [25]. In
brief, the RRs were modelled using meta-regression with
pooled data from prospective cohort studies or published liter-
ature reviews. For each risk—outcome pair, we used the
expected summary exposure value (SEV) to calculate the
expected population attributable fractions (PAFs) [4, 25].
The method of evaluating the impact of environmental pollut-
ants has been described in a GBD study [25].

Socioeconomic status was defined based on the gross
national per capita income, as classified by the World Bank,
i.e. low-income countries (LICs), lower-middle-income coun-
tries (LMICs), upper-middle-income countries (UMICs), and
high-income countries (HICs) [27].

Disease burden attributable to risk factors For continuous risk
factors, such as BMI, the formula for the PAF is defined as:

,fz;ORR (x)P; (x)dxfjin:ORR ()P (x)dx
[ oRR(x)Py (x)dx

PAF =

Where RR(x) is the RR of a certain disease for exposure
level x, Pi(x) is the population distribution of the exposure,
P5(x) is the minimum theoretical exposure distribution, and m
is the maximum exposure level. The minimum theoretical
exposure is the counterfactual condition of exposure and has
been previously defined for each risk factor [26]. For categor-
ical risk factors (e.g. smoking and physical inactivity), the
formula for PAF is:

where i is exposure level, RR; is RR for exposure level i, and P;
is the prevalence of exposure level i.

For calculating the burden of multiple risk factors, valida-
tion studies have reported congruency between the true risk
associated with multiple risk factors affecting the same
outcome and a multiplicative aggregation of the PAFs of the
individual risk factors [28].

We calculated the joint PAF of multiple risk factors based
on the following formula. The mediation factors were estimat-
ed using GBD 2019 [25].

PAF 5050 = 17“}:1 [lipAFiaastHle (liMFjio)i|

where J is the number of risk factors for calculating the joint
effect, PAF ., is the attributable fraction of i risk factor, MF;,
is the mediation factor between risk factor i and a certain
disease o through risk factor j, @ was the age group, s was
sex and 7 was year.

Indicators of annual change in the burden of disease The rate
of annual growth was measured as the average annual change
in type 2 diabetes burden from 1990 to 2019:

(Value in 2019 — Value in 1990)
Value in 1990 x 29

Annual growth =

All statistical analyses were performed using the R v3.5.1
(https://www.r-project.org/). A probability value of p<0.05
was considered statistically significant.

Results
Global type 2 diabetes over time Globally, the number of

deaths attributable to type 2 diabetes increased from 0.61
(95% CI 0.57, 0.64) million in 1990 to 1.47 (1.37, 1.57)
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million in 2019, with an annual growth rate 0f4.9% (4.6, 5.2).
The age-standardised risk-attributable death rates increased
from 16.7 (15.7, 17.5)/100,000 person-years to 18.5 (17.2,
19.7)/100,000 person-years over the same period (0.4% [0.1,
0.7] annual growth, Table 1). Similarly, the number of
DALYs attributable to type 2 diabetes increased from 25.48
(21.70, 29.78) million in 1990 to 66.30 (55.48, 79.01) million
in 2019 (annual growth 5.5% [4.7, 6.3]), corresponding to an
increase of age-standardised DALY rates from 628.3 (537.2,
730.9)/100,000 person-years to 801.5 (670.6, 954.4)/100,000

Age-standardised death rate
(per 100,000 person-years), 2019 ..
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person-years (annual growth 1.0% [0.2, 1.7]) during 1990—
2019 (Table 1).

Global type 2 diabetes by geographical regions Figure 1
demonstrates significant geographical variations of the type
2 diabetes burden worldwide. In 2019, the country with the
highest age-standardised death rate (ASDR) and age-
standardised DALY rates was Fiji (257.4 [95% CI 210.3,
309.2]/100,000 person-years and 6884.3 [5667.8, 8214.8]/
100,000 person-years, respectively), whereas the country with

Fig. 1 Age-standardised death (a) and DALY (b) rate of type 2 diabetes per 100,000 person-years by country and territory, 2019
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the lowest ASDR was Japan (2.0 [1.7, 2.1]/100,000 person-
years) and the lowest age-standardised DALY rates was
France (278.2 [220.6, 345.7]/100,000 person-years). When
stratified by the World Bank regions, ASDR in the Oceania
region was the highest (121.0/100,000 person-years), and in
high-income Asia Pacific countries (Japan, South Korea,
Singapore and Brunei) was the lowest (4.2/100,000 person-
years). Age-standardised DALY rates were highest in the
Oceania region (3703.4/100,000 person-years) and lowest in
the Eastern Europe region (376.0/100,000 person-years).

Global type 2 diabetes by country incomes In 2019, type 2
diabetes-related ASDR in low- and lower-middle-income
countries (LICs: 33.0 [95% CI 29.6, 36.9]/100,000 person-
years and LMICs: 31.2 [28.5, 33.9]/100,000 person-years)
was 2-3 times higher than those in upper-middle- and high-
income countries (UMICs: 15.5 [14.2, 16.7]/100,000 person-
years; HICs: 9.7 [8.8, 10.2]/100,000 person-years). Similarly,
in 2019, the highest type 2 diabetes-related age-standardised
DALY rate was reported in LICs (1050.9 [895.7, 1238.9]/
100,000 person-years) and LMICs (1108.3 [951.6, 1285.5]/
100,000 person-years), which were nearly double the burdens
in UMICs (684.4 [566.8, 825.6]/100,000 person-years) and
HICs (601.7 [467.5, 753.6]/100,000 person-years, Table 1).

Globally, the annual growth for ASDR and age-
standardised DALY rates of type 2 diabetes remained stable
over time (0.9% [95% CI 0.1, 1.6] and 0.9% [—1.2, 3.0] in
1990-1999, 0.0% [—0.7, 0.7] and 0.8% [—1.4, 3.0] in 2000—
2009, 0.2% [0.6, 1.1] and 0.7% [—1.6, 3.1] in 2010-2019,
respectively) (Pgena >0.05) (Fig. 2a,b). The annual growth
rates for ASDR and age-standardised DALY rate showed no
significant differences across all three time periods in all
income tiers (Fig. 2a,b).

PAFs for type 2 diabetes Globally, the leading risk factor for
type 2 diabetes-related ASDR was high BMI. The ASDR
attributable to high BMI had increased from 5.0 (95% CI
3.0, 7.3)/100,000 person-years to 7.6 (5.3, 10.0)/100,000
person-years during 1990-2019. This was followed by ambi-
ent particulate matter pollution (increased from 1.6 [1.0,
2.2]to 2.5 [1.7, 3.2]/100,000 person-years) and low phys-
ical activity (increased from 1.5 [0.8, 2.5] to 1.6 [0.8, 2.7]/
100,000 person-years) (Table 1). The three risk factors
collectively contributed to over half (54.1%) of all type 2
diabetes-related ASDR in 2019 globally (Fig. 3a).
Similarly, age-standardised DALY rates attributable to
high BMI increased from 224.8 (137.9, 332.0)/100,000
person-years to 411.1 (287.5, 552.2)/100,000 person-
years during 1990-2019, followed by ambient particulate
matter pollution (increased from 58.4 [36.6, 83.1] to 109
[74.1,147.2]1/100,000 person-years) and smoking (reduced
from 79.2 [61.9, 97.9] to 78.1 [59.6, 98.7]/100,000 person-
years) (Table 1). The three factors collectively contributed

@ Springer

to 62.6% of type 2 diabetes-related DALYs globally in
2019 (Fig. 3b). With the exception of smoking and
second-hand smoke, the proportions of deaths and
DALYs attributable to type 2 diabetes varied less by sex
globally in 2019 (Fig. 3a, b).

In LICs, the leading risk factor for type 2 diabetes-related
ASDR was high BMI (ASDR attributable to high BMI
increased from 6.2 [95% CI 2.7, 10.9]/100,000 person-years
to 9.6 [5.7, 14.2]/100,000 person-years during 1990-2019).
This was followed by household air pollution from solid fuels
(reduced from 9.4 [5.7, 18.5] to 7.1 [4.7, 11.2]/100,000
person-years) and low fruits in the diet (stabilised at 2.6/
100,000 person-years during 1990-2019) (Table 1, Fig. 3a).
The leading risk factors contributing to age-standardised
DALY rates were similar (Table 1, Fig. 3b).

In LMICs, high BMI remained the leading risk factor for
type 2 diabetes-related deaths (ASDR attributable to high
BMI increased from 3.9 [95% CI 1.9, 6.6] to 10.7 [7.2,
14.5]/100,000 person-years during 1990-2019). This was
followed by ambient particulate matter pollution (increased
from 1.4 [0.7, 2.3] to 4.3 [2.9, 5.7]/100,000 person-years)
and second-hand smoke (increased from 2.3 [0.9, 3.6] to 3.0
[1.1, 4.5)/100,000 person-years) (Table 1, Fig. 3a). The lead-
ing risk factors contributing to age-standardised DALY rates
were similar (Table 1, Fig. 3b).

In UMICs, high BMI remained the leading risk factor attrib-
utable to type 2 diabetes-related deaths (ASDR attributable to
high BMI increased from 4.9 [95% C1 3.1, 7.1]t0 6.8 [4.7,9.1]/
100,000 person-years during 1990-2019). This was followed
by ambient particulate matter pollution (increased from 1.5
[1.0,2.1]t0 2.5 1.8, 3.2]/100,000 person-years) and low phys-
ical activity (increased from 1.4 [0.7, 2.2] to 1.5 [0.8, 2.5/
100,000 person-years) (Table 1, Fig. 3a) However, we
observed a slightly different contribution pattern in age-
standardised DALY rates, with high BMI, ambient particulate
matter pollution and smoking being the leading risk factors
(Table 1, Fig. 3b).

In HICs, despite high BMI remaining the leading risk factor
for type 2 diabetes-related ASDR, its contribution was substan-
tially lower than other income tiers and decreasing over time
(ASDR attributable to high BMI reduced from 5.3 [95% CI1 3.4,
7.2]/100,000 person-years to 4.7 [3.4, 6.2]/100,000 person-
years during 1990-2019). This was followed by diet high in
processed meat (reduced from 1.6 [1.1, 1.9] to 1.2 [0.9, 1.5/
100,000 person-years) and low physical activity (reduced from
1.4 0.7, 2.3] to 1.0 [0.5, 1.7]/100,000 person-years) (Table 1,
Fig. 3a). For age-standardised DALY rates, high BMI, diet
high in processed meat and smoking are leading risk factors,
and all three factors demonstrated flattening the upward tenden-
cy over time (Table 1, Fig. 3b).

Our study analysed the correlation between per capita gross
domestic product (GDP) and the attributable burden of risk
factors in 203 countries in 2019 (electronic supplementary
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Fig. 2 Annualised rate of change in ASDR (a) and age-standardised DALY rate (b) of type 2 diabetes, globally, and by different income countries,

1990-1999, 2000-2009 and 2010-2019

material [ESM] Table 1). Per capita GDP was positively
correlated with PAFs for death and DALYs caused by diet
high in red meat, diet high in processed meat, diet high in
sugar-sweetened beverages and low physical activity (all
p<0.0001), but negatively correlated with PAFs for death
and DALYs caused by household air pollution from solid
fuels, smoking and diet low in fruits (all p<0.0001).
However, per capita GDP showed a negative correlation with
PAFs only for DALYs caused by second-hand smoke
(p<0.0001).

Discussion

Our study showed that type 2 diabetes-related mortality and
DALYs varied substantially during 1990-2019, globally and
by income tiers. The numbers of deaths and DALY attributable
to type 2 diabetes doubled from its 1990 levels to 1.47 million
and 66.3 million in 2019. ASDR and age-standardised DALY
rate also increased by 10.8% and 27.6% to 18.5/100,000 and
801.5/100,000, respectively, during the same period. Overall,
type 2 diabetes-related ASDR and age-standardised DALY rate
increased with the declining income tier of the countries. Both

rates in LICs and LMICs were 2-3 times higher than those in
UMICs and HICs in 2019. Further, LMICs reported the largest
increase in the average annual growth of ASDR (1.3%) and an
age-standardised DALY rate (1.6%) of type 2 diabetes. In
contrast, the annual growth of ASDR and age-standardised
DALY rate was the lowest (—0.8% and nearly zero, respectively)
in HICs, during 1990-2019. BMI is the key common leading
risk factor of type 2 diabetes disease burden across all income
tiers. With the exception of BMI, while in low- and middle-
(lower-middle- and upper-middle-) income countries, risk
factors attributable to type 2 diabetes-related deaths and
DALYs are mostly environment-related, the risk factors in
HICs are mostly lifestyle-related.

Our study demonstrated a rapidly growing trend of type 2
diabetes burden in low- and middle-income country settings,
although concerns related to type 2 diabetes burden have histor-
ically focused on HICs, which was consistent with previous
studies [29, 30]. Both ASDR and age-standardised DALY rate
in LICs and LMICs are consistently 2—3 times higher than
those in UMICs and HICs throughout our study duration. In
particular, the fact that HICs reported a negative or nearly zero
annual growth in both age-standardised rates whereas LMICs
have more significant positive annual growth suggests that the

@ Springer
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Fig. 3 PAFs of death (a) and DALYs (b) attributed to risk factors for type 2 diabetes, 2019

gap in disease burden across income tiers will likely widen
further in the future. This poses significant public health chal-
lenges to LICs and LMICs. First, compared with higher income
countries, LICs and LMICs have limited medical resources and

@ Springer

poor access to therapeutic drugs for type 2 diabetes prevention
and treatment. Allocation of health resources for type 2 diabetes
control and prevention in these countries are often insufficient.
Second, in LICs and LMICs, the poor health awareness of
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patients with diabetes may result in significant delays in diag-
nosis and treatment of diabetes, leading to a severe burden of
diabetes disability and related complications. Third, PAFs for
death and DALYs differed by income tiers, as indicated by our
study. Exposure to environmental risk factors for diabetes is
more common in lower income countries as a result of limited
options of energy consumption in these countries. If the current
trend continues, type 2 diabetes will likely cause an increasing-
ly severe disease burden in lower income countries than their
higher income counterparts.

Other studies have also demonstrated similar associations
between income tiers and type 2 diabetes-related mortality and
DALYs. Lin et al [31] reported that, worldwide, the rates of
mortality and disability caused by type 2 diabetes exhibited an
upward trend in low-income and lower-middle-income coun-
tries. In comparison, the mortality rate due to type 2 diabetes
in HICs, such as Australia [11] and Sweden [10], have shown
a declining trend. Consistently, a separate study reported a
large reduction in complications related to type 2 diabetes in
HICs during 20002015, indicating an alleviation of disability
caused by type 2 diabetes in these countries [32]. Lin et al [31]
reported that for type 2 diabetes, the association between
mortality or DALY rates with Sociodemographic Index
(SDI) demonstrated an inverse U-shaped curve with the
higher rates occurring in low-middle, middle, and high-
middle SDI countries. The corresponding rates in low-SDI
and high-SDI countries were substantially lower.

Our study indicates that BMI remains the leading risk
factor for type 2 diabetes-related deaths and DALY’ globally
and across all income tiers. Obesity is a well-documented
important public health issue and a key contributor to numer-
ous chronic diseases [33, 34]. Historically, the increase in the
prevalence of obesity began in HICs in the 1970s, followed by
most middle-income countries, and more recently, low-
income countries [35]. The increase in obesity prevalence is
likely a consequence of economic development and affects the
occurrence of type 2 diabetes. However, economic develop-
ment and wealth can enable better type 2 diabetes interven-
tion. Over the past decade, lifestyle interventions in HICs,
aiming to reduce the risk of overweight and obesity, have
reportedly reduced the risk of type 2 diabetes, as demonstrated
by the US Diabetes Prevention Program [36] and the Dutch
Diabetes Prevention Study [37]. The American Cancer
Society’s Cancer Prevention Study also reported that inten-
tional weight loss was associated with a 28% reduction in type
2 diabetes-related mortality and its complications (cardiovas-
cular disease) [38]. In contrast, prevention programmes for
overweight and obesity in low- and middle-income countries
have commenced later than high-income countries. In 2016,
the Chinese government declared the ‘Healthy China 2030’
initiative, aiming to facilitate appropriate diet and physical
activities to reduce obesity and hence type 2 diabetes in the
Chinese population. A steady growing trend of new type 2

diabetes has been documented during 1990-2017 [39], which
is closely related to the rise in prevalence of overweight and
obesity in China in recent years [40]. The country with the
largest number of adults with diabetes aged 20-79 years in
2021 is China, and it accounts for 26.2% of the number of
people living with diabetes globally [41].

Our study shows that both household and ambient air
pollution are major risk factors for type 2 diabetes deaths
and DALYs in LICs and LMICs, consistent with previous
findings [42]. Pollution and poverty are closely related. An
estimated 3 billion people in low- and middle-income coun-
tries, mostly in rural communities, still use solid fuels (fire-
wood, biomass or charcoal) and traditional stoves for heating
and cooking [43]. This results in large populations being
exposed to household air pollution and subsequent type 2
diabetes onset and complications because air pollution is a
leading cause of insulin resistance [44]. Ambient particulate
matter pollution, often measured by the air density of particu-
late matter 2.5 with an aerodynamic diameter less than 2.5 um
(PM, 5), has led to 4.2 million deaths and 103.1 million
DALYs in 2015 [45]. Ambient particulate matter pollution
disproportionately affects the poor and the vulnerable in
low-income and middle-income countries, which account for
79% of adults living with diabetes [1, 42]. The population is
often neglected in these settings where economic development
is prioritised, and its health impacts on people living with
diabetes are largely underestimated. Our study demonstrates
significant contributions of both household and ambient air
pollution to type 2 diabetes and promotes sustainable green
development and pollutant reduction.

Our study also demonstrates that diet rich in processed
meat is the second most important risk factor for type 2
diabetes-related deaths and DALYs in HICs. Meta-analysis
studies have consistently shown that diet rich in processed
meat is associated with an increased risk of type 2 diabetes
in HICs [46, 47]. Over the past decade, despite some HICs
having witnessed declining trends in the consumption of red
and processed meat, consumption in these countries remains
higher than in other income countries [48]. McMichael et al
found that the global average consumption was 100 g per
person per day, whereas the consumption now is as high as
200-250 g in HICs [49]. However, as global meat prices have
fallen, red and processed meat has become increasingly avail-
able in low- and middle-income countries [48]. At the same
time, health-motivated tax on red and processed meat is low in
these countries [50]. This could potentially increase consump-
tion of processed meat and hence the disease burden of type 2
diabetes in low- and middle-income countries.

Our study has several limitations. First, the projection relied
heavily on estimates driven by GBD 2019; therefore, similar
limitations in estimates of deaths, DALYs and attributable
burden in the GBD study also apply to this study. Second, it
deviates somewhat from the comparative risk assessment
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approach when the GBD study estimates the burden for total
particulate matter pollution and divides this total burden propor-
tionately between the ambient and household particulates.
Third, for exposure measurement, patterns of data availability
are non-uniform across geography and over time. Although the
GBBD study has modified this, it still causes a bias in comparison.

Conclusions Type 2 diabetes disease burden has increased
globally in countries of all income tiers. High BMI, ambient
particulate matter pollution and low physical activity collec-
tively contributed to half of type 2 diabetes-related deaths and
two-thirds of type 2 diabetes-related DALY's globally in 2019.
BMI remains the most important contributing factor to the
type 2 diabetes disease burden. Following BMI, the environ-
mental factors are the next important contributor to the type 2
diabetes burden in low- and lower-middle-income countries,
whereas dietary factors are the next important contributing
factor in HICs.
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