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Abstract

Objective

The objectives of the study is to investigate the global socioeconomic risk factors associated
with diabetes prevalence using evidence from available country-level data.

Design

A cross-sectional study based on (2010 & 2019) countrywide Health Nutrition and Popula-
tion Statistics data.

Population

People ages 20—79 who have diabetes.

Setting

One hundred and thirty-two countries or territories in the world.

Primary outcome measure

Diabetes prevalence rates were determined from (2010 & 2019) countrywide Health Nutri-
tion and Population Statistics (Health Stats, World Bank Group).

Results

In 2010, a 1% increase in per capita income and total tobacco consumption is associated
with a 0.92% (95% CI 0.64% to 1.19%) and 0.02% (95% CI| 0.006% to 0.047%) increase in
diabetes prevalence respectively; and a 1% increase in alcohol consumption is associated
with a -0.85% (95% Cl -1.17% to -0.53%) decrease in diabetes prevalence. Statistically sig-
nificant socioeconomic and lifestyle indices positively associated with diabetes prevalence
included gross national income; overweight prevalence (BMI>25 kg/m?); and tobacco con-
sumption. Statistically significant inverse associations with global diabetes prevalence
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included total population size; unemployment and alcohol consumption. The 2019 data was
removed due to sparsity of data.

Conclusion

Statistically significant global lifestyle and socioeconomic determinants of diabetes preva-
lence include alcohol consumption; tobacco consumption; overweight prevalence; per cap-
ita income; total population and unemployment rates. Determinants of diabetes include
modifiable risk factors which are consistent at both the micro and macro level and include
tobacco consumption and overweight prevalence. Factors which are non-modifiable and
warrant further investigation include total population and unemployment rates, which were
inversely associated with diabetes prevalence and are a product of other underlying factors.
Other determinants such as alcohol consumption was also inversely associated with diabe-
tes prevalence, but has been observed to have both negative and positive associations with
diabetes at the micro-level. These associations were dependent upon the amount of alcohol
consumed. Global cut-off point of alcohol consumption is critical to establish global policies
to reduce diabetes prevalence. Overall, the use of cross-sectional based study for country
level aggregate data is a critical tool that should be considered when making global joint
strategies or policies against diabetes in both data analysis and decision making.

1. Introduction

Diabetes has been conventionally perceived as a “disease of excess”, affecting primarily older
populations in developed countries. Statistics show this is no longer the case with diabetes now
being prevalent in all populations and pervasive through all strata of society [1, 2].

In 2019, the latest global data from the International Diabetes Federation (IDF) estimated a
prevalence of 463 million people currently living with diabetes [2]. This is an alarming rise
from the 151 million people that were estimated to live with the condition when the IDF first
published global prevalence data in 2000 [2]. Current models project this number to increase
to more than 700 million by 2045 [2]. The percentage distribution of the burden of disease of
diabetes is currently higher in urban (10.8%) than rural (7.2%) areas, and more prevalent in
high-income (10.4%) than low-income (4.0%) countries [2]. However, this representation of
the data is misleading since the populations of low- and middle-income countries are on aver-
age much higher than those of developed countries [2]. In fact, when examined as raw data, 4
out of every 5 patients with diabetes currently reside in a low or middle-income country [2].
This statistic is likely to worsen over time with a projected rise in diabetes in Africa (143%),
Middle East and Northern Africa (96%), Southeast Asia (74%), and South and Central Amer-
ica (55%) by 2045 [2].

Based on statistics from the IDF, there were more than 4.2 million diabetes-related deaths
in 2019 [2, 3]. This is in contrast to COVID-19 which was responsible for the same number of
deaths over 20 months from its inception (November 2019 —July 2021) [3]. However, it is
important to note that these numbers might overlap because of the possibility that patients
with diabetes who died of Covid-19 could be included in both categories. For example, a recent
study based on a data set from England showed that Covid-19 comorbidities such as Type 2
diabetes could significantly affect the severity of the disease [4]. Nonetheless, it is evident that
diabetes has reached the proportions of an epidemic and as such, should be given the appropri-
ate public health priority [3]. Traditional public health approaches to disease control are
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targeted at communicable diseases and include active surveillance, risk factor identification,
and reduction strategies, case identification, and monitoring outcomes [5]. It is difficult to
directly translate such a strategy to a non-communicable disease such as diabetes however, it is
well understood that primary prevention strategies for diabetes should be aimed at modifying
underlying determinants of health [6]. Numerous studies have attempted to uncover socioeco-
nomic and lifestyle-based risk factors affecting the prevalence of diabetes, however, the major-
ity of these have used survey-based, micro-level data from hospitals, cities, or regions of a
country [7-16]. Hence, statistical inferences cannot be reliably generalized to the rest of the
world.

Despite the global significance of diabetes as a public health issue, very few studies have uti-
lized country-level aggregate data to understand the determinants of diabetes prevalence [1].
The relative absence of macro-level research on this topic has so far been attributed to the pau-
city of data in this area which has led to a glaring gap in the existing literature [1]. Fortunately,
the World Bank has recently published country-level data for the years 2010 and 2019 encom-
passing more than 250 countries and territories [17]. This data has become available at a cru-
cial time when governments and policymakers need more comprehensive research to better
understand the modifiable and non-modifiable risk factors for incident diabetes to underpin
robust public health policy. We expect to address the current research gap by performing a
cross-sectional regression study of recently published macro-data from the World Bank’s
Health Nutrition and Population database to examine country-level evidence on several socio-
economic and lifestyle risks for incident diabetes [17]. This study aims to identify the statisti-
cally significant associations between the rising prevalence of diabetes and well-known risk
factors of diabetes (such as low SES, high BMI, tobacco use and alcohol consumption). The
key global lifestyle and socioeconomic determinates are evaluated and discussed within the
context of the current literature.

2. Methodology

Publicly available data (2010 & 2019) from Health Nutrition and Population Statistics, World
Bank [17] were used to investigate the relationship of key country-level lifestyle and socioeco-
nomic determinates associated with the prevalence of diabetes.

Data

Lifestyle and socioeconomic determinants of diabetes prevalence were determined utilizing
publicly available countrywide Health Nutrition and Population Statistics [17]. The dataset
includes annual country-level data on diabetes prevalence; health and socioeconomic factors
as well as other variables which may be of interest. The data sources of the datasets include,
International Diabetes Federation, Diabetes Atlas; World Health Organization, Global Health
Observatory Data Repository; World Bank national accounts data; OECD National Accounts
data files; United Nations Population Division. World Population Prospects: 2019 Revision;
Census reports and other statistical publications from national statistical offices; Eurostat:
Demographic Statistics, United Nations Statistical Division; Population and Vital Statistics
Report; U.S. Census Bureau: International Database, Secretariat of the Pacific Community:
Statistics and Demography Programme; International Labour Organization and ILOSTAT
database.

Statistical analysis

Global diabetes prevalence data was available for 2010 for 229 countries and territories, 2019
data was omitted due to scarcity of data [17]. Existing literature has identified over 20 potential
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lifestyle and socioeconomic variables as explanatory variables. Variables that have been used in
the literature are: income, prevalence of aggregate tobacco use, prevalence of male tobacco use,
prevalence of female tobacco use, prevalence of overweight, total alcohol consumption per
capita, male alcohol consumption per capita, female alcohol consumption per capita, unem-
ployment rate, total population, body mass index, physical activity indicator, education level,
occupation, nutrition indicator, racial differences, age structure, life expectancy, literacy rate,
and gender. However, only nine of those socioeconomic variables were available in the coun-
trywide Health Nutrition and Population Statistics [17]. Multivariate linear regression (MLR)
models for the prediction of global diabetes prevalence were estimated from lifestyle and socio-
economic determinants for 132 countries, 97 countries and territories were excluded because
the complete set of selected lifestyle and socioeconomic variables were not available for those
countries (Table 1). The MLR models was optimized through minimizing multicollinearity
and heteroscedasticity.

Summary statistics (mean, variance, and standardized third and fourth moments of a distri-
bution; skewness and kurtosis statistics) were calculated for model variables. Population
(POP) data; per capita income (GNI) and alcohol intake (ALCHO) were log-transformed to
correct for non-normality and to enable interpretation of the estimated coefficients as a
percentage.

Four MLR models were estimated to identify significant lifestyle and socioeconomic factors
associated with global diabetes prevalence. These models were optimized through the minimi-
zation of multicollinearity and heteroscedasticity, evaluated using variance inflation factors
and a Breusch-Pegan-Godfrey test for heteroscedasticity.

Table 1. Lifestyle and socioeconomic variables used in MLR models. Data obtained from countrywide Health
Nutrition and Population Statistics data.

Variables | Description

DIAB | Diabetes prevalence (% of population ages 20 to 79). Diabetes prevalence refers to the percentage of
people ages 20-79 who have type 1 or type 2 diabetes

ALCHO | Total alcohol consumption per capita (litres of pure alcohol, projected estimates, 15+ years of age). Total
alcohol per capita consumption is defined as the total (sum of recorded and unrecorded alcohol)
amount of alcohol consumed per person (15 years of age or older) over a calendar year, in litres of pure
alcohol, adjusted for tourist consumption.

GNI GNI per capita is the gross national income, converted to U.S. dollars divided by the midyear population

LIEX | Life expectancy at birth indicates the number of years a newborn infant would live if prevailing patterns
of mortality at the time of its birth were to stay the same throughout its life.

OWEI | Prevalence of overweight percentage of adults. Prevalence of overweight adults is the percentage of
adults ages 18 and over whose Body Mass Index (BMI) is more than 25 kg/m?

POP | Total population is based on the de facto definition of population, which counts all residents regardless
of legal status or citizenship. The values shown are midyear estimates and expressed in millions

TOBEFE | Prevalence of current tobacco use percentage of female adults. The percentage of the population ages 15
years and over who currently use any tobacco product (smoked and/or smokeless tobacco) on a daily or
non-daily basis

TOBMA | Prevalence of current tobacco use percentage of male adults. The percentage of the population ages 15
years and over who currently use any tobacco product (smoked and/or smokeless tobacco) on a daily or
non-daily basis

TOBT | Prevalence of current tobacco use percentage of adults. The percentage of the population ages 15 years
and over who currently use any tobacco product (smoked and/or smokeless tobacco) on a daily or non-
daily basis

UNEM | Unemployment is the percentage of the total labour force (modelled ILO estimate). Unemployment
refers to the share of the labour force that is without work but available for and seeking employment.

https://doi.org/10.1371/journal.pone.0270476.t001
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Literature review

To facilitate the comparison between our results with the existing literature, we confined com-
parisons to the studies that have used similar risk factors of diabetes in their studies. The litera-
ture review sought to promote a comprehensive and interdisciplinary overview of published
research including public health studies, economic data, epidemiological analyses, and medical
literature.

Peer-reviewed journal articles, reviews, books, databases, government reports, and com-
pleted higher-degree research (HDR) theses and dissertations were included in the search cri-
teria while reference materials, magazines, newspaper articles, conference papers, and other
grey literature were excluded from the search criteria. Google Scholar, PubMed, and Scopus
databases were comprehensively searched using an array of relevant terminology including
diabetes; socioeconomic; BMI; tobacco; smoking; alcohol; determinants; correlates; risk; asso-
ciation; epidemiology; and etiology, in multiple permutations, and in combination with Bool-
ean operators. Search parameters were set from between the dates 01/01/2000 up to the date
01/08/2021 to ensure currency. In total, 51 articles including 43 peer-reviewed journal articles,
6 meta-analyses, 1 government report, and 1 database were selected for inclusion.

3. Results

Intercountry comparisons, showed that diabetes prevalence varied considerably in 2010 rang-
ing from 1.6% in Iceland to 18.7% in the United Arab Emirates [17] (Fig 1).

Summary statistics (mean, variance, and standardized third and fourth moments; skewness
and kurtosis statistics) were calculated for the variables included in various models and are
given in Table 2. Diabetes prevalence statistics showed a wide range, varying from a minimum
value of 0.03% to a maximum of 15.87%. Among the major explanatory variables, the over-
weight prevalence ranges from 16.5% in India to 75.7% in Tonga, and adult male tobacco prev-
alence ranges from 8.7% in Ghana to 78% in Timor-Leste. Skewness is a measure of the
asymmetry of the distribution of each data series. For a normal distribution, the skewness is
zero. According to Table 2 data, the skewness of the diabetes series is 0.18, so we can safely
assume a normal distribution in modeling diabetes prevalence in this data panel. In addition,
the kurtosis of the diabetes series is less than 3 (the kurtosis of the normal distribution is 3),
suggesting that the distribution of the diabetes series is flat relative to the normal distribution.
Among the other variables, the population variable seems to suffer from non-normality.

Preliminary analysis of the correlations between variables were assessed using a cross-corre-
lation matrix, (Fig 2 and Table 3). Weak positive correlations were observed between diabetes
prevalence and both overweight and life-expectancy variables. Weak negative association were
observed between diabetes prevalence and both alcohol consumption and tobacco use in the
female population. Strong positive association were observed between unemployment and
both the use of tobacco both within the male and female population.

Model 1: Unrestricted model
The relationship between global diabetes prevalence and the nine explanatory variables are
given in Eq (1).
DIAB, = , + ,ALCHO, + f,GNI, + f,LIEX, + ,OWEL + B.POP, + 8, TOBFE,
+ B, TOBMA, + B,TOBT,; + f,UNEM, + £,(1)

Adjusted R-squared and F-statistics values are given in Table 4. Three of nine variables
were statistically significant (o = 0.05) with diabetes prevalence, which were Log (ALCHO);
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Fig 1. Diabetes prevalence, 2010 (% of population ages 20 t079). The map was created with Mapchart.net.
https://doi.org/10.1371/journal.pone.0270476.9001

Log (GNI) and OWEI (Table 4). The coefficient of determination is 0.471, which suggests that
the selected variables explain > 47% of the variation in diabetes. However, the majority of
slope coefficients of the estimated model is not statistically significant at a 5% level of signifi-
cance, which raises the possibility of multicollinearity among the explanatory variables [18].

The least-squares estimation method assumes that all nine independent variables are not
linearly correlated. If they are correlated, individual coefficients show somewhat inflated joints
impacts rather than variable-specific impacts. The level of collinearity between explanatory
variables can be measured by looking at the Variance Inflation Factors (VIFs). A high VIF
indicates high collinearity. In general, VIF > 5 suggests that the concerned variable is linearly
correlated with the other independent variables. Calculated VIFs are shown in Table 5. All
tobacco prevalence variables, TOBT, TOBFE, and TOBMA have VIF values that far exceed
five (Table 5).

Collinear variables TOBT and TOBFE were excluded from subsequent estimations because
preliminary data analysis showed that female tobacco consumption compared to that of the

Table 2. Summary Statistics of the selected variables across 132 countries.

DIAB ALCHO GNI LIEX OWEI POP TOBFE TOBMA TOBT UNEM
Mean 6.49 6.70 14450 70.29 44.83 47.43 13.31 35.43 24.37 7.64
Median 6.68 5.85 4580 73.36 51.90 10.26 10.20 34.00 24.85 6.58
Max. 15.87 18.70 88490 82.84 75.70 1337.71 44.10 78.00 52.50 27.31
Min. 0.03 1.60 220 45.10 16.50 0.10 0.50 8.70 4.70 0.45
Std. Dev. 4.33 3.31 19427 9.31 16.37 14.05 10.70 13.88 10.22 5.64
Skewness 0.18 1.15 1.69 -0.69 -0.35 7.09 0.73 0.47 0.28 1.50
Kurtosis 1.86 4.49 5.21 2.55 1.67 53.01 2.62 3.11 2.63 5.40

https://doi.org/10.1371/journal.pone.0270476.t002
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Fig 2. Cross correlation values of socioeconomic and lifestyle variables, for 132 countries and territories, colour coded by the degree of
correlation (dark red coloured boxes represents strong positive correlation and dark blue coloured boxes represents strong anti-correlation).

https://doi.org/10.1371/journal.pone.0270476.9002

male is negligible in many countries. LIFEEX was also excluded from further models because
the coefficient of LIFEEX has a very small t-value compared to the other eight variables sug-
gesting that LIFEEX is not an important variable to explain the variation in diabetes prevalence
in these countries (Table 4). The general-to-specific approach also confirms that the exclusion
of LIFEEX has a negligible effect on the statistical properties of the model.

Model 2: Restricted model

Accordingly, a restricted version of Eq (1) containing six independent variables explaining the
diabetes prevalence among the selected countries was developed. The multivariate linear

PLOS ONE | https://doi.org/10.1371/journal.pone.0270476  July 28, 2022 7120


https://doi.org/10.1371/journal.pone.0270476.g002
https://doi.org/10.1371/journal.pone.0270476

PLOS ONE

Global lifestyle and socioeconomic determinants of diabetes

Table 3. Cross correlation matrix of socioeconomic and lifestyle variables, for 132 countries and territories.

DIAB ALCHO GNI LIEX OWEI POP TOBFE TOBMA UNEM

DIAB 1.00 -0.18 0.22 0.43 0.49 -0.02 -0.08 0.11 0.03
ALCHO -0.18 1.00 0.36 0.30 0.25 -0.01 0.49 0.00 0.26
GNI 0.22 0.36 1.00 0.65 0.44 -0.07 0.39 -0.13 0.12
LIEX 0.43 0.30 0.65 1.00 0.68 0.02 0.48 0.17 0.37
OWEI 0.49 0.25 0.44 0.68 1.00 -0.18 0.39 0.06 0.25
POP -0.02 -0.01 -0.07 0.02 -0.18 1.00 -0.04 0.15 0.08
TOBFE -0.08 0.49 0.39 0.48 0.39 -0.04 1.00 0.37 0.78
TOBMA 0.11 0.00 -0.13 0.17 0.06 0.15 0.37 1.00 0.87
UNEM 0.03 0.26 0.12 0.37 0.25 0.08 0.78 0.87 1.00

https://doi.org/10.1371/journal.pone.0270476.t003

regression estimation is given in Eq 2.

DIAB, = , + f,ALCO, + B,GNI, + B,UNEM, + 8,0WEIGHT, + f8.POP, + B, TOBT,
+£(2)

Eq (2) contains 3 lifestyle and 3 socioeconomic risk factors of diabetes prevalence. The
error term €; is assumed to have constant variance. A Breusch-Pegan-Godfrey test for hetero-
scedasticity was applied to Model 2. The Breusch-Pegan-Godfrey test convincingly rejects the
null hypothesis of homoscedasticity error in the regression. This result is not surprising due to
the large differences in socioeconomic factors among the countries in the sample.

As heteroscedasticity is present within the data, the estimated coefficients’ standard errors
of coefficients may not be valid. In order to correct for the heteroscedasticity, the original sam-
ple are separated into two groups, low volatility and high volatility countries. The primary pur-
pose was to solve the heteroscedasticity problem in the data set. It has been shown that
heteroscedasticity leads to incorrect standard errors in the estimated coefficients and incorrect
statistical inferences [18]. After a series of trial and error steps, the original data sample of 132
countries were separated into two main groups (low volatility and high volatility countries).
The separation was based on the magnitude of the errors from the entire sample. If the

Table 4. Model 1 regression results for unrestricted model.

Variable Coefficient Std. Error t-Statistic Prob.
C -4.7598 2.7588 -1.7253 0.0870
LOG(ALCHO) -0.6346 0.2100 -3.0217 0.0031*
LOG(GNI) 0.9089 0.2749 3.3058 0.0012*
LIEX 0.0182 0.0465 0.3904 0.6969
OWEIL 0.0699 0.0202 3.4602 0.0007**
LOG(POP) 0.0248 0.1253 0.1978 0.8435
TOBFE 3.1228 2.8301 1.1034 0.2720
TOBMA 3.2971 2.8270 1.1663 0.2458
TOBT -6.4958 5.6562 -1.1484 0.2530
UNEM -0.0420 0.0422 -0.9955 0.3215
R? adj 0.4713 F-statistic 13.9739
*P<0.05,
*P<0.01,
***P<0.001

https://doi.org/10.1371/journal.pone.0270476.t1004
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Table 5. Variance inflation factors calculated for nine model variables included in the unrestricted model.

Variable Coefficient Variance Centered VIF
LOG(ALCHO) 4.41E-02 1.33E+00
LOG(GNI) 7.56E-02 4.07E+00
LIEX 2.20E-03 4.25E+00
OWEI 4.00E-04 2.48E+00
LOG(POP) 1.57E-02 1.09E+00
TOBFE 8.01E+00 2.08E+04
TOBMA 7.99E+00 3.49E+04
TOBT 3.20E+01 7.57E+04
UNEM 1.80E-03 1.28E+00

https://doi.org/10.1371/journal.pone.0270476.t1005

absolute value of the prediction error is >2, then those counties are considered high volatility
countries. The validity of this grouping was tested through the application of the Breusch-
Pegan-Godfrey test for prediction errors coming from these two groups. The Breusch-Pegan-
Godfrey test showed no heteroscedasticity within the low and high volatility countries, con-
firming that the groupings are valid. Thus, the grouping is based on the magnitude of the esti-
mated error. If the absolute value of the error is <2 the country was assigned to the low
volatility group, and the rest of the countries are assigned to the high volatility group. 77 coun-
tries were assigned to the low volatility group and 55 countries were assigned to the high vola-
tility group. A separate regression equation is estimated for each group; Model 2A uses data
from the low volatility group, and Model 2B uses data from the high volatility group. Results
are shown in Tables 6 and 7, respectively.

Estimation results suggest that the specification used to explain diabetes prevalence is more
suited to low volatility countries but less suitable to the high volatility countries. To illustrate,
based on the adjusted R” value, about 75% of the variation in diabetes prevalence can be
explained for the low volatility group by using the six explanatory variables included in the
estimation. A high F-statistic value given in Table 6 further confirms the goodness of fit in
modelling diabetes prevalence in low volatility countries. On the other hand, the model specifi-
cation performs rather poorly for the high volatility group. Only about 17% of the variation in
diabetes prevalence can be explained with a small F-statistic value indicating that the model is
a considerably poor fit compared to that of the low volatility group. The statistical

Table 6. Model 2A results: Low volatility countries.

Variable
C
LOG(ALCHO)
LOG(GNI)
UNEM
OWEI
LOG(POP)
TOBMA
Adjusted R-squared

*P<0.05,
**P<0.01,
***P<0.001

https://doi.org/10.1371/journal.pone.0270476.t1006

Coefficient Std. Error t-Statistic Prob.
0.3984 1.5476 0.2574 0.7976
-0.8524 0.1643 -5.1878 0.0000***
0.9177 0.1409 6.5120 0.0000***
-0.0445 0.0219 -2.0285 0.0463*
0.0483 0.0128 3.7704 0.0003**
-0.1892 0.0913 -2.0708 0.0421*
0.0262 0.0104 2.5208 0.0140*
0.7537 F-statistic 39.7633
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Table 7. Model 2B results: High volatility countries.

Variable Coefficient Std. Error t-Statistic Prob.
C 3.4355 7.3837 0.4653 0.6438
LOG(ALCHO) -1.0743 0.4000 -2.6858 0.0099**
LOG(GNI) 0.1999 0.5015 0.3987 0.6919
UNEM -0.1993 0.1269 -1.5713 0.1227
OWEI 0.0733 0.0426 1.7192 0.0920
LOG(POP) 0.1668 0.2734 0.6102 0.5446
TOBMA -0.0293 0.0418 -0.7015 0.4864
Adjusted R-squared 0.1752 F-statistic 29119
*P<0.05,
**P<0.01,
**P<0.001

https://doi.org/10.1371/journal.pone.0270476.t007

insignificance of the majority of the independent variables further confirms the weakness of
the model specification. To illustrate, according to Model 2B results, five out of six indepen-
dent variables turn out to be statistically insignificant at the 5% level of significance. On the
other hand, all six variables are statistically significant in low volatility countries. As a result,
we focus on Model 2A results that we estimated from 77 low volatility countries and leave out
Model 2B results based on 55 high volatility countries in the subsequent analysis.

Spatial distribution of low volatility countries. The spatial distribution of the low and
high volatility countries are shown in blue and red respectively on the map below (Fig 3).

A number of high and upper middle income countries were excluded from the analysis due
to high heteroscedasticity including countries within Northern Europe; South West Asia;

[l Low volatility countries
(absolute value of standard

eror<2)

W High volatiity countries F
(absolute value of standard ~
error22)

Fig 3. Spatial distribution of low volatility countries, based on partitioning of absolute value of standard errors (if SE<2, low volatility country, if
SE>2, high volatility country). The map was created with Mapchart.net.

https://doi.org/10.1371/journal.pone.0270476.9003
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Northern Asia and South America. Most of the lower income and lower middle income coun-
tries were included apart from a few countries within Southern Asia and central Europe.

4. Discussion
Diabetes

Diabetes mellitus is broadly categorised into three types according to underlying etiology and
clinical presentation: type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus (T2DM), and
gestational diabetes mellitus (GDM) [19-21]. The pathophysiology of TIDM is predominantly
considered to be autoimmune destruction of pancreatic B-cells. This usually develops during
childhood and is considered rare among adults [19]. On the other hand, the pathophysiology
of T2DM is more complicated and involves impaired insulin secretion from pancreatic B-cells
as well as peripheral insulin resistance [20]. While T2DM is underpinned by a range of non-
modifiable risk factors such as age, ethnic background, and genetic predisposition, there are
several well-established modifiable driving forces such as low socioeconomic status (SES)
excess body mass, inadequate physical activity, tobacco smoking, and alcohol intake that have
been found to attenuate the risk of T2DM [6, 20]. The underlying pathophysiology of GDM is
similar to T2DM in terms of pancreatic B-cell inadequacy in conjunction with insulin resis-
tance, however in this situation, the insulin resistance is exacerbated by placental hormones
which block the action of insulin [22]. GDM is clinically defined as hyperglycaemia that first
develops or is diagnosed in late pregnancy [22]. In general, GDM disappears after the preg-
nancy as placental hormones return to baseline levels [22]. However, research has indicated
GDM to be a strong predictor of future T2DM onset for both the mother and the child [22].

Modifiable risk factors involved in the pathogenesis of T2DM are attractive targets for pub-
lic health interventions. Unfortunately, the nature of cross-sectional research and survey data
that has been used to investigate the associations of various risk factors with incident diabetes
have focused on the prevalence of diabetes regardless of the subtype [23, 24]. While this may
indeed be a limitation to the conclusions that are drawn from this research, prevalence data
from a recent US population-based study reported type 1 and 2 diabetes to consist of 5.6% and
91.2% of the total diabetes cases respectively [21]. Other studies investigating the global preva-
lence of diabetes subtypes have reported similar findings [1, 2]. Given the overwhelming domi-
nance of T2DM in the total cases of DM, it is unlikely that the inability to distinguish between
disease subtypes would impact the results to any significant degree. For the purposes of this
discussion, the terms diabetes, type 2 diabetes mellitus, and T2DM are used interchangeably
unless specified otherwise.

Socioeconomic status and diabetes

Our results show that as far as socioeconomic factors are concerned, the per capita income var-
iable is statistically significant and positively related to diabetes prevalence. Among all explana-
tory variables included in model 2A, the per capita income seems to exert the highest impact
on diabetes prevalence. For example, a 1-percent increase in per capita income would lead to a
0.92 percent increase in diabetes prevalence. The magnitude and the direction of the income
on diabetes prevalence are not surprising. The existing studies suggest that high-income coun-
tries tend to have higher levels of diabetes prevalence compared to poorer nations [2].

The other two socioeconomic factors (total population and unemployment) are also statisti-
cally significant but negatively correlate with diabetes prevalence. Patterning of socioeconomic
risk factors has been widely undertaken and reported in the literature. These studies have his-
torically used a diverse range of proxy measures to account for socioeconomic status (SES)
including education level, income, and occupation which have made comparisons between

PLOS ONE | https://doi.org/10.1371/journal.pone.0270476  July 28, 2022 11/20


https://doi.org/10.1371/journal.pone.0270476

PLOS ONE

Global lifestyle and socioeconomic determinants of diabetes

these studies difficult. In a community sample of 6147 diabetes-free adults in Alameda county,
each of these variables was taken as a proxy measure for SES and analyzed for an association
with downstream type 2 diabetes over a 34-year study period [14]. Although all three proxy
measures showed a positive association, low educational attainment was found to be the stron-
gest predictor of incident type 2 diabetes [14]. Interestingly, these associations were attenuated
by covariate adjustment for confounding variables; obesity and overweight BMI being the
strongest mediators of this association [14]. A similar study with two of the same measures of
SES (education level and occupation) along with poverty income ratio (PIR) as a third variable,
followed a cohort of 10849 adults who were free of diabetes for a mean follow-up time of 10
years [25]. Among both men and women, there was an inverse association of diabetes with
education level and PIR, however, occupational status was only inversely associated with dia-
betes prevalence in women [25]. Similar gender differences were also found in a Canadian
community study with females from a lower SES background (as measured by income level),
having a higher risk of developing T2D compared to men [26]. Reasons for these gender differ-
ences remain unclear although some evidence has found women of higher SES to be signifi-
cantly more active than those of lower SES [26]. This pattern was not seen in men which could
explain some of the variation [26]. These results are consistent with findings from a nationally
representative Korean population study which found lower educational attainment to be an
independent risk factor for T2D [27]. Moreover, individuals with the lowest income level were
more likely to have type 2 diabetes than those with the highest income level [27]. The impor-
tance of education levels as a risk factor for T2D is possibly explained by the fact that lower
educational attainment limits knowledge uptake across the life course and links unhealthy
behaviours with environmental exposures, accumulating downstream risk [27].

A major confounding variable when determining the association between SES and the dia-
betes prevalence of a population is the effect that regional deprivation may have [11]. Regional
deprivation is often used as a proxy for individual SES [11]. A German pooled analysis of five
population-based studies has demonstrated that the deprivation status of a place of residence
is independently associated with individual socio-economic factors such as education level
[11]. However, since regional deprivation is linked to area-level indicators such as employ-
ment, there is some overlap between measures of deprivation, and unemployment and income
level variables which are proxy measures of SES [11]. Consistent with previous research, survey
data from the Basque Country in Spain have shown the prevalence of type 2 diabetes to be
independently higher in patients of lower SES and in patients who have experienced a higher
level of regional deprivation [12].

Together these studies suggest that the inverse association between SES and diabetes that
has been widely reported in the literature is not merely a downstream function of diabetes, but
rather, reflects a distinct increase in the risk of developing diabetes in populations with a low
SES that is independent of the regional deprivation factor of a population [28]. Although SES
is not traditionally considered a modifiable risk factor, there is a substantial scope for public
health interventions to address underlying determinants of low SES such as barriers in access
to education, employment, and physical activity [29].

Our results show that the negative relationship between unemployment and diabetes preva-
lence is not inconsistent with the literature. Casual observation suggests that countries with
higher populations have a lower diabetes prevalence, but this needs further investigation. Our
results indicate that an increase in the unemployment rate decreases diabetes prevalence. This
may be due to an increasingly serviced or sedentary lifestyle (including watching TV; sitting at
work and other sitting; increased mechanization and driving) in the employed population
[30]. Secondly a reduction in unemployment (or an increase in average income) would result
in higher levels of spending on discretionary foods (high caloric with poor nutritional value),
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which may result in an increase in the prevalence of diabetes. Conversely an increase in unem-
ployment (or reduction in net income) may reduce the proportion of income spent on these
discretionary foods [31]. As far as the socioeconomic factors are concerned, there is no unani-
mous agreement on how they affect diabetes prevalence. However, the socioeconomic factors
might contribute to the development of type 2 diabetes through processes involving lack of
access to health care services, healthy foods, places to exercise, and occupational opportunities,
leading to unhealthy lifestyle practices, so that the impacts mostly could be indirect [32].

Body mass index and diabetes

Another commonly cited correlate of diabetes is body mass index (BMI) which is defined as
the ratio of weight (kg) divided by the square of height (m?). Several studies which have
assessed the relationship between socioeconomic factors and diabetes have consistently found
BMI to independently explain between 32% and 45% of this association [29, 33, 34]. This is
expected with the underlying pathophysiology of type 2 diabetes which has been linked to
overnutrition, but it may also be explained by lower levels of access to facilitators of physical
activity such as gyms, community parks, and recreational facilities [35].

Our results show that as anticipated overweight is a significant risk factor for diabetes. The
coefficient of overweight is significant at virtually any level of significance and positively
impacts diabetes prevalence. Specifically, results suggest that a 1-percent increase in over-
weight prevalence would lead to an average 0.05 percent increase in diabetes prevalence
assuming other factors remain fixed.

Furthermore, evidence has overwhelmingly shown increased diabetes incidence to be
strongly associated with higher body mass index (BMI) levels [8-10, 29, 33, 36, 37]. However,
the relationship between body mass and diabetes has been largely attributed to the proportion
and distribution of visceral (within the abdominal cavity) body fat [8, 10, 36-38]. There are
several limitations to using BMI as a health indicator. For instance, it does not account for
individual differences in body composition, racial and gender differences, or distinguish
between subcutaneous and more harmful visceral distributions of body fat. Nonetheless, BMI
maintains clinical utility as it is the most economical and practical approach to identify indi-
viduals who may be at an increased risk of metabolic complications [38, 39].

Existing research indicates that the association between BMI and diabetes has been found
to diminish substantially as BMI decreases towards a normal range (18.5-24.9 kg/m?). For this
reason, some previous studies have defined a novel measure for overweight which includes all
BMI levels greater or equal to the upper (25 kg/m?) bounds of the healthy BMI level for the
purpose of analysis [34]. However, this figure has been the subject of some debate since lower
BMI levels have been found to have better sensitivity and specificity for metabolic risk factors
in certain populations [38]. More recent evidence has suggested that the upper limit of normal
for the BMI of South Asian, Black, Chinese, and Arab populations should be reduced to
account for the higher relative proportion of visceral fat in these ethnic groups [7]. Current
policy recommendations encourage setting a threshold BMI of > 23 kg/m? to denote “over-
weight” in Chinese Asians [38]. Similarly, clinical diagnostic recommendations in India con-
sider a BMI of > 23 kg/m” as overweight [39]. It is commonly known that BMI alone is a poor
indicator of metabolic and cardiovascular risk stratification. It is recommended that the eth-
nicity-specific BMI classification is considered in combination with anthropometric measures
such as waist circumference and waist-to-hip ratio to increase predictive sensitivity and speci-
ficity for the downstream onset of diabetes [7, 39].

The Whitehall IT cohort study analysed a set of modifiable risk factors in London-based
civil servants including BMI, smoking, and alcohol in terms of their contribution to social
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inequalities seen in the incidence of type 2 diabetes [33]. BMI was found to be the most impor-
tant factor contributing to the onset of diabetes and independently explained up to 23% of the
inequalities contributing to type 2 diabetes [33]. When hyperlipidaemia and health behaviours
were considered along with BMI, up to 53% of the relationship was explained [33]. Similarly, a
hospital-based study from urban Ghana found diabetes to primarily affect low SES, high BMI
patients with central adiposity and accompanying hyperlipidaemia [9]. This is in contrast to
the findings of several Indian studies that report obesity (defined in India as BMI > 25 kg/m?)
and associated metabolic risk factors as more common in higher SES groups. This is notewor-
thy as it may indicate the early stages of epidemiological transition [40-42].

A three-tier staging system has been used to describe the epidemiological transition of pop-
ulations towards the stratification of obesity that exists in developed countries [42]. Stage 1 of
the epidemiological transition is defined by a higher prevalence of obesity in women than
men, and a greater prevalence in high SES than low SES populations. Stage 2 of transition sees
the narrowing of the disparities between genders and SES groups. The third and final stage of
the epidemiological transition occurs when lower SES groups overtake higher SES groups in
terms of the prevalence of obesity. Identification of countries in the early stages of the epidemi-
ological transition may allow policymakers to predict at-risk populations and intervene with
proactive solutions to attenuate the transition.

Racial differences within populations have also been identified in the association of BMI
with diabetes incidence [8]. An American cohort study investigated adults aged 40 to 79 from
12 southern American states to investigate the rates of incident diabetes in a racially diverse
population with a high prevalence of obesity. As expected, there was strong evidence to suggest
that elevated BMI was associated with higher frequencies of diabetes incidence in both black
and white racial groups. However, the incidence of diabetes was found to be twice as high
among the black population with normal BMI than in the corresponding white population [8].
Curiously, this difference was attenuated as the BMI increased into overweight and obese terri-
tories with the estimated five-year probability of developing diabetes estimated at 20% for both
groups when predicted at the morbidly obese level (BMI > 40 kg/ m?) [8]. Disparities in the
onset of diabetes have been proposed to arise primarily from differences in the environments
that African Americans and white populations may reside in; when these groups live in similar
risk environments, disparities in diabetes and wider health outcomes are ameliorated [43].
These findings encourage reductions in structural segregation and promote policy implemen-
tation that would prioritise the allocation of resources to lower SES areas.

Smoking and diabetes

There is an increasing pool of evidence suggesting a strong relationship between tobacco
smoking and incident diabetes [13, 44-46]. Our results show that tobacco consumption exerts
a positive and statistically significant impact on diabetes prevalence. For example, a 1-percent
increase in tobacco prevalence would increase diabetes prevalence by about 0.2 percent. Evi-
dence from the literature shows that the increased risk of incident diabetes exists not only for
active smoking but also for those who are exposed to smoking passively [46]. A community-
based cross-sectional study in Saudi Arabian adults found that this relationship exists only
with smoked and not smokeless tobacco products [47]. This is important to consider since
much of the available research does not specify the nature of the consumption of tobacco and
this may explain some conflicting findings.

Landmark data from the Insulin Resistance Atherosclerosis prospective cohort study deter-
mined the relationship between smoking categories (never, former, and current) and the inci-
dent 5-year type-2 diabetes onset in American adults who were free of diabetes at baseline
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[45]. After adjusting for external variables, never smokers were 2.6 times less likely to develop
incident diabetes than current smokers and 1.3 times less likely to develop incident diabetes
than former smokers [45]. Encouragingly, a similar study analysed data from the Women’s
Health Initiative observational and prospective cohort studies, found the risk of developing
incident diabetes decreased as the time since quitting increased and was no different to that of
never-smokers after a period of cessation of 10 years [44, 45]. Both studies found an indepen-
dent, inverse association between smoking and BMI which may attenuate some of the meta-
bolic risk [44, 45]. Due to the strong relationship between body mass and diabetes, it is likely
that residual confounding variation exists and so the true association of smoking with incident
diabetes may be even higher.

Curiously, several studies have reported a protective effect of smoking on incident diabetes
[15, 16]. A follow-up study of Japanese men aged 30-59 at baseline found a reduction in the
risk of incident diabetes in lean men [16]. Similarly, a prospective cohort study of Turkish
adults found women showed a lower risk of developing diabetes albeit without improvements
in mortality or overall health benefit [15]. This has been primarily explained by the associated
reduction in appetite and rise in metabolic rate seen among smokers [15, 16]. In conjunction
with this research, there is an increasing body of literature that suggests smoking cessation can
be accompanied by substantial weight gain which may increase the risk of diabetes [48, 49].
Significant weight gain of approximately 5kg, 10 years after quitting smoking, has been
reported in the literature compared to counterparts who continued to smoke [48]. Concer-
ningly, it is overweight smokers that tend to gain the most weight on cessation of smoking.
Overweight smokers that continue to smoke are likely to remain stable or lose weight. If weight
gain following smoking cessation were to lead to an increased risk of diabetes onset, this
would represent a significant challenge for upstream intervention since addressing one meta-
bolic risk factor may lead to an exacerbation of another. However, a nationally representative
cohort study of Australian adults examined this issue and found that despite the weight gain
associated with smoking cessation, people who quit smoking had a significantly lower risk of
death than those who continued to smoke [49]. Furthermore, neither the weight change nor
the resultant change in BMI was associated with an increase in incident diabetes. These find-
ings raise the attractiveness of smoking cessation interventions as a target to curb the down-
stream incidence of diabetes [49].

Alcohol intake and diabetes

The low volatility model from our analysis suggests that alcohol intake exerts a significantly
negative impact on diabetes prevalence (Model 2A, Table 6). Specifically, a 1-percent increase
in alcohol consumption decreases the diabetes prevalence by 0.85 percent. This is a counterin-
tuitive result, but this is not the first time a negative relationship is identified between alcohol
consumption and diabetes prevalence variables. Current evidence for the relationship between
alcohol consumption and incident diabetes is somewhat ambiguous and remains controversial
due to inconsistent results across studies [50]. A large proportion of the literature suggests that
a low to moderate alcohol intake is inversely related to diabetes onset [50-54]. Several studies
have found this relationship to be more pronounced in female populations [52, 55]. For exam-
ple, a multicentre prospective case-cohort performed with data across eight European coun-
tries found that among participants who consumed moderate levels of alcohol, only women
experienced a lower risk of type 2 diabetes [55]. However, a large meta-analysis of 20 cohort
studies concluded that moderate alcohol intake is protective in both men and women with the
optimal protective intake at 22g/day of alcohol in men and 24g/day alcohol for women [50].
High levels of alcohol intake beyond 50g/day for women and 60g/day in men achieved
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significance as a positive risk factor for incident diabetes and remained deleterious beyond this
point [50]. A 20-year follow-up of the Finnish Twin Cohort study reported similar findings
with moderate consumption of alcohol (5-29.9 g/day in men and 5-19.9 g/day in women)
associated with a reduced incidence of diabetes when compared to those with low consump-
tion (< 5g/ day) of alcohol [52].

The inverse relationship between alcohol consumption and diabetes was also found to be
more pronounced in overweight than in normal-weight populations [50, 54, 55]. The protec-
tive effect of alcohol consumption which is more visible in women and overweight subjects is
potentially explained by studies that have shown alcohol to be associated with enhanced insu-
lin sensitivity [56]. Women have a genetically greater proportion of fat mass compared to
men. It is plausible that the increased insulin sensitivity conferred by alcohol consumption
could offset adiposity-induced insulin resistance in both women and overweight populations
[56]. This explanation is supported by the findings of the Finnish Twin Cohort study which
reported that moderate alcohol consumption was associated with a 30-40% reduction in the
risk of T2D in overweight (BMI > 25kg/m”) men and women and no corresponding reduction
in risk in lean or normal weight (BMI < 25kg/m®) men who would not have high levels of adi-
posity-induced insulin resistance [52, 56].

In fact, existing studies suggest a U-shape impact of alcohol consumption on diabetes prev-
alence [50, 51, 55]. At moderate levels, alcohol consumption exerts a negative impact on diabe-
tes prevalence, but higher levels of alcohol consumption would lead to a higher level of
diabetes prevalence. A U-shaped relationship between alcohol consumption and type 2 diabe-
tes was confirmed by a meta-analysis of 20 cohort studies [32]. However, caution was given to
the interpretation of the U-shape association because the link is not as simple as it looks [32].
As the article states, “alcohol consumption was more strongly associated with reduced risk for
type 2 diabetes among overweight compared with normal-weight men and women.” It is pos-
sible that the association might be coming from the link between body fatness and alcohol rela-
tionship rather than directly from alcohol consumption. Although a lesser number of studies
have also suggested a J-shaped association (beneficial when consumed sparingly) relationship
between these variables [53]. In any case, this is important since traditional public health mes-
saging oriented around reduction, restriction, and limitation may be difficult to promote and
enforce in U and J-shaped associations, particularly when compared with determinants that
have linear relationships with health outcomes.

5. Strengths and limitations

To our knowledge, this is the first study that investigated relationships between the prevalence
of diabetes and lifestyle and socioeconomic risk factors globally. Although numerous studies
have attempted to uncover socioeconomic and lifestyle-based risk factors affecting the preva-
lence of diabetes, the majority of these have used survey-based, micro-level data from hospi-
tals, cities, or regions of a country [7-16]. As these previously published studies were not
approached from a global perspective, statistical inferences cannot be reliably generalized to
the rest of the world. Our study may inspire reflections from policy makers within govern-
ment, health services and economic industries at a global level.

There are some limitations associated with our study. First, the nature of cross-sectional
research and survey data that has been used to investigate the associations of various risk fac-
tors with incident diabetes have focused on the prevalence of diabetes regardless of the subtype
[23, 24]. While this may indeed be a limitation to the conclusions that are drawn from this
research. prevalence data from a recent US population-based study reported type 1 and 2 dia-
betes to consist of 5.6% and 91.2% of the total diabetes cases respectively [21]. Other studies
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investigating the global prevalence of diabetes subtypes have reported similar findings [1, 2].
Given the overwhelming dominance of T2DM in the total cases of DM, it is unlikely that the
inability to distinguish between disease subtypes would impact the results to any significant
degree. Secondly, the significant reduction in explanatory variables and countries / territories
due to data availability and high heteroscedasticity respectively means that statistically signifi-
cant determinants of global diabetes prevalence could have been omitted, due to the amount
of missing data. Thirdly, our study looks at associations but does not investigate causality in
the relationship between health and socioeconomic indicators and diabetes prevalence.
Fourth, country level data may conceal discrepancies between subnational entities in terms of
outcomes and predictors.

6. Conclusion

Statistically significant global socioeconomic determinants of diabetes include per capita
income, total population and unemployment rate. Statistically significant global lifestyle deter-
minants of diabetes include tobacco consumption; overweight prevalence and alcohol con-
sumption. Per capita income; tobacco consumption and overweight determinants increased
with diabetes prevalence, whereas unemployment; total population and alcohol consumption
decreased with diabetes prevalence. These observations suggest that there are modifiable risk
factors which are consistent at both the micro and macro-level (tobacco consumption and
overweight), for which global targeted interventions can be considered. There are determinant
such as total population and unemployment which cannot be easily modified and required fur-
ther investigation to reveal underlying factors associated with their outcomes. Finally, there
are risk factors such as alcohol consumption which have a non-linear association with diabetes
at the micro-level. This non-linear relationships warrants further research to determine global
cut-off points at which alcohol becomes less protective against diabetes. Although this research
is limited by missing data and heteroscedasticity, the use of cross-sectional based study for
country level aggregate data is a critical tool that should be considered when making global
joint strategies or policies against diabetes in both data analysis and decision making.
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