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ABSTRACT OF THE DISSERTATION
Racial and ethnic disparities of type 2 diabetes in the United States: examination through

social determinants of health, exercise, and visceral fat

by

Tong Xia
Doctor of Philosophy in Epidemiology
University of California, Los Angeles, 2024
Professor Liwei Chen, Co-Chair

Professor Roch Arnaud Kibsa Nianogo, Co-Chair

Diabetes is a prevalent chronic disease associated with elevated risks of cardiovascular disease
(CVD) and premature mortality. In 2021, 38.4 million individuals in the United States (US),
accounting for 11.6% of the population, had diabetes, with 95% of them having type 2 diabetes
(T2D). T2D is a multifaceted metabolic disorder characterized by both impaired insulin action
and secretion. Projections indicate that the number of people with T2D in the US will rise to 48
million by 2050. Meanwhile, racial disparities of T2D in the US have been well documented and
are persistent over time. National Diabetes Statistics Report indicated that, in 2017-2018, the
age-adjusted incidence of diagnosed T2D was highest among Hispanic (9.7 per 1000 persons),
followed by non-Hispanic Black (8.2 per 1000 persons), non-Hispanic Asian (7.4 per 1000

persons) and non-Hispanic White (5.0 per 1000 persons) populations. These groups also
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experience more severe complications and higher mortality rates related to T2D. Thus, it is
crucial to find determinants of T2D contributing to the racial disparities.

Various risk factors contribute to the development of T2D and many of them are
modifiable such as socioeconomic status (SES), behaviors (e.g., exercise), and obesity. Factors
SES such as education and income, which impacts downstream behaviors and obesity, may be
the upstream cause of developing T2D and its disparities among racial and ethnic groups.
Meanwhile, associations of personal and neighborhood SES with T2D are deeply intertwined. A
composite measurement encompassing personal and neighborhood, social and environmental
conditions, which is social determinants of health (SDOH), is essential for comprehensively
understanding how interconnected social conditions relate to T2D risk. Meanwhile, racial and
ethnic minorities may experience worse SDOH than Whites due to systemic racism. However, up
to now, no studies have yet examined the associations between SDOH integrating several
domains and T2D. In addition, it is well-known that exercise could reduce T2D risk. Obesity,
particularly the accumulation of visceral fat, has been hypothesized to be a primary risk factor
for T2D. Meanwhile, compared to Whites, some racial and ethnic minorities (e.g., Hispanics,
Blacks and Asians) have lower levels of exercise, and some minorities (e.g., Hispanics and South
Asians) have higher levels of visceral fat, which may explain the racial disparities in T2D.
Additionally, there are sex differences in visceral fat. Nonetheless, no studies have examined to
what extent the association of race and ethnicity with T2D is mediated by exercise, or visceral
fat. Thus, the dissertation investigated SDOH integrating several domains to determine
associations between comprehensively assessed social disadvantages and T2D as well as if the
associations varied by race and ethnicity (Objective 1). In addition, the dissertation examined

whether and to what extent the association of race and ethnicity with T2D can be explained by
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exercise (Objective 2), and examined to what extent the association of race and ethnicity with
T2D can be explained by visceral fat within sex subgroups (Objective 3).

To address these objectives, this dissertation used the data from the Multi-Ethnic Study of
Atherosclerosis (MESA), a prospective longitudinal cohort study including multiple racial and
ethnic groups. We assessed SDOH comprehensively from several domains and applied modern
casual mediation analysis to examine mediation effects of exercise and visceral fat. We found
that disadvantaged SDOH was associated with increased T2D risk in a dose-response manner in
all participants, and the associations existed in Whites and Hispanics when stratified by race and
ethnicity. In addition, exercise accounted for one-tenth of racial differences in T2D comparing
Hispanics or Chinese to Whites. Furthermore, visceral fat explained one-fifth of the racial
disparities in T2D comparing Hispanic females to White females. As T2D is largely preventable,
these findings highlight modifiable pathways that could inform future interventions for higher
T2D risks among racial and ethnic minorities and promoting health equity. Specifically,
prioritizing resources for populations with social disadvantages may reduce the T2D burdens,
particularly among at-risk Hispanics to decrease T2D disparities. Additionally, interventions on
increasing exercise are needed for each racial and ethnic group, and especially important among
Hispanics and Chinese to lower their higher T2D risks. Furthermore, understanding the role of
visceral fat in contributing to racial disparities in T2D among Hispanic females enhances our

comprehension of the biological factor at play.
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1. Chapter one: Introduction
1.1. Overview
Diabetes is a major chronic disease, affecting 38.4 million individuals in the United States (US)
in 2021. This disease heightens the risk of cardiovascular disease (CVD), kidney and nerve
disease, disability and impaired quality of life, and premature mortality'->. Projections indicate
that by 2050, one in three Americans will have diabetes, presenting substantial healthcare costs?.
In 2022, the national expenditure on diabetes treatment reached $412.9 billion*. In addition,
diabetes ranked as the eighth leading cause of death in the US in 2021%°. Among people having
diabetes, 95% have type 2 diabetes (T2D), which is characterized by insulin resistance and
impairment of B-cell function!?. Meanwhile, racial and ethnic disparities in T2D persist in the
US?. According to the National Diabetes Statistics Report in 2017-2018, the age-adjusted
incidence of diagnosed T2D was highest among Hispanic (9.7 per 1000 persons), followed by
non-Hispanic Black (8.2 per 1000 persons), non-Hispanic Asian (7.4 per 1000 persons) and non-
Hispanic White (5.0 per 1000 persons) populations'. Thus, identifying T2D risk factors
contributing to these disparities is crucial to promoting health equity.

Both non-modifiable (e.g., aging, genetics) and modifiable [e.g., socioeconomic status
(SES), psychological stress, behaviors and obesity (particularly visceral fat)] risk factors play
roles in the development of T2D!%1®, Our focus is on modifiable factors to provide implications
for interventions on the elevated risk of T2D among racial and ethnic minorities. Systemic
racism is a fundamental cause of racial health disparities in T2D, perpetuating discrimination and
influencing policymaking'®!7?!, Interlinked and mutually reinforcing, systemic racism and

public policy significantly lead to minorities' undesired neighborhood environments, social



factors, and SES (e.g., neighborhood and physical environment influenced by racial residential
segregation)!'3!721,

The comprehensive experience of societal disadvantage, stemming from structural or
systems-level root inequities, may be one important contributor of racial disparities in T2D!3-2122,
Previous studies that assessed personal SES?*~?7 and neighborhood environmental and social

factors283!

with T2D separately failed to capture the cumulative social disadvantages individuals
experienced comprehensively, as these personal SES and neighborhood factors are likely
intertwined!>??. Thus, a composite measure encompassing personal, neighborhood, social, and
environmental conditions, collectively referred to as social determinants of health (SDOH)'3%2, is
essential for a thorough understanding of how interconnected social conditions relate to T2D
risk. Although no studies have examined the relationship between SDOH and T2D, research
assessing CVD risk through a composite of SDOH factors found it provide a more
comprehensive understanding than evaluating SDOH elements individually and exposure to a
higher SDOH score was associated with elevated CVD risk??33, These studies support examining
SDOH in relation to T2D to incorporate SDOH into a T2D prevention framework, thereby

identifying people facing unfavorable social and environmental conditions for interventions.

Thus, we aimed to examine associations of the SDOH, a comprehensive measurement of social

profile, with T2D in the US. Given that racial and ethnic minorities may experience higher

undesired SDOH!322:34.35 and have higher T2D risk!'%7, we also examined if the above

associations varied by racial and ethnic groups (Objective 1), providing insights for prioritizing

resources to vulnerable groups to enhance health equity.

Persons subjected to higher levels of undesired SDOH are likely to perceive higher stress

levels®:37, Psychological stress may elevate the risk of T2D through the promotion of unhealthy



behaviors (e.g., increased smoking, poor diet, reduced exercise), as well as through impacts on
obesity and fat distribution!>16:38 Meanwhile, racial and ethnic minorities, who are often
exposed to more stressors (e.g., higher levels of disadvantaged SDOH), tend to experience higher
psychological stress compared to White population3®-4°, Thus, psychological stress may be a
contributing factor to the increased risk of T2D among minorities. Whereas, modifiable lifestyles
(e.g., diet and exercise) are more well-recognized and important risk factors for T2D.

Personas facing more challenging SDOH and elevated stress levels are prone to adopting
more undesired behaviors. Unhealthy lifestyles, such as smoking*6-4° and poor diet® 3, are risk
factors for T2D through their impact on obesity and fat distribution. Meanwhile, racial and ethnic
minorities (e.g., Native Americans and Blacks) may have a higher prevalence of smoking®*%® and
poorer dietary quality®®-%° compared to Whites. Thus, smoking and diet are considered as
mediators for racial and ethnic differences in T2D, however, even after controlling for smoking
and diet, the racial disparities still existed®®.

In addition to smoking and diet, exercise is a recognized modifiable factor for
reducingT2D risk®1:62, by decreasing obesity and promoting favorable fat distribution.
Meanwhile, previous studies showed that minorities tended to engage in less exercise than
Whites®3-57, Thus, exercise may explain the racial and ethnic difference in T2D. However, up to
now, most studies relied on qualitative assessments without quantifying the mediation effect of
exercise3+3568.69 or adjusted for multiple mediators (e.g., alcohol intake, smoking, and exercise)

simultaneously, which obscuring the mediation contribution of exercise3%4, Thus, we aimed to

examine whether exercise is a potential mediator of racial and ethnic (Hispanic, Black, Asian vs.

White) differences in T2D and to guantify the extent to which these disparities are mediated by




exercise, using a multi-racial and ethnic cohort study with longitudinal measures of exercise in

the US (Obijective 2).

Personas with more adverse SDOH, greater stress, and unhealthy behaviors are likely to
exhibit higher obesity and altered fat distribution. Obesity, particularly the accumulation of
visceral fat (i.e., fat located around the vital organs), has been hypothesized as the most critical
risk factor for T2D!"7%7! which may be due to high lipolysis rate of visceral fat increasing the
flux of free fatty acid (FFA) to the liver by the portal circulation’? and visceral fat is more
metabolically active, with adipocytes releasing adipocytokines’3~7° that link visceral fat to insulin
resistance, leading to the development of T2D. Meanwhile, previous studies found that some
racial and ethnic minorities (e.g., Hispanics’®7° and South Asians®"3!) have higher levels of
visceral fat than White individuals. However, no studies have examined to what degree racial
differences in T2D are explained by visceral fat. In addition, there are sex differences in visceral

fat®>-8* and there may be sex and race interactions in visceral fat’>-3-%7. Therefore, we aimed to

examine whether and to which degree the association of race and ethnicity (Hispanic, Black,

Asian vs. White) with T2D can be explained by visceral fat within sex subgroups, using data

from a cohort study including multiple racial and ethnic groups (Objective 3).

In summary, racial disparities in T2D represent a significant public health issue in the US
and understanding the determinants of these disparities is crucial. Although studies indicated
personal and neighborhood SES associated with T2D, no studies examined the comprehensive
SDOH with T2D, so it is important to investigate the relationship between SDOH and T2D to
provide insights for incorporating SDOH into T2D screening, thereby prioritizing resources for
vulnerable groups affected by social disadvantages. Additionally, the mediation effects of

exercise and visceral fat on racial disparities in T2D have not been quantified. It is critical to



understand to which degree the association of race and ethnicity with T2D can be explained by
exercise and visceral fat. This knowledge can inform interventions targeting exercise and
improve understanding of the biological factor, visceral fat, in contributing to racial disparities in
T2D.
1.2. Conceptual framework

We illustrated the conceptual framework for determinants of racial and ethnic disparities
of T2D in Figure 1.1, adapted from the proximal-distal framework®>-%8-%°, The framework
outlines multiple pathways between race and ethnicity and T2D. Systemic racism is a
fundamental cause of racial health disparities in T2D, which may influence policymaking. In
addition, systemic racism and public policy interlink and mutually reinforce, leading to
minorities' disadvantaged SDOH 312!, The associations between SDOH and T2D need to be
examined. Psychological factors, behavioral factors (e.g., exercise), obesity and fat distribution
(e.g., visceral fat) are associated with development of T2D. Meanwhile, there are also racial
differences in these risk factors, which may contribute to the racial disparities of T2D. This
dissertation aimed to examine associations between SDOH and T2D and whether the
associations varied across race and ethnicity subgroups (Objective 1), as well as whether and to
what degree the association of race and ethnicity with T2D was mediated by exercise (Objective

2), and visceral fat (Objective 3).
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Figure 1.1. Conceptual framework for determinants of racial and ethnic disparities in type 2
diabetes




2. Chapter two: Literature review and research gaps

2.1. Epidemiology of type 2 diabetes

2.1.1. Prevalence, incidence, and trends

Diabetes is a prevalent chronic disease that imposes significant burdens and challenges on
patients and healthcare systems'-2. It is associated with an elevated risk of CVD and premature
mortality!-2. According to the Center for Disease Control and Prevention (CDC), there has been a
long-term trend of increased age-adjusted diabetes prevalence, rising from 10.3% to 13.2%
between 2001 and 2020°'. In the US, 38.4 million people (11.6% of the Americans) were living
with diabetes in 2021, with 1.2 million new cases diagnosed each year'-2. The age-adjusted
incidence of diabetes increased from 6.5 to 8.5 cases per 1,000 adults from 2000 to 2009,
followed by a decline to 5.3 cases per 1,000 adults from 2009 to 2021, and a slight increase to
6.4 cases per 1,000 adults from 2021 to 2022°2. The decline in incidence of diabetes has
previously been reported®® and may reflect prevention of diabetes efforts. Moreover, diabetes
ranked as the eighth leading cause of death in the US in 2021, with annual deaths expected to
rise from 146,604 to 385,800 between 2015 and 2030%°. In 2022, the total cost of diagnosed
diabetes in the US was $412.9 billion, representing a 26.3% increase since 20172, T2D accounts
for about 95% of all diabetes cases®. In addition, the case number of T2D is rapidly increasing,
with projections indicating that the number of cases will rise to 48 million by 2050%,
Furthermore, persistent racial disparities in T2D have long been recognized in the US'7.

2.1.2. Racial and ethnic disparities of type 2 diabetes in the United States

Persistent racial and ethnic disparities in T2D are a significant public health concern in the US.
Minority groups, such as Hispanics, Blacks, and Asians, exhibit a higher risk and prevalence of

T2D compared to Whites'$192%_ For instance, CDC reported in 2022 that the age-adjusted



incidence rate of diagnosed T2D was the highest among Blacks (10.1 per 1,000 persons),
followed by Hispanics (9.0 per 1,000 persons), Asians (8.4 per 1,000 persons) and Whites (5.2
per 1,000 persons)®?. Data from the National Health and Nutrition Examination Survey
(NHANES) for the years 2017-2020 revealed that the age- adjusted prevalence of diabetes was
17.6%, 16.8%, 16.4%, and 11.2% among Hispanics, Blacks, Asians, and Whites, respectively®!.
Based on the evidence presented, identifying the determinants of T2D that contribute to
racial and ethnic disparities is essential. The next section reviewed the risk factors for T2D and
the underlying causes of these disparities in the US.
2.1.3. Risk factors for type 2 diabetes and their roles in disparities
The development of T2D is influenced by both non-modifiable factors (e.g., age, genetics) and
modifiable factors [e.g., SES, psychological stress, behaviors, obesity, and fat distribution
(particularly visceral fat)]'*-'6. Differences in some modifiable risk factors among racial groups

34,35,56,63,64.68.96-99 Therefore, this section mainly focus on

may explain the disparities in T2D?>
modifiable factors to give information for interventions on the excess risk of T2D among racial

and ethnic minorities.

Non-modifiable factors, aging and genetics

Aging is a recognized risk factor for T2D%%1%, with older adults (aged 65 and older) exhibiting a
higher prevalence of T2D compared to younger individuals'>!°!, However, there are no racial
differences in aging, and racial disparities in T2D persist even after controlling for age!-836:63,
For instance, research involving postmenopausal women from the Women’s Health Initiative
(WHI) in the US revealed that, after adjusting for age, Blacks (HR: 2.40, 95% CI: 2.30-2.52),

Hispanics (HR: 2.19, 95% CI: 2.05-2.35) and Asians (HR: 1.44, 95% CI: 1.30-1.59) still



exhibited higher risks of T2D compared to Whites>¢. Thus, aging is not considered as a
contributor to racial difference in T2D.

Genetics play a role in T2D development, as demonstrated by numerous genome-wide
association studies (GWAS)!%2-105 However, common genes related to T2D are similar across
racial and ethnic groups®*3>102.106-109 " For example, large GWAS studies identified T2D-
associated genes (e.g., PPARG, CDKN2B, TCF7L2, KCNJ11, CDC123, THADA, IGF2BP2,
CDKALI1, SLC30A8) in Whites that are also relevant for Hispanics, Blacks, and Asians!96:197,

Beyond non-modifiable factors, several modifiable risk factors for T2D warrant attention,
which were illustrated as follows. Understanding these factors may give implications for
interventions on the excess T2D risk observed in racial and ethnic minority groups.

The historical context of slavery, colonization, and genocide in the United States has led
to the establishment of social, political, and economic systems that systematically afford
advantages to white Americans while excluding other racial groups, exemplifying systemic
racism'’2%, Recent research suggests that systemic racism is a fundamental cause of racial health
disparities'*!72!. Deeply embedded within systems, laws, and established cultural beliefs,
values, and attitudes, systemic racism perpetuates discrimination throughout society, influencing
policymaking (e.g., voting rights, education systems, housing policy, land ownership, labor
protections, political representation). Moreover, systemic racism and public policy are
interlinked and mutually reinforcing, significantly leading to minorities' undesired neighborhood
environments, social factors, and SES'317-21,
2.1.3.1. Social determinants of health

Social determinants of health as a contributor for racial disparities in T2D




Previous studies have found personal SES (e.g., education and income)?*~?7 and neighborhood
environmental and social factors (e.g., such as the availability of exercise resources, educational
level of neighborhood adults, and housing status)?®-3! were risk factors for T2D. In addition,
research showed positive associations between neighborhood SES and T2D diminished after
further controlling for personal SES3%3! suggesting an interconnection between personal and
neighborhood SES in relation to T2D risk!*?2. So, only investigating these factors separately
may fail to capture their cumulative or interactive effects, thus not reflecting the full scope of
societal disadvantage. Therefore, a composite measurement including personal, neighborhood,
social and environmental conditions, which is SDOH'3??, is essential for a comprehensive
understanding of how these interconnected social conditions influence T2D risk. The World
Health Organization (WHO) defines SDOH as the conditions in which people live, work, and
play, and the broader social structures and economic systems that shape these conditions of daily
living!10.

To date, no studies have examined the associations between a comprehensive SDOH
measure integrating several domains and T2D. Two studies—one cross sectional study using
NHANES data among 10,276 US participants?’ and one cohort study involving 3,467
participants in Finland®'—reported positive associations between cumulative personal
sociodemographic variables?” or cumulative neighborhood factors®! and T2D. These studies did
not, however, assess the combined influence of personal and neighborhood factors?”3!. While
comprehensive SDOH measures have not been specifically examined in relation to T2D,
previous research has found positive associations between SDOH and both obesity and
CVD?32331LI2 wyith higher SDOH scores linked to increased CVD risk3?*3. Building on this

body of work, we prospectively examined SDOH integrating several domains with T2D. Given
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that racial and ethnic minorities often experience more adverse SDOH !3223%35 and higher T2D
risk'%7, we also examined if the above associations varied across racial and ethnic groups
(Objective 1). This would provide insights for incorporating SDOH into T2D prevention
frameworks, targeting individuals in adverse social and environmental conditions with effective
interventions.

Stress as a contributor for racial disparities in T2D

Individuals with higher adverse SDOH are likely to experience increased stress levels®%:37.
Psychological stress has been identified as a risk factor for T2D*16:3, For instance, a review of
longitudinal studies found a positive association between physiological stressors (e.g., stressful
work or life events) and the risk of developing T2D. Meanwhile, racial and ethnic minorities,
who are often exposed to more stressors (e.g., higher level of disadvantaged SDOH), report
greater psychological stress than White population3®-45, For instance, one cross-sectional
Chicago Community Adult Health Study (CCAHS) involving 3,105 adults found Blacks (7%)
reported higher percentages of received high level of stressors than Whites (3%)*C. The other
cross-sectional study among 3,015 middle-aged women from the Study of Women’s Health
Across the Nation (SWAN) in the US found that the prevalence of very high perceived stress
was higher among Hispanics (43.8%) compared to Whites (15.8%)%. Thus, psychological stress
may be a potential contributor for minorities’ higher risk of T2D. Although no studies examined
stress as a mediator for racial differences in T2D, research found that stress partially explained
racial differences in poor self-rated health*°. For instance, the association between race and
ethnicity (Black vs. White) and poor self-rated health decreased but persisted after adjusting for

stress [estimate (SE): 0.13 (0.05)]%°, based on a model that also accounted for age, gender,
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language, education, and income. Nevertheless, modifiable lifestyles, such as smoking, diet, and
exercise, remain more well-known and significant risk factors for T2D.

2.1.3.2. Lifestyles and exercise

Undesired lifestyles (e.g., smoking, unhealthy diet, and lack of exercise), contribute significantly
to the development of T2D3#46-49,108

Smoking as a contributor for racial disparities in T2D

Smoking is as an independent risk factor for T2D*#°, A meta-analysis of 88 cohort studies
involving 5,898,795 participants revealed that current smokers have a 37% higher risk of T2D
compared to non-smokers, with a dose-response relationship observed between light, moderate,
and heavy smoking and T2D*. Evidence from a Mendelian randomization study among 898,130
participants also indicated a causal relation between smoking and T2D*. Meanwhile, some racial
and ethnic minorities, such as Blacks and Native Americans, have a higher prevalence of
smoking compared to Whites**3. Consequently, smoking may explain racial and ethnic
minorities” higher T2D risk. However, smoking does not fully account for the disparities; racial
differences in T2D persist even after controlling for smoking, suggesting that while smoking
contributes to the disparities, it does not entirely eliminate them>®.

Diet as a contributor for racial disparities in T2D

Dietary intake plays a crucial role in influencing the risk of T2D. Various randomized controlled
trials (RCTs) and cohort studies have demonstrated that adherence to healthy dietary patterns,
such as the Mediterranean diet and Dietary Approaches to Stop Hypertension (DASH), as well as
a high Alternative Healthy Eating Index (AHEI) score, can significantly reduce the risk of
T2D°%33. Additionally, increased consumption of healthy foods like vegetables, fruits, whole

grains, and fiber, coupled with reduced intake of processed red meat and sugar-sweetened
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beverages, is associated with a lower risk of T2D!'3-!15, Moreover, racial and ethnic minorities,

such as Hispanics and Blacks, often exhibit lower adherence to these healthy dietary patterns,
score lower on diet quality, and consume more carbohydrates and saturated fats compared to
Whites6-%°, Thus, this dietary behavior may contribute to the higher risk of T2D observed
among minority groups. Despite the importance of diet, it does not fully explain the disparities in
T2D risk. Even after adjusting for dietary factors, racial disparities in T2D persist, though they
are somewhat reduced”®®3. For instance, a cohort study in the US found that although Hispanics
(32.92) and Blacks (33.19) had lower dietary quality score than Whites (36.94), racial differences
in T2D persisted even after accounting for diet and diet explained 7% of racial differences
(Hispanic vs. White; Black vs. White) in T2D?,

Exercise as a contributor for racial disparities in T2D

In addition to smoking and diet, exercise is a well-recognized modifiable factor for T2D%!62,
Evidence from RCT®!%? and a meta-analysis of cohort studies!! has indicated the protective
effect of exercise against T2D. Meanwhile, previous studies showed that minorities tended to

engage in less exercise compared to Whites®¢7

. For example, a cohort study among 78,419
women aged 30-55 years from the Nurses’ Health Study (NHS) in the US found that Asians
(3.4) and Blacks (3.4) had lower moderate/vigorous exercise (hours/week) than Whites (4.0)%3.
Exercise may thus contribute to explaining the racial and ethnic differences in T2D risk.
Nevertheless, most studies to date relied on qualitative assessments without quantifying
the mediation effect of exercise**3368%  or adjusted for multiple mediators (e.g., alcohol intake,
smoking, and exercise) simultaneously, which obscures the specific mediation contribution of

exercise®>%4, For instance, in one cohort study using NHS data among 78,419 women aged 30—

55 years, further adjustment for exercise, family history of diabetes, smoking and alcohol
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drinking based on the age- and body mass index-controlled model revealed that the T2D risk for
Hispanics and Asians decreased compared to Whites®®. In the other cohort study using
Atherosclerosis Risk in Communities Study data among 12,107 participants aged 45—64 years,
further adjusting or exercise, smoking, alcohol drinking, and dietary energy based on the age-
and family history- adjusted model reduced the T2D risk for Blacks compared to Whites®*.
However, because exercise and other factors were adjusted simultaneously in these studies, it
remains unclear whether the reduced T2D risk was due to exercise or other factors®>%4. Only one
cohort study did examine combined exercise and household activities as the mediator for racial
disparities in T2D among postmenopausal US women in the WHI Study>°. This study found that
Blacks and Hispanics had lower combined exercise and household activities than Whites, which
explained approximately 6% of the racial differences in T2D for Blacks and Hispanics compared
to Whites®6. However, limitations of this study included focusing only on postmenopausal
women, using combined exercise and household activities, and only assessing these activities at
baseline which may have changed during follow-up>®. Consequently, it remained unclear
whether exercise played a mediating role in the racial and ethnic difference in T2D among men
or younger women and whether the decreased risk of T2D was attributable solely to exercise.
Therefore, we aimed to examine whether habitual exercise is a potential mediator of racial and
ethnic differences (Hispanic, Black, Asian vs. White) in T2D and to what extent the disparities
are mediated by exercise, using a cohort study with longitudinal measures of exercise including
multiple racial and ethnic groups in the US (Objective 2).

2.1.3.3. Body fat and fat distribution

Obesity as a contributor for racial disparities in T2D
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Evidence has shown that obesity is an important risk factor for T2D!%!L1718 The body
mass index (BMI) is commonly used to assess obesity, with T2D risk escalating substantially at
BMI above 30 kg/m? 1012117119120 The incidence of T2D can triple for individuals with BMI
between 25 and 30 kg/m?, and increase tenfold when BMI exceeds 30 kg/m?!'?!. Meanwhile,
some racial and ethnic groups, such as Hispanics and Blacks, had higher percentage of being
obese than Whites”%63:122 For instance, data from NHANES 2011-2016 showed that Hispanics
and Blacks had higher percentages of individuals with BMI ranges of 30-34.9 kg/m? (26.1%,
22.4% vs. 21.4%) and >35 kg/m? (17.7%, 23.6% vs.16.5%) compared to Whites, respectively’.
Thus, BMI may explain racial and ethnic differences in T2D. However, these disparities persist
even after adjusting for BM17-36:63.122_ For example, a cohort study among postmenopausal
women in the US found that after adjusting for BMI, Hispanics still had a higher risk of T2D,
with BMI accounting for about 10% of the racial and ethnic differences (Hispanic vs. White)°.
Furthermore, BMI has its limitations; it does not distinguish between muscle mass and fat mass,
which is critical since muscle and fat have different metabolic properties and contribute
differently to the risk of developing T2D!23,

Studies have indicated that body fat is more closely correlated with T2D than BMI!23:124,
For example, one cohort study using data from Health Professionals Follow-up Study and the
NHS in the US found that the association between predicted fat mass quintiles and T2D (HR:
1.00, 1.96, 2.96, 3.90, and 8.38 for men and 1.00, 2.20, 3.50, 5.73, and 12.1 for women) was
higher than the association between BMI quintiles and T2D (1.00, 1.69, 2.45, 3.54, and 6.94 for
men and 1.00, 1.76, 2.86, 4.88, and 9.88 for women)'?*. This finding suggested fat mass may
better capture the risk of T2D than BMI. Meanwhile, some racial and ethnic groups (e.g.,

Hispanics) had higher fat mass or fat mass percentage than Whites”!25, Thus, fat mass may
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explain racial differences in T2D. Whereas, fat mass does not account for fat distribution.
Meanwhile, there are different physiological effects of these fat depots on the body's metabolism
and therefore contribute differently to the risk of developing T2D.

Visceral fat as a contributor for racial disparities in T2D

Recent evidence has suggested that fat distribution, particularly central obesity, is a more critical
factor in T2D risk due to its impact on insulin resistance'7%7!. Abdominal fat is classified into
subcutaneous fat and visceral fat'?%!27 with visceral fat—situated around vital organs—being
more pathogenic and closely associated with T2D than subcutaneous fat'?%-13!, The higher
lipolysis rate of visceral fat increases the flux of free fatty acids (FFA) to the liver through the
portal circulation’?, and visceral fat is more metabolically active, releasing adipocytokines’7
that contribute to insulin resistance and T2D development. Mendelian randomization analysis in
the United Kingdom (UK) showed the positive association between visceral fat and T2D,
implying a causal effect of visceral fat on T2D'32. Several cohort studies in the US also found
positive associations between visceral fat and T2D!3371%7, Previous studies have suggested that

some racial and ethnic groups, such as Hispanics’®7 and South Asians®%8!

, may have higher
levels of visceral fat compared to Whites.

However, few studies have examined to what extent visceral fat explains racial
disparities in T2D. One cohort study in the US examined waist circumstance as a mediator for
racial and ethnic differences in T2D>°. It found that Blacks (58.78%) had higher percentages of
high waist circumstance (= 88 cm) than Whites (39.96%), explaining 19% of the racial
differences (Blacks vs. Whites) in T2D*6. However, waist circumstance could not distinguish

between visceral and subcutaneous fat, which may limit its accuracy in estimating visceral fat”.

Thus, it was unclear to which degree the mediation proportion was attributed to visceral fat.
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Moreover, there are sex differences in visceral fat®>-** and potential sex and race interactions in
visceral fat distribution”3-%7. Our study aimed to examine whether and to what degree the
association between race and ethnicity and T2D can be explained by visceral fat in sex subgroups
using data from a cohort study that included multiple racial and ethnic groups in objective 3.

In summary, the modifiable risk factors such as SDOH, psychological stress, lifestyles,
body fat, and visceral adiposity play significant roles in the development and progression of T2D
and may explain the higher risk of T2D among racial and ethnic minorities. However, the
presence of these risk factors alone does not fully explain the intricacies of T2D development
and the pronounced disparities among racial groups. The transition from a state of health to T2D
involves complex interactions at the molecular levels, influenced by risk factors. To understand
the full scope of how these risk factors contribute to the pathogenesis of T2D and the disparities
seen across different racial and ethnic groups, a thorough examination of the underlying
pathophysiology is essential. The next section, therefore, explored the etiology and
pathophysiology of T2D, focusing on the intricate biological processes that the risk factors may
influence racial disparities in T2D.

2.2. Etiology and pathophysiology of type 2 diabetes

The etiology of T2D encompasses a broad spectrum of genetic and environmental factors, each
contributing to the disease's pathogenesis in unique ways. Building upon the factors we focused
on in the previous section, we now turn our attention to the biological mechanisms that lead to
T2D.

T2D is a multifaceted metabolic disorder characterized by impaired insulin action and
secretion!®!.117 The pathophysiology of T2D primarily involves insulin resistance (i.e., reduced

insulin-mediated glucose-update by tissues) in skeletal muscle, adipose tissue, and liver,
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followed by a decrease in compensatory pancreatic B-cell response, ultimately leading to
hyperglycemia and T2D!%!1-117 Two major physiological abnormalities contribute to insulin
resistance: 1) peripheral insulin resistance in muscle and adipose tissue, marked by increased
adipose tissue lipolysis and reduced glucose uptake by these tissues and 2) hepatic insulin
resistance, characterized by excessive hepatic glucose production during fasting!%!":1'7. The
primary function of B-cells is to secrete insulin. When B-cell dysfunction occurs, insulin
secretion is impaired!®!-117,

Initially, insulin resistance is countered by increased insulin secretion, but over time, 3-
cells deteriorate, reducing insulin secretion and resulting in hyperglycemia'®!"-!'7 Elevated
plasma glucose concentrations further impair insulin target tissues, exacerbating insulin
resistance and diminishing B-cell function, creating a vicious cycle that worsens
hyperglycemia!®!:!17 T2D is diagnosed when the pancreas can no longer compensate for insulin
resistance in insulin-sensitive tissues by increasing insulin secretion!%-!1117,

Previous studies have indicated that, compared to Whites, Hispanics exhibit higher
hepatic and peripheral insulin resistance!3%!3°. This dual resistance means that both the liver and
peripheral tissues are less responsive to insulin, leading to increased glucose production and
impaired glucose uptake, resulting in significant metabolic dysregulation'*%13, Additionally,
Hispanics show higher insulin secretion as a compensatory response to insulin
resistance!3%:140:141 Degpite this mechanism, the increased insulin demand may eventually
exhausts B-cells, leading to B-cell dysfunction and T2D development!'314%-14!1 Blacks show
higher peripheral insulin resistance, leading to impaired glucose uptake, but similar hepatic
insulin resistance'4~'% compared to Whites. They also exhibit higher insulin secretion!46-143,

However, this hyperinsulinemia may not be sufficient to overcome the significant peripheral
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resistance, ultimately leading to B-cell failure and the onset of T2D. Asians present both higher
hepatic and peripheral insulin resistance!#%!%° along with lower B-cell function!'4®14%-151-154 ' The
reduced B-cell function means their pancreatic cells are less capable of producing adequate
insulin in response to blood glucose levels. This combination of high insulin resistance and poor
B-cell function significantly increases the risk of T2D in Asian populations. Furthermore, the
extent of insulin resistance varies among Asian subgroups!4%15%155_ For instance, Chinese
individuals exhibit higher hepatic insulin resistance and similar peripheral insulin resistance
compared to Whites, leading to increased glucose production by the liver and elevated fasting
glucose levels. South Asians display higher hepatic and peripheral insulin resistance compared to
Whites, making them highly susceptible to T2D due to compounded insulin resistance in both
the liver and peripheral tissues'#*13%155, These pathophysiological differences among racial and
ethnic groups highlight the need to investigate specific determinants of T2D that explain the
variations in insulin resistance and B-cell function across these populations.

T2D is a complex and multifactorial disease influenced by a myriad of genetic,
environmental, and behavioral factors. Among these, we focus on SDOH, exercise, and visceral
fat in the dissertation, especially in the context of racial and ethnic disparities. Here, we explore
how these elements contribute to the etiology and pathophysiology of T2D, with a focus on their
interplay and implications for different racial and ethnic groups.

SDOH and T2D

The link between SDOH and T2D is multifaceted. Adverse SDOH including lower
socioeconomic status and unfavorable neighborhood and social conditions can lead to unhealthy
behaviors, such as low exercise and poor diet, which subsequently contribute to obesity and

higher visceral fat levels*®*’7. Moreover, individuals experiencing adverse SDOH often perceive
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higher levels of stress, which can increase T2D risk through both unhealthy behaviors (e.g.,
increased smoking, unhealthy diet, reduced exercise) and activation of the hypothalamic-
pituitary-adrenal (HPA) axis. This activation leads to dysregulation of cortisol and the metabolic
system’®7, resulting in higher obesity and visceral fat levels. These factors, in turn, elevate
hepatic and peripheral insulin resistance, impair B-cell function, and increase the risk of T2D3%37,
Given that racial and ethnic minorities (Hispanic, Black and Asian) often experience worse
SDOH compared to Whites due to systems-level root inequities!3?>3*33 adverse SDOH may
contribute to Hispanics’ higher peripheral and hepatic insulin resistance, Blacks’ higher
peripheral insulin resistance, Asians’ higher peripheral and hepatic insulin resistance, and
impaired B-cell function, thereby increasing the T2D risk among these minority groups.

Exercise and T2D

Regular exercise is crucial for maintaining healthy blood glucose levels and reducing insulin
resistance. It enhances glucose uptake into muscles, reduces overall adiposity, and specifically
decreases visceral fat, which is associated with lower levels of FFA and circulating inflammatory
cytokines, further improving hepatic and peripheral insulin resistance and B-cell function!36-15%,
Meanwhile, minorities (e.g., Hispanics, Blacks, Asians) tend to exercise less than Whites which
may be due to due to undesired SDOH (e.g., unsafe neighborhoods, lack of recreational facilities,
and time constraints related to SES) and higher stress®*-¢7. Consequently, they may experience
higher levels of obesity, visceral fat and inflammation, which exacerbates insulin resistance and
impairs insulin secretion. This lower level of exercise could explain the higher hepatic and
peripheral insulin resistance in Hispanics, the higher peripheral insulin resistance in Blacks, and

the higher hepatic and peripheral insulin resistance and lower B-cell function in Asians,

contributing to the higher T2D risk in minority groups.
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Visceral fat and T2D

Visceral fat, is a critical factor in T2D development due to physiological effects of the fat depots
on the body's metabolism'?%-13!, Visceral fat has a direct effect on liver circulation due to its high
lipolysis rate’?, and it is more metabolically active, releasing adipocytokines’>~"> and altering
hormone secretion, which links visceral fat to hepatic and peripheral insulin resistance, leading
to T2D.

There are two mechanisms by which visceral fat accumulation causes insulin resistance.
The first mechanism is the “portal theory”, which suggests that visceral adipose tissue has a high
lipolysis rate, increasing the flux of FFAs from visceral fat depots to the liver, leading to hepatic
insulin resistance and hepatic steatosis’?. The second mechanism involves the secretion of
adipocytokines and hormones’>~7°. Visceral fat accumulation increases the secretion of
adipocytokines involving in inflammation (e.g., IL-6, IL-8, IL-10, TNF-a] and the acute-phase
response [e.g., plasminogen activator inhibitor (PAI)-1], which increases insulin resistance.
Secreted hormones (e.g., leptin, adiponectin, resistin and visfatin) also regulate insulin
resistance. For example, visceral fat accumulation decreases adiponectin secretion, resulting in
increased peripheral insulin resistance’73. Overall, these two mechanisms promote both hepatic
insulin resistance and peripheral insulin resistance, ultimately leading to T2D'6%!6! Given that
visceral fat is an important risk factor for T2D and evidence indicates that some racial and ethnic

76-79and South Asians®*3!) have higher levels of visceral fat compared to

groups (e.g., Hispanics
Whites, visceral fat may explain the higher peripheral and hepatic insulin resistance in Hispanics,

the higher hepatic and peripheral insulin resistance and lower -cell function in South Asians,

and the higher T2D risk in these minority groups.
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2.3. Data source and methods

Data source

MESA cohort: The proposed study, MESA, is a longitudinal study of 6814 adults aged 45-84
years and free of CVD. Study participants were recruited in 2000-2002 (exam 1, baseline) from
6 field centers in the US (Baltimore, Maryland; Chicago, Illinois; St. Paul, Minnesota; Los
Angeles, California; New York, New York; and Forsyth County, North Carolina)'®?. Among all
enrolled participants, 38.5% (n=2622) are White; 11.8% (804) are Chinese; 27.8% (n=1892) are
Black; 22.0% (n=1496) are Hispanic. Following examinations occurred at 2002—2004 (exam 2),
2004-2005 (exam 3), 2005-2007 (exam 4), 20102013 (exam 5), and 2016-2018 (exam 6)'62,
MESA also has 21 follow-up telephone interviews from 2001 to 2020 to inquire about new
disease diagnoses. We used this dataset in the objective 1 and 2.

We also used the other MESA ancillary study measuring abdominal aortic calcification
including a subset of participants (n=1947) who obtained abdominal computed tomography (CT)
scans of visceral fat at either exam 2 or exam 3 (randomly assigned)!93-1°, Among participants in
this ancillary study, 40.3% (n=785) are White; 12.9% (n=252) are Chinese; 20.9% (n=406) are
Black; 25.9% (n=504) are Hispanic'®®. We used this dataset in the objective 3.

We compared the participants of MESA ancillary study in objective 3 with the
participants not included in the ancillary study in MESA main dataset in objective 2 and found
they had similar baseline characteristics (Table 2.1). It supported that the MESA ancillary data
could be a random subsample of the overall MESA cohort. The findings from objective 3 MESA

ancillary data could be reasonably generalized to the entire MESA cohort.

22



Table 2.1. Baseline characteristics comparison between MESA and MESA ancillary data

Characteristics Participants of MESA Participants of P
data not recruited in MESA ancillary
MESA ancillary study  study in objective 3
in objective 2 (n=4316) (n=1457)
Age (years) 61.70 (10.43) 61.97 (9.85) 0.39
Female, % (N) 54.2 (2340) 51.2 (746) 0.05
Family history of diabetes, % (N) 34.8 (1328) 331 (474) 0.23
Married/living with a partner, % (N) 62.0 (3544) 64.9 (936)
Education, % (N) 0.27
High school or less 34.3 (1479) 32.2 (468)
Associates 28.7 (1238) 28.9 (420)
Bachelor's or higher 37.0 (1595) 39.0 (567)
Annual household income, % (N) 0.17
<$25,000 29.8 (1238) 275 (389)
$25,000-$49,999 28.8 (1198) 28.6 (404)
>$50,000 41.4 (1723) 44.0 (622)
Stress, % (N) 0.05
Low 39.0 (1679) 421 (613)
Medium 32.1 (1383) 29.0 (422)
High 29.0 (1249) 28.9 (421)
Hypertension medication use, % (N) 33.6 (1449) 321 (468) 0.31
Lipid-lowering medication use, % 145 (624) 14.9 (217) 0.66
(N)
Antidepressant use, % (N) 7.8 (337) 6.5 (94) 0.09
Cigarettes smoking, % (N) 0.78
Never 50.5 (2179) 50.4 (733)
Former 36.4 (1568) 37.1 (540)
Current 13.1 (566) 125 (182)
Alternative healthy eating index 53.73 (9.65) 53.40 (9.64) 0.26
(AHEI)-2010
Sedentary behavior (MET- 4.06 (2.74) 3.96 (2.62) 0.21
hours/day)
Systolic blood pressure (SBP, 125.50 (21.24) 125.87 (21.33) 0.53
mmHg)
Diastolic blood pressure (DBP, 71.80 (10.35) 72.25 (10.04) 0.15
mmHg)
Total cholesterol (mg/dl) 194.60 (34.99) 196.22 (34.19) 0.14
High-density lipoprotein (HDL) 51.53 (14.98) 52.15 (15.09) 0.17
cholesterol (mg/dl)
Low-density lipoprotein (LDL) 117.80 (31.38) 118.79 (29.99) 0.29
cholesterol (mg/dl)
Triglycerides (mg/dl) 127.10 (78.89) 126.48 (72.14) 0.81

Data were presented as mean (standard deviation, SD) for continuous variables, and percentage, %
(frequency, N) for categorical variables.
P-values were compared using t-test for continuous variables and y2-tests for categorical variables.
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Variables

Table 2.2. Available variables

21
Follo
Measure Exam 1 Exam 2 Exam 3 Exam 4 Exam 5 Exam 6 w-up
intervi
ews
Sociodemographic
variables
Age X X X X X X
Sex X
Family history of
. X
diabetes
Race and ethnicity X
Marital status X X X X X X
Education
Annual household
income, % % % X % X
employment status,
insurance
Language spoken X
Residence X X X X X X
Nelghb.orhood a}nd X X X X X X
social cohesion
Stress X X
Medications X X X X X X
Behaviors
Exercise X X X X X
Sedentary behavior X X X X X
Diet X X
Cigarette smoking X X X X X X
Anthropometrics: X X X X X X
weight, body mass
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index, waist
circumference

Body composition:
total fat mass

Body composition:
Abdominal muscle X X
area and density

Blood pressure,

. X X X X X X
lipids
Visceral fat
Type 2 Diabetes X X X X X X X

Social determinants of health

SDOH was defined as the conditions in which people live, work, and play and the wider set of
social structures and economic systems that shape the conditions of daily living by WHO!'°,
Previous studies using data from the National Health Interview Survey (NHIS) and REasons for
Geographic and Racial Differences in Stroke (REGARDS) assessed SDOH comprehensively and
found positive associations of an comprehensive SDOH measure, including multiple factors in
economic stability; education; neighborhood and physical environment; community and social
context; health and system; and food security domain, with obesity and CVD?323311L112 'We used
the SDOH framework from a widely applied method in the NHIS studies!!"1'2167 'We included
nine variables across four domains: economic stability (employment status, annual household
income), education (education, language spoken), neighborhood, physical environment and
social cohesion (residence, neighborhood trusted, neighborhood help, close-knit neighborhood),
and health and system domain (health insurance). We classified each SDOH variable as high-risk
or low-risk according to Table 2.3. For each of the nine SDOH variables, we assigned a score of

1 if individuals’ SDOH variable level was the high-risk level, and 0 otherwise. We calculated
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SDOH score by taking the sum of all 9 SDOH scores, ranging from 0 to 9 and higher score

indicating higher levels of SDOH.

Table 2.3. Classification of social determinants of health variables

Primary analysis

Classification of SDOH
variables changed in
sensitivity analysis

Domain: Economic stability

Employment status (high risk: unemployed, homemaker vs.
low risk: employed or retired)

Employment status (high
risk: unemployed vs. low
risk: employed, retired or

homemaker)

Annual household income (high risk: <$35,000 vs. low risk:
>$35,000)

Domain: Education

Education (high risk: less than or equal to vs. low risk: higher
than high school)

Language spoken in exam 1 (high risk: Spanish, Chinese vs.
low risk: English)

Domain: Neighborhood, physical environment, and social
cohesion

Residence (high risk: rent or pay a mortgage or other vs. low
risk: own fee and clear)

Neighborhood can be trusted (high risk: disagree, neither
agree nor disagree vs. low risk: agree)

Neighborhood can be
trusted (high risk: disagree
vs. low risk: agree, neither
agree nor disagree)

Neighborhood help each other (high risk: disagree, neither
agree nor disagree vs. low risk: agree)

Neighborhood help each
other (high risk: disagree
vs. low risk: agree, neither
agree nor disagree)

A close-knit neighborhood (high risk: disagree, neither agree
nor disagree vs. low risk: agree)

A close-knit neighborhood
(high risk: disagree vs. low
risk: agree, neither agree
nor disagree)

Domain: Health and system

Health insurance (high risk: yes vs. low risk: no)

Mediation analysis
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We used mediation analysis to examine causes of racial and ethnic differences in T2D. Mediation
analysis could be used to examine etiology and pathways, and assess how the exposure influence
the outcome through mediators!68-171,

There are two traditional approaches for mediation analysis, the product approach: (X-M
effect)*(M-Y effect) and the difference approach: (total effect of X-Y)-(direct effect of X-Y)!63,
However, if there are interactions between exposure and mediator, between mediator and
mediator; uncontrolled confounders; or non-linear models, the traditional approaches could not
be used.

A more flexible modern approach, natural mediation effects, decomposing total effects
(TE) to natural direct effect (NDE) and natural indirect effect (NIE) using g-computation allows
for mediation analysis through multiple causally related mediators and accommodates exposure—
mediator and mediator-mediator interactions and models in nonlinearities'®®. The NDE and NIE
require four assumptions!”?: (i) the effect of exposure X on outcome Y is unconfounded given
covariates (confounders) C; (i1) the effect of mediator M on Y is unconfounded given X, C; (ii1)
the effect of X on M is unconfounded given C; and (iv) there is no exposure-induced mediator-
outcome confounder L. However, in our study, SES, stress, other behaviors (e.g., smoking), and
obesity (BMI, total fat) could be confounders for the association of exercise with T2D and for the
association of visceral fat with T2D induced by race. Thus, due to potentially exposure-induced
mediator-outcome confounders, we may not meet the assumption (iv) of NDE and NIE!7°,

There are three methods proposed by VanderWeele to overcome the assumption
exposure-induced mediator-outcome confounding!”’. First is to treat the exposure induced
confounder (L) and mediators (M) jointly, then decompose TE to NDE and NIE. However, we do

not want to examine that joint mediator. Second is to use path-specific effects (PSEs) (note: PSEs
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do not have natural or control effect classification), however, in this method, the X2>L2>M->Y
and X>L-2>Y could not be separated. Thus, to separate the indirect effect through M, we could
only use the intervention path-specific effect (iPSE), which is the third method proposed by
VanderWeele! 717!,

Thus, we applied the iPSEs for sequential mediators!”%!72, We used g-computation for

iPSEs and bootstrapping 200 times for 95% confidence intervals (CIs)!7%172173,

2.4. Research gaps

SES is an upstream factor that influences behaviors and obesity, which are key contributors to
the development of T2D and its disparities among different racial and ethnic groups®22174,
Meanwhile, associations of personal and neighborhood SES with T2D are deeply
intertwined'3%2, A comprehensive measure that includes personal, neighborhood, and social
conditions, collectively known as SDOH?'3?2, is essential for a thorough understanding of how
these interconnected social conditions relate to T2D. Meanwhile, racial and ethnic minorities
may have worse SDOH?322:3435 due to systemic racism and higher T2D risk'>7 than Whites.
However, up to now, there has been no investigation into the association between a multidomain
SDOH measure and T2D. Thus, we examined the association between a comprehensive SDOH
measure and T2D in a cohort study, and if these associations varied among racial and ethnic
subgroups in objective 1.

Previous evidence has shown that racial and ethnic minorities tend to have lower level of
exercise compared to White individuals®-6>-67-175_ Given that exercise is a modifiable risk factor
for T2D'%!1 it is important to understand how much of the racial and ethnic disparities in T2D
can be attributed to differences in exercise levels. However, no studies have yet quantified the

extent to which exercise mediates the relationship between race and ethnicity and T2D.
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Therefore, we examined whether, and to what extent, the association of race and ethnicity
(Hispanic, Black, Asian vs. White) with T2D was explained by exercise in a cohort study with
longitudinal measures of exercise in objective 2.

In addition to exercise, visceral fat is a critical risk factor for T2D!33-137 and studies have
shown that some racial and ethnic groups, such as Hispanics’®7° and South Asians®*3!, tend to
have higher levels of visceral fat compared to Whites. Despite this, no studies have examined the
extent to which visceral fat mediates the relationship between race and ethnicity and T2D7.
Furthermore, there are known sex differences in visceral fat distribution®?-** and potential
interactions between sex and race in visceral fat accumulation’®%-%7. Thus, we examined
whether and to what degree the association of race and ethnicity (Hispanic, Black, Asian vs.
White) with T2D was explained by visceral fat in sex subgroups using data from a cohort study
in objective 3.

2.5. Study goals and specific objectives

To gain a better understanding of why racial and ethnic minorities have excess risk of developing
T2D by examining modifiable pathways and to give implications for public health interventions.
Objective 1: To examine the association between a comprehensive measure of SDOH and T2D,
and the associations in racial and ethnic subgroups.

Obijective 2: To investigate whether and to what degree racial and ethnic differences in T2D
were mediated by exercise.

Objective 3: To evaluate whether and to what degree racial and ethnic differences in T2D were

mediated by visceral fat in sex subgroups.
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3. Chapter three: Social determinants of health and type 2 diabetes in the United States: the
Multi-Ethnic Study of Atherosclerosis

3.1. Abstract

Importance

Low personal socioeconomic status (SES) is a risk factor for type 2 diabetes (T2D) and
contributes to racial and ethnic minorities” higher T2D risk. However, personal SES clusters with
social factors and there may be integrated effects on T2D development. Meanwhile, no study has
examined associations of comprehensive social determinants of health (SDOH) with T2D.
Objective

To examine associations of comprehensive SDOH with T2D, and these in racial subgroups.
Design, Setting, and Participants

This cohort study included 5,557 participants aged 45—84 years from the Multi-Ethnic Study of
Atherosclerosis and free of T2D at 2000—2002 and followed until 2020. Data was analyzed
between June and October, 2023.

Exposure

SDOH score was calculated using 9 variables of four domains with a range of 0-9, and
categorized as low, medium, and high SDOH.

Main Outcomes and Measures

T2D was diagnosed by fasting serum glucose or medications use, or diabetes diagnosis. We
examined associations between SDOH and T2D using Cox proportional hazards regression
models.

Results
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In 5,557 participants [mean (SD) of age: 61.59 (10.25) years; 2970 females (53.5%)], SDOH
score was associated with increased T2D risk in a dose-response manner [HR (95% CI): 1.11
(0.95-1.31) and 1.51 (1.24-1.83) for medium and high SDOH compared to low SDOH burden
group, respectively; P-for-trend<0.001], after controlling for confounders. Stratifying by race,
associations existed in Whites [medium, 1.30 (1.02—1.65); and high, 2.01 (1.35-3.01); P-for-
trend=0.001] and Hispanics [medium, 1.13 (0.72—1.76); and high, 1.67 (1.07-2.61); P-for-
trend<0.001], but not in Chinese [medium, 0.81 (0.44-1.48, P=0.49); and high, 1.01 (0.55-1.85,
P=0.98); P-for-trend=0.39] or Blacks [medium, 0.93 (0.71-1.23, P=0.61); and high, 1.06 (0.74—
1.53, P=0.75); P-for-trend=0.70].
Conclusions and Relevance
Social disadvantages were associated with increased T2D risk in all participants, and Whites and
Hispanics in stratified analyses. Findings suggest prioritizing resources for populations with
social disadvantages to reduce T2D burden, specifically for at-risk Hispanics to decrease T2D
disparities.
3.2. Introduction
Diabetes is a major chronic disease, affecting 38.4 million people in the United States (US) in
2021, with high rates of disability and premature mortality’. Among people having diabetes, 95%
have type 2 diabetes (T2D)>. In addition, racial and ethnic minorities persistently have higher
T2D risk than Whites in the US!?7. Thus, it is crucial to identify determinants of T2D for
targeted interventions to prevent T2D and reduce racial disparities.

Although undesired behaviors (e.g., unhealthy diet) and obesity are well-established risk
factors for T2D!7%, upstream factors socioeconomic status (SES) may impact downstream

behaviors and obesity, then influence T2D development and disparities among racial and ethnic
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groups!322174_ Evidence showed personal SES (e.g., education and income)?*~2’ and
neighborhood environmental and social factors (e.g., physical activity resources, neighborhood
adults with primary education and living in rented housing)?®-3! were risk factors for T2D. In
addition, personal SES or neighborhood factors are intertwined'3?2. Therefore, it is critical to
employ a composite measurement including personal and neighborhood, social and
environmental conditions, which is social determinants of health (SDOH)!*?, to present a
comprehensive picture of the interconnected social conditions related to T2D risk.

SDOH was defined as the conditions in which people live, work, and play and the wider
set of social structures and economic systems that shape the conditions of daily living by World
Health Organization (WHO)!!?, Studies found positive associations of an comprehensive
measure of SDOH using a score with multiple factors in economic stability; education;
neighborhood and physical environment; community and social context; health and system; and
food security domain with obesity and cardiovascular disease (CVD)3233111L112 They also found
exposure to a higher SDOH score associated with elevated CVD risk?>33. We are not aware of
studies examining associations between SDOH and incident T2D. Thus, this study aimed to
examine prospective associations of the SDOH score, a comprehensive measurement of social
profile, with T2D in a cohort study including multiple racial and ethnic groups in the US.
Because there are racial and ethnic differences in T2D risk'*7, we additionally examined if
above associations varied by racial and ethnic groups.

3.3. Methods
Study design and population
The population-based prospective cohort Multi-Ethnic Study of Atherosclerosis (MESA)

recruited 6,814 participants aged 45 to 85 between years 2000 and 2002 (exam 1, baseline),
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followed by exam 2, 2002-2004; exam 3, 2004-2005; exam 4, 2005-2007; exam 5, 2010-2013;
and exam 6, 2016-2018'2. MESA also included 21 follow-up telephone interviews from 2001 to
2020 to collect new disease information'6?,

We excluded individuals with missing data on SDOH score (n=298), or having T2D
(n=879), or missing T2D status (n=61) at baseline (exam 1), or participants not having any
follow-up visits after baseline (n=19), resulting in 5,557 participants included in the study
(Figure S3.1). We conducted analyses between June and October, 2023. The study was approved
by the institutional review boards of each MESA site. All participants provided written informed
consent. We wrote the manuscript based on the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines.

Assessment of social determinants of health

We used the framework from a widely applied method in the National Health Interview
Survey (NHIS) studies!!!12167 to develop the SDOH score. We included 9 variables across four
domains: 1) economic stability domain (i.e., employment status, annual household income), 2)
education domain (i.e., education, language spoken), 3) neighborhood, physical environment and
social cohesion domain (i.e., residence, neighborhood trust, neighborhood help, close-knit
neighborhood), and 4) health and system domain (i.e., health insurance). We classified each
SDOH variable as high- or low-risk level [i.e., employment (high-risk: unemployed, homemaker
vs. low-risk: employed or retired), income (high-risk: <$35,000 vs. low-risk: >$35,000),
education (high-risk: less than or equal to vs. low-risk: higher than high school), language
spoken (high-risk: Spanish, Chinese vs. low-risk: English), residence (high-risk: rent or pay a
mortgage or other vs. low-risk: own fee and clear), neighborhood trust (high-risk: disagree,

neither agree nor disagree vs. low-risk: agree), neighborhood help (high-risk: disagree, neither
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agree nor disagree vs. low-risk: agree), close-knit neighborhood (high-risk: disagree, neither
agree nor disagree vs. low-risk: agree), and health insurance (high-risk: no vs. low-risk: yes)].
For each of 9 SDOH variables, we assigned a score of 1 if individuals’ SDOH variable level was
the high-risk level, and 0 otherwise. We calculated SDOH score by summing up all 9 variable
scores, with the total score ranging from 0 to 9 and higher score meaning higher SDOH
levelg!11:112,167
Assessment of type 2 diabetes

Participants were classified as having T2D if they either had a fasting serum glucose
(FPG) >126 mg/dL according to American Diabetes Association (ADA) criteria'”” or self-
reported use of glucose-lowering medications at each exam, or self-reported diabetes diagnosis
by physicians at exam 1, 5, 6 and at 21 telephone interviews.
Covariates

The sociodemographic information (i.e., age, gender, race and ethnicity, marital status),
chronic stress, mediation use, and cigarette smoking were assessed at exam 1 from
questionnaires'®>!78, Family history of diabetes was measured at exam 2 from the family history
questionnaire. Sedentary behavior [metabolic equivalent of task (MET)-minutes/week] and
exercise (MET- minutes/week) were assessed from the Typical Week Physical Activity Survey
(TWPAS) at exam 1'%, Dietary intake in the last year was measured using the 120-item food
frequency questionnaire at exam 1. Alternative Healthy Eating Index (AHEI)-2010 was
calculated to indicate the dietary quality®®. Body mass index (BMI) (kg/m?) was calculated as
[weight (kg)]/[height (cm)/100]* at exam 1. Total fat mass percentage (%) was estimated using
equations validated by dual-energy X-ray absorptiometry (DXA)-estimated body fat percentage

with correlation coefficients ranging from 0.80 to 0.86 at exam 1: 76—(20%(height /waist)) for
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females and 64—(20x(height/waist)) for males'”. Total fat mass (kg) was calculated by weight
(kg) X (total fat mass percentage/100). Resting blood pressure (BP) was measured three times
using an automated oscillometric sphygmomanometer (model Pro 100, Critikon, Tampa, Florida,
US) at exam 1, and calculated based on the average of the last two of three measurements. Lipid
profiles were measured at exam 1 from plasma samples after a 12-hour fast!80.

Statistical analysis

We described baseline characteristics of participants and presented the distribution of
SDOH and T2D incidence rate. We used SAS version 9.4 (SAS Institute, Cary, NC, USA) and R
version 4.2.1 and considered the statistically significant level as a two-sided a level <0.05.

For the primary analysis, we categorized the SDOH into three groups: low (0-1, reference
group), medium (2-4), and high (5-9), based on the plot of SDOH and T2D (Figure 3.1). This
was done as first, groups of SDOH values at 0, 6, 7, 8, 9 had small sample sizes, we
subsequently combined SDOH=0 and SDOH=1 together, and combined SDOH=6, 7, §, 9
together. Second, we chose 0<SSDOH<1 as the reference group as it had the lowest T2D rate.
Third, the T2D rate was similar when 2<SDOH<4, and T2D rate increased rapidly when
SDOHZ>S.

We examined associations of SDOH with T2D using Cox proportional hazards regression
models. The proportional hazards assumption was verified using Schoenfeld residuals. Following
unadjusted models, we controlled for confounders age (years), gender (male or female), race and
ethnicity (White, Chinese, Black, Hispanic), family history of diabetes (yes or no), and marital
status (married/living as married, widowed/divorced/separated, never married) (Figure 3.2). We
also explored to additionally adjust for potential mediators for associations between SDOH and

T2D: stress (low, medium, or high), hypertension mediation use (yes or no), lipid-lowering
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medication use (yes or no), antidepressant use (yes or no), smoking (never, former, or current),
sedentary behavior (MET-minutes/week), exercise (MET- minutes/week), AHEI-2010
(continuous), BMI (kg/m?), total fat (kg), systolic BP (SBP) (mmHg), diastolic BP (DBP)
(mmHg), total cholesterol (mg/dl), high-density lipoprotein (HDL) cholesterol (mg/dl), low-
density lipoprotein (LDL) cholesterol (mg/dl), and triglycerides (mg/dl). We performed above
analyses first in overall participants and then in stratified racial and ethnic groups. The P for
interaction between SDOH and race on T2D was calculated using the Wald x2-test. The missing
values of each adjusted covariate were < 10%, thus we applied completed data analyses as the
primary approach.

We also conducted several sensitivity analyses. First, we calculated the SDOH score in
which we categorized employment status as high risk (unemployed) and low risk (employed,
retired or homemaker) level. Second, we calculated SDOH score in which we categorized the
neighborhood relations as high risk (disagree) and low risk (agree, neither agree nor disagree)
level. Third, we used continuous SDOH score as the exposure. Fourth, participants were
diagnosed as having T2D using FPG and glucose-lowering medications, not using self-reported
diabetes diagnosis. Fifth, we treated the missing values as a separate category for adjusted
models. Sixth, we applied multiple imputation for the missing data.

3.4. Results
Characteristics of study participants

Among 5,557 MESA participants, 20.8% (n=1157), 57.2% (n=3178), and 22.0%
(n=1222) had low, medium and high SDOH, respectively. Participants with high SDOH had the
highest percentages of females (62.1%), Hispanics (43.1%), current smokers (15.3%), the lowest

percentage of Whites (13.5%), and married/living as married (53.5%) (Table 3.1).
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Associations of social determinants of health with type 2 diabetes

During a median follow-up time of 15.79 years, 1253 developed T2D (17.30 per 1000
person-years). The T2D incidence rates in participants with low, medium and high SDOH were
13.87, 16.24, and 24.06 per 1000 person-years, respectively. In unadjusted models, compared to
persons having low SDOH, those with medium and high SDOH had higher risk of T2D in
overall participants and Whites. The test for interaction between race and SDOH on T2D using
Wald y2-test was insignificant (P for interaction=0.78). After adjustment for confounders of age,
gender, family history of diabetes, race and ethnicity, and marital status, we found positive
associations between SDOH and T2D in a dose-response manner in the overall cohort of MESA
participants [HR (95% CI): 1.11 (0.95-1.31), P=0.20 and 1.51 (1.24-1.83) , P<0.001 for medium
and high SDOH compared to low SDOH burden groups; P-for-trend < 0.001]. When stratified by
race and ethnicity, associations existed in Whites [medium, 1.30 (1.02—1.65), P=0.03; and high,
2.01 (1.35-3.01), P=0.001; P-for-trend=0.001], and Hispanics [medium, 1.13 (0.72—1.76),
P=0.60; and high, 1.67 (1.07-2.61), P=0.02; P-for-trend<0.001]. SDOH was not associated with
T2D in Chinese [medium, 0.81 (0.44-1.48, P=0.49); and high, 1.01 (0.55-1.85, P=0.98); P-for-
trend=0.39] or Blacks [medium, 0.93 (0.71-1.23, P=0.61); and high, 1.06 (0.74—1.53, P=0.75);
P-for-trend=0.70]. The test for interaction between race and SDOH on T2D was insignificant,
either (P for interaction=0.59) (Table 3.2).

After further adjusting for potential mediators of stress, medications, behaviors, BMI,
body fat, BP and lipids, the associations decreased in overall participants [medium, 1.07 (0.91—
1.27), P=0.42; and high, 1.46 (1.19-1.79), P<0.001; P-for-trend<0.001]. When stratified by race
and ethnicity, the associations decreased and were insignificant in Whites [medium, 1.21 (0.94—

1.56), P=0.13; and high, 1.35 (0.87-2.10), P=0.18; P-for-trend=0.11], but increased in Hispanics
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[medium, 1.29 (0.78-2.15), P=0.32; and high, 1.88 (1.13-3.11), P=0.01; P-for-trend=0.001].
SDOH was not associated with T2D in Chinese [medium, 0.67 (0.36—1.25), P=0.21; and high,
0.93 (0.49-1.76), P=0.83; P-for-trend=0.28] or Blacks [medium, 0.92 (0.69-1.24), P=0.60; and
high, 1.08 (0.72-1.62), P=0.73; P-for-trend=0.69], either. The test for interaction between race
and SDOH on T2D was insignificant (P for interaction=0.34) (Table 3.2).

In sensitivity analysis, after examining associations using SDOH categorized
employment with homemakers/employed/retried participants as the low-risk level (Table S3.1),
or using SDOH categorized neighborhood relations with neutral/positive relations as the low-risk
level (Table S3.2), or using continuous SDOH (Table S3.3), or using T2D diagnosed by FPG or
glucose-lowering medications (Table S3.4), or creating a category for covariates missing (Table
S3.5), or using multiple imputation for the missing data (Table S3.6), results remained
unchanged, although some estimates were statistically insignificant.

3.5. Discussion

In the large multiracial and ethnic cohort of MESA, SDOH score was associated with
increased T2D risk in a dose-response manner after controlling for confounders. When stratified
by race and ethnicity, the associations existed in Whites and Hispanics, but were insignificant in
Blacks and Chinese. We found no significant interactions between SDOH score and race on
T2D, which may be due to insufficient sample size or no heterogeneity in associations between
SDOH and T2D across racial and ethnic groups. Further studies with larger sample sizes are
needed. Our study is the first cohort study investigating the comprehensive SDOH with T2D in
the US.

We are not aware previous studies examining associations of cumulative SODH score

integrating several domains with T2D. In the same vein, two studies, one in the US and one in
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Finland, reported positive association of cumulative personal sociodemographic variables (i.e.,
low family income, low education level, minority racial and ethnic group, and single-living
status )7 or cumulative neighborhood factors (sum of neighborhood socioeconomic disadvantage
using the proportion of adults with primary education only, unemployment, and living in rented
housing)?! with T2D, which corroborated our findings. However, these two studies examined
personal sociodemographic factors or neighborhood SES with T2D, without acknowledging the
interplay between personal and neighborhood factors?”3!. Our study found aggregated SDOH
integrating personal and neighborhood factors positively associated with T2D in a dose-response
manner. Similar to our study, work using the NHIS and Reasons for Geographic and Racial
Differences in Stroke (REGARDS) studies assessed SDOH by calculating the SODH scores
using numbers of factors in several domains, including economic stability; education;
neighborhood and physical environment; community and social context; health and system and

food security?233111.112

. These studies found progressively increased associations of SDOH score
with obesity and CVD3%3311L112 We expanded such work by prospectively examining SDOH
integrating several domains with T2D, and investigating the racial and ethnic specific
associations.

Our findings of associations between SDOH and increased T2D risks after adjusting for
confounders in Whites and Hispanics are novel, but supported by the results from studies
examining associations between individual personal SES and T2D?*2¢, One cohort study from
Multiethnic Cohort in the US found lower education associated with higher T2D risk in Whites?.
The other cohort study from the Hispanic Community Health Study/Study of Latinos in the US

found lower education and household income associated with higher T2D prevalence in

Hispanics?®. As Hispanics had the higher percentage of undesired SDOH 3223435 (Table S3.7)
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and higher T2D risk!%7 than Whites, our findings suggested resources and interventions may be
needed for Hispanics to narrow T2D disparities. Our results in Blacks were similar to those
reported in the Atherosclerosis Risk in Communities study in the US which found positive
associations between area SES and progressive chronic kidney disease in Whites but not in
Blacks!'3!. However, our results were inconsistent with a cross-sectional study using national data
from NHANES which showed lower income associated with higher T2D risk in Black females?’.
Our study is the first examining associations between SDOH and T2D in Chinese, and we are not
aware of previous studies examining SES or SDOH with T2D in Chinese.

The mechanisms underlying positive trends between SDOH and T2D are multifactorial.
Undesired SDOH may be associated with poor diet and low exercise levels, which may increase
T2D risk?®37. In addition, people with undesirable SDOH perceive more stress which may
increase T2D risk through both undesired behaviors (e.g., unhealthy diet) and activated
hypothalamic-pituitary-adrenal (HPA) axis, leading to dysregulation of cortisol and metabolic
system’®37, These explanations were supported by decreased associations between SDOH and
T2D after adjusting for potential mediators stress, behaviors, and biomarkers in metabolic system
(e.g., BMI, total fat, BP and lipids) in overall participants and Whites (Table 3.2, Table S3.8).
The increased associations between SDOH and T2D in Hispanics may be due to adjusting for
AHEI-2010 and BMI (Table S3.8). When looking at individual SDOH variables with T2D, we
found associations between language spoken (speaking Spanish vs. English) and T2D
significantly increased in Hispanics following adjustment for AHEI-2010 and BMI (Table S3.9).
It may be because in our study, Hispanics with high SDOH scores had the highest percentage of
speaking Spanish (78.8%), compared to those with low (1.1%) or medium (36.2%) SDOH

scores, then those people may be less acculturated. Meanwhile, research showed that Hispanics
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who were less acculturated may maintain traditional dietary habits, leading to better diet quality
and lower BMI'32, which was also found in our study [AHEIL: 52.14 vs. 51.98; BMI (kg/m?):
28.34 vs. 29.20 in Hispanics speaking Spanish vs. speaking English]. Thus, Hispanics with high
SDOH scores may have better diet and lower BMI, which may confer a reduced risk of T2D, and
controlling for diet and BMI may remove protective effects on T2D attributed to these two
variables, resulting in increased T2D risk in Hispanics.

The explanation for lack of associations observed in Blacks may be that Blacks in our
study were from urban who may not be representative of national Blacks, and may have better
SES than Blacks elsewhere in the US. This may also be the reason why we found inconsistent
results compared to previous research using national data from NHANES?. Compared to
national statistics, Blacks in MESA had lower percentages of having high school or less
education (MESA Blacks: 27.7% vs. national Blacks: 36.0%)!83 and no insurance (MESA
Blacks: 6.2% vs. national Blacks: 17.5%)!%* (Table S3.7). In addition, previous evidence showed
that Blacks had the highest resilience to stress compared to other racial and ethnic groups'®, and
they may be better at managing stress, which can include maintaining healthier lifestyles and
avoiding stress-induced behaviors that increase T2D risk. More national studies on Blacks are
needed. No associations of SDOH with T2D in Chinese may be because that they had the lowest
percentage of not close-knit neighborhoods and the second lowest percentage of not trusted
neighborhoods (Table S3.7), which may help them buffer the stress from SDOH'®. In addition,
Chinese had small sample size resulting in not enough power to find associations. For example,
we found the borderline significant associations between education and T2D in Chinese [HR
(95%CI): 1.36 (0.96, 1.92), P=0.08] when adjusting for confounders (Table S3.9). More studies

with larger sample sizes of Chinese are warranted. In addition, we did not find that individual
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SDOH variables significantly associated with T2D in Blacks or Chinese (Table S3.9). Our
SDOH score may not capture social disadvantage of Blacks and Chinese. Future studies
assessing SDOH including more racial specific variables are needed.
Strengths and limitations

This is the first study examining SDOH employing a score which included multiple
domains of personal and neighborhood risk factors with T2D, using a large multi-ethnic sample
in a longitudinal cohort study in the US. Nonetheless, limitations of our study should be
mentioned. First, we used the SDOH framework from NHIS studies!'!'12167 byt did not include
food security and community and social context domains as we did not have relevant variables.
Second, we assumed equal weight of each SDOH variable when calculating SDOH score, which
may simplify the complex interactions between SDOH variables. However, this metric has been
used and positively associated with other negative health outcomes, including stroke, obesity,
and less healthcare!!'!:112167 More studies may be needed to investigate whether a weighted or
unweighted model is better for calculating SDOH score.
3.6. Conclusions

In this large prospective cohort study with multiple racial and ethnic groups, we found a
positive trend between SDOH and T2D. When stratified by race and ethnicity, associations
existed in Whites and Hispanics. Our findings implicate aggregated SDOH is a risk factor for
T2D and resources may be needed for vulnerable groups who experienced social disadvantages
comprehensively to reduce the T2D burden. It is critical for the Hispanics at heightened risk, as

targeted interventions may narrow T2D disparities and promote health equity.
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Table 3.1. Baseline characteristics of participants by social determinants of health in the Multi-Ethnic Study of Atherosclerosis

Overall (n=5557) SDOH
Characteristics Low [20.8% (1157)] Medium [57.2% (3178)]  High [22.0% (1222)] P-values
Age (years) 61.59 (10.25) 62.30 (9.94) 61.24 (10.25) 61.84 (10.48) 0.01
Female, % (N) 53.5 (2970) 435 (503) 53.7 (1708) 62.1 (759) <0.001
Race and ethnicity <0.001
White 423 (2348) 61.8 (715) 46.2 (1468) 135 (165)
Chinese 12.3 (684) 53 (61) 10.2  (325) 244 (298)
Black 24.8 (1377) 252 (291) 26.9 (854) 19.0 (232)
Hispanic 20.7 (1148) 7.8 (90) 16.7 (531) 431 (527)
Family history of diabetes, % (N) 34.3 (1739) 315 (342) 35.8 (1048) 32,9 (349) 0.02
Marital status <0.001
Married/living as married 62.2 (3427) 745 (858) 61.0 (1922) 53.5 (647)
Widowed/divorced/separated 29.4 (1618) 19.0 (219) 29.5 (930) 38.8 (469)
Never married 8.5 (468) 6.5 (75) 9.5 (300) 7.7 (93)
Stress 0.001
Low 39.5 (2161) 42.6 (485) 38.2 (1195) 39.8 (481)
Medium 313 (1716) 333 (379) 311 (973) 30.1 (364)
High 29.2  (1600) 241 (274) 30.7 (962) 30.1 (364)
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Hypertension medication use, %

(N)

Lipid-lowering medication use, %

(N)
Antidepressant use, % (N)
Cigarette smoking, % (N)
Never
Former
Current

Alternative healthy eating index
(AHEI)-2010

Sedentary behavior (MET-
minutes/week)

Exercise (MET-minutes/week)
Body mass index (kg/m2)
Total fat mass (kg)

Systolic blood pressure (SBP,
mmHg)

Diastolic blood pressure (DBP,
mmHg)

Total cholesterol (mg/dl)

High-density lipoprotein (HDL)
cholesterol (mg/dl)

32.8

14.6

7.6

50.7
36.5
12.8

53.73

1683.74

1595.36
27.73

27.51

125.20

71.86

195.05

51.66

(1820)

(808)

(421)

(2815)
(2029)
(713)

(9.69)

(1133.53)

(2374.67)
(5.27)
9.72)

(21.09)

(10.25)
(35.05)

(14.92)

34.2

15.9

7.7

49.2
415
9.3

55.13

1669.87

1881.36
27.47

26.82

123.96

72.08

191.77

51.85

(396)

(184)

(89)

(569)
(480)
(108)

(9.87)

(1062.90)

(2480.53)
(4.96)
(9.11)

(19.66)

(9.98)
(34.10)

(15.69)
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32.6

15.1

8.3

49.1
37.8
13.2

53.67

1711.42

1665.75
27.94

27.97

125.06

71.79

195.24

51.96

(1037)

(479)

(262)

(1559)
(1201)
(418)

(9.81)

(1148.94)

(2501.68)
(5.36)
(9.94)

(21.27)

(10.22)
(34.67)

(15.03)

31.7

11.9

5.7

56.2
28.5
15.3

52.53
1624.9

1141.5

27.41

26.97

126.75

71.82

197.68

50.72

(387)

(145)

(70)

(687)
(348)
(187)

(8.98)

(1156.15)

(1803.94)
(5.30)
(9.63)

(21.86)

(10.57)
(36.64)

(13.82)

0.40

0.01
0.02

<0.001

<0.001

0.07

<0.001
0.002

<0.001

0.005

0.70

<0.001

0.04



Low-density lipoprotein (LDL)
cholesterol (mg/dl) 118.01 (31.08) 116.54 (30.18) 118.11 (31.31) 119.17 (31.28) 0.12

Triglycerides (mg/dl) 127.38 (77.40) 118.42 (73.34) 126.26 (73.41) 138.79 (89.10) <0.001

Data were presented as mean (standard deviation, SD) for continuous variables, and percentage, % (frequency, N) for categorical variables.
P-values were compared between three SDOH groups using y2-tests and one-way ANOVA for categorical and continuous variables, respectively.

SDOH was calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and
health and system domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level, and 0
otherwise. The SDOH sum-score was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-1, reference group), medium
(2-4), and high (5-9).
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Table 3.2. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis

Overall White Chinese
HR 95%CI P P-for- HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend trend
Model 1 <0.001 0.01 0.19
Low 1.00 1.00 1.00
Medium 117  (1.00,1.36)  0.05 1.24  (0.98,1.56) 0.07 093  (0.51,1.69) 0.81
High  1.74  (1.47,2.07) <0.001 159  (1.08,2.34)  0.02 119  (0.66,2.17)  0.56
Model 2 <0.001 0.001 0.39
Low 1.00 1.00 1.00
Medium 111 (0.95, 1.31) 0.20 1.30 (1.02, 1.65) 0.03 0.81 (0.44, 1.48) 0.49
High 151 (1.24,1.83) <0.001 2.01  (1.35,3.01) 0.001 101  (0.55,1.85  0.98
Model 3 <0.001 0.11 0.28
Low 1.00 1.00 1.00
Medium 1.07 (0.91, 1.27) 0.42 121 (0.94,156) 0.13 0.67 (0.36,1.25)  0.21
High 146  (1.19,1.79) <0.001 135 (0.87,2.10) 0.18 093  (0.49,1.76) 0.83
Black Hispanic
HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend
Model 1 0.40 0.01
Low 1.00 1.00
Medium 094 (0.72,121) 061 1.01  (0.67,154) 0.95
High 113 (0.81,1.58) 0.46 1.37  (0.91,2.07) 0.4
Model 2 0.70 <0.001
Low 1.00 1.00
Medium 093 (0.71,1.23) 0.61 113 (0.72,1.76)  0.60
High 1.06  (0.74,1.53) 0.75 1.67 (1.07,2.61)  0.02
Model 3 0.69 0.001
Low 1.00 1.00
Medium 0.92  (0.69,1.24) 0.60 129  (0.78,2.15) 0.32
High 1.08  (0.72,1.62) 0.73 1.88  (1.13,3.11) 0.1

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (P<0.05).
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SDOH was calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and health
and system domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level, and 0
otherwise. The SDOH sum-score was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-1, reference group), medium
(2-4), and high (5-9).

Model 1: Crude model

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, and marital status.

Model 3: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering
medication use, antidepressant use , smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, exercise, body mass index (BMI), total fat
mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein
(LDL) cholesterol, triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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Figure 3.1. Plot of crude type 2 diabetes rate with social determinants of health score. The black line is drawn through the actual data
points to show the relationship between the SDOH count and the crude T2D rate. The blue line represents a locally estimated

scatterplot smoothing (LOESS) smoothed line.
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Race*social determinants of health (race
and social determinants of health
interactions on type 2 diabetes)

A A
I I
| 1

X: Social Y: Type 2 Diabetes
Race/ethnicity > - gty

determinants of
health

Figure 3.2. Directed acyclic graph (DAG) for social determinants of health and type 2 diabetes. Here the exposure is social
determinants of health (SDOH), outcome is type 2 diabetes (T2D). The potential mediators were in gray color, as these mediators were
not our main aim in the dissertation. The race*SDOH interaction term on T2D was drawn in the DAG as we examined whether

associations between SDOH and T2D varied across racial and ethnic groups and we tested interactions between race and SDOH on
T2D.

49



Source cohort
MESA
N = 6814

Participants excluded
_| = Missing on social determinates of health variables
at exam 1 (N = 298)

v

Population having information on social determinates of health variables
at exam 1
N =6516

Participants excluded
« Missing on T2D at exam 1 (N = 61)
» Having T2D at exam 1 (N = 879)

A\

v

Population not having T2D at exam 1
N = 5576

Participants excluded
» not having any follow-up visits after baseline (n=19)

A4

Population who had follow-up visits after baseline
N = 5557

Figure S3.1. Participants flow chart
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Table S3.1. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis,

reclassifying employment status

Overall White Chinese
HR 95%CI P P-for- HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend trend
Model 1 <0.001 <0.001 0.67
Low 1.00 1.00 1.00
Medium  1.07 0.92 1.25 0.40 1.15 0.92 1.45 0.22 0.79 045 1.39 0.42
High 1.45 1.19 1.76 <0.001 2.33 1.56 3.48 <0.001 092 052 1.66 0.79
Model 2 0.001 0.08 0.67
Low 1.00 1.00 1.00
Medium  1.02 0.86 1.20 0.86 1.03 0.81 1.31 0.79 068 038 1.23 0.20
High 1.37 1.12 1.68 0.003 1.62 1.04 2.52 0.03 085 046 155 0.58
Black Hispanic
HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend
Model 1 0.62 0.003
Low 1.00 1.00
Medium 0.92 0.70 1.21 0.55 121 0.78 1.88 0.40
High 1.09 0.75 1.58 0.65 163 1.05 255 0.03
Model 2 0.80 0.003
Low 1.00 1.00
Medium 0.91 0.68 1.23 0.55 138 0.83 229 0.21
High 1.05 0.69 1.58 0.83 1.84 111 3.06 0.02

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (P<0.05).
SDOH weas calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and
health and system domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level,
and 0 otherwise. Employment status was classified as high risk (unemployed) vs. low risk (employed, retired or homemaker). The SDOH sum-
score was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-1, reference group), medium (2-4), and high (5-9).
Model 1: Adjusted for age, gender, family history of diabetes, race and ethnicity, and marital status.

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering

medication use, antidepressant use , smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, exercise, body mass index (BMI), total

fat mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density
lipoprotein (LDL) cholesterol, triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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Table S3.2. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis,

reclassifying neighborhood relations

Overall White Chinese
HR 95%CI P P-for- HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend trend
Model 1 <0.001 0.001 0.96
Low 1.00 1.00 1.00
Medium  1.10 0.96 1.27 0.18 1.28 1.03 1.59 0.02 0.62 0.39, 1.00 0.05
High 1.60 1.34 190 <0.001 1.96 1.24 3.10 0.004 0.80 0,50, 1.29 0.36
Model 2 <0.001 0.43 0.58
Low 1.00 1.00 1.00
Medium  1.10 0.96 1.27 0.18 1.12 0.90 1.40 0.32 066 041 1.06 0.08
High 1.67 1.34 2.09 <0.001 0.94 0.33 2.65 0.90 0.95 055 1.65 0.85
Black Hispanic
HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend
Model 1 0.41 <0.001
Low 1.00 1.00
Medium 1.06 0.84 1.34 0.63 113 079 1.63 0.50
High 1.17 0.80 1.71 0.43 191 136 269 <0.001
Model 2 0.35 <0.001
Low 1.00 1.00
Medium 0.99 0.77 1.28 0.95 165 114 239 0.01
High 1.56 0.88 2.76 0.13 228 150 345 <0.001

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (P<0.05).

SDOH weas calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and
health and system domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level, and
0 otherwise. Neighborhood trust, neighborhood help, and close-knit neighborhood were classified as high risk (disagree) vs. low risk (agree,

neither agree nor disagree). The SDOH sum-score was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-1,

reference group), medium (2-4), and high (5-9). Model 1: Adjusted for age, gender, family history of diabetes, race and ethnicity, and marital status.

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering

medication use, antidepressant use , smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, exercise, body mass index (BMI), total

fat mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density

lipoprotein (LDL) cholesterol, triglycerides. When stratified by race and ethnicity, the variable was not controlled.
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Table S3.3. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis, using
continuous social determinants of health

Overall White Chinese
HR 95%CI P HR 95%ClI P HR 95%ClI P
Model 1 1.08 1.04 112 <0.001 1.14 1.06 123 0001 103 094 113 0.50
Model 2 1.07 1.03 1.11  0.001 1.05 0.97 1.14 0.25 1.04 094 115 0.43
Black Hispanic
HR 95%ClI P HR 95%ClI P
Model 1 1.02 0.94 1.09 0.69 1.09 1.03 1.16  0.003
Model 2 1.00 0.92 1.09 0.97 110 1.03 117 0.004

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated
statistical significance (P<0.05).

SDOH was calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment
and social cohesion, and health and system domain. For each of the 9 variables, an individual received a score of 1 if
individuals’ SDOH variable level was the high-risk level, and 0 otherwise. The SDOH sum-score was calculated by taking
the sum of all 9 variable scores. Continuous SDOH score was used.

Model 1: Adjusted for age, gender, family history of diabetes, race and ethnicity, and marital status.

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension
mediation use, lipid-lowering medication use, antidepressant use , smoking, alternative healthy eating index (AHEI)-2010,
sedentary behavior, exercise, body mass index (BMI), total fat mass, systolic blood pressure (SBP), diastolic blood pressure
(DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol,
triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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Table S3.4. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis, type 2

diabetes diagnosed by fasting serum glucose and use of glucose-lowering medications

Overall White Chinese
HR 95%CI P P-for- HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend trend
Model 1 <0.001 0.002 0.62
Low 1.00 1.00 1.00
Medium  1.20 0.97 1.48 0.09 1.44 1.04 1.99 0.03 0.68 035 1.33 0.26
High 156 1.21 2.01 0.001 2.43 1.47 4.01 0.001 0.79 041 1.52 0.48
Model 2 <0.001 0.51 0.40
Low 1.00 1.00 1.00
Medium  1.12 0.90 1.40 0.32 1.20 0.85 1.69 0.30 071 036 141 0.33
High 1.45 1.11 1.88 0.01 1.62 0.93 2.81 0.09 0.78 039 158 0.49
Black Hispanic
HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend
Model 1 0.43 0.001
Low 1.00 1.00
Medium 1.08 0.75 1.55 0.69 127 073 223 0.40
High 0.96 0.57 1.61 0.87 200 1.18 3.39 0.01
Model 2 0.53 0.001
Low 1.00 1.00
Medium 1.03 0.68 1.54 0.90 140 0.76 255 0.28
High 1.01 0.56 1.80 0.98 205 115 3.63 0.01

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (P<0.05).

SDOH was calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and health and system
domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level, and 0 otherwise. The SDOH sum-score
was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-2, reference group), medium (3-4), and high (5-9), based on plot of SDOH and
objectively defined T2D.

Participants were diagnosed as having T2D using fasting plasma glucose and glucose-lowering medications, not using self-reported diabetes diagnosis in the
sensitivity analyses.

Model 1: Adjusted for age, gender, family history of diabetes, race and ethnicity, and marital status.

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use , smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, exercise, body mass index (BMI), total fat mass, systolic blood pressure
(SBP), diastolic blood pressure (DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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Table S3.5. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis, addressing

missing of covariates

Overall White Chinese
HR 95%CI P P-for- HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend trend
Model 1 <0.001 0.004 0.32
Low 1.00 1.00 1.00
Medium  1.09 0.93 1.27 0.30 1.27 1.01 1.60 0.04 0.85 047 156 0.61
High 1.45 1.20 1.74 <0.001 1.73 1.16 2.57 0.01 1.07 0.58 1.96 0.83
Model 2 <0.001 0.27 0.19
Low 1.00 1.00 1.00
Medium  1.04 0.88 1.22 0.68 1.17 0.92 1.49 0.20 072 039 134 0.30
High  1.40 1.15 1.71 0.001 1.21 0.78 1.87 0.39 1.02 054 1.90 0.96
Black Hispanic
HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend
Model 1 0.50 0.001
Low 1.00 1.00
Medium 0.90 0.69 1.18 0.46 1.07 070 1.62 0.77
High 1.10 0.78 1.55 0.58 153 1.00 232 0.05
Model 2 0.73 0.001
Low 1.00 1.00
Medium 0.87 0.65 1.16 0.34 122 075 1.97 0.43
High 1.05 0.71 1.54 0.81 1.74 1.08 2.82 0.02

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (P<0.05).
As the percentage of family history of diabetes were higher than 5%, a separated category for family history of diabetes missing was created.
SDOH was calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and health and system
domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level, and 0 otherwise. The SDOH sum-score

was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-1, reference group), medium (2-4), and high (5-9).

Model 1: Adjusted for age, gender, family history of diabetes, race and ethnicity, and marital status.

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,

antidepressant use , smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, exercise, body mass index (BMI), total fat mass, systolic blood pressure
(SBP), diastolic blood pressure (DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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Table S3.6. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis, using
multiple imputation for missing

Overall White Chinese
HR 95%CI P P-for- HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend trend
Model 1 <0.001 0.004 0.37
Low
Medium  1.09 0.93 1.27 0.28 1.28 1.02 1.62 0.04 0.87 048 159 0.66
High 1.45 1.20 1.74 <0.001 1.72 1.15 2.56 0.01 1.06 0.58 1.96 0.84
Model 2 <0.001 0.39 0.24
Low
Medium  1.02 0.87 1.19 0.81 1.16 0.91 1.46 0.23 0.74 040 1.37 0.34
High 1.34 1.11 1.62 0.002 1.13 0.75 1.72 0.55 1.01 054 1.89 0.98
Black Hispanic
HR 95%ClI P P-for- HR 95%ClI P P-for-
trend trend
Model 1 0.54 0.001
Low
Medium 0.90 0.69 1.17 0.44 1.08 071 164 0.72
High 1.08 0.77 1.52 0.64 156 1.03 237 0.04
Model 2 0.62 0.001
Low
Medium 0.86 0.65 1.12 0.26 112 072 1.72 0.62
High 1.05 0.74 1.50 0.77 161 1.04 249 0.03

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (P<0.05).
Multiple imputation was used for the missing data.
SDOH was calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and health and system

domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level, and 0 otherwise. The SDOH sum-score
was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-1, reference group), medium (2-4), and high (5-9).
Model 1: Adjusted for age, gender, family history of diabetes, race and ethnicity, and marital status.

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,

antidepressant use , smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, exercise, body mass index (BMI), total fat mass, systolic blood pressure
(SBP), diastolic blood pressure (DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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Table S3.7. Distribution of individual and cumulative social determinants of health variables in the Multi-Ethnic Study of

Atherosclerosis
Overall White Chinese Black Hispanic P

Individual SDOH variables and cumulative
SDOH score % N % N % N % N % N
Employment status (unemployed, homemaker) 12.8 (712) 11.9 (279) 18.9 (129) 7.8 (108) 17.1  (196) <0.001
Annual household income (<$35,000) 42.0 (2334) 253 (593) 61.3 (419) 42.6 (586) 64.1 (736) <0.001
Education (less than or equal to high school)
Language spoken in exam 1 (Spanish, Chinese) 33.3 (1849) 20.6 (483) 39.5 (270) 27.7 (381) 62.3 (715) <0.001
Residence (rent or pay a mortgage or other) 20.8 (1157) 0.0 (1) 80.1 (548) 0.0 (0) 53.0 (608) <0.001
Neighborhood can be trusted (disagree, neither
agree nor disagree)
Neighborhood help each other out (disagree, 72.1 (4008) 59.0 (1386) 74.3  (508) 81.0 (1115) 87.0 (999) <0.001
neither agree nor disagree)
A close-knit neighborhood (disagree, neither 39.0 (2166) 31.4 (738) 41.8 (286) 46.0 (634) 44.3  (508) <0.001
agree nor disagree)
Health insurance (no) 272 (1511) 233 (547) 323 (221) 27.5 (379) 31.7 (364) <0.001
Cumulative SDOH score <0.001

Low  20.8 (1157) 30.5 (715) 89 (61) 21.1 (291) 7.8 (90)

Medium ~ 57.2 (3178)  62.5 (1468) 475 (325) 62.0 (854) 463 (531)

High 220 (1222) 7.0 (165) 43.6  (298) 169 (232) 459 (527)

Data were presented as percentage, % (frequency, N) for categorical variables.P-values were compared between four racial/ethnic groups using y2-tests or
Fisher’s exact test when frequency less than 5.
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Table S3.8. Associations of social determinants of health with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis, adjusting for mediators
stepwise

Overall White Chinese Black Hispanic
HR 95%CI P HR 95%ClI P HR 95%ClI P HR 95%ClI P HR 95%ClI P
Model 1
Low 1.00 1.00 1.00 1.00 1.00
Medium 110 0.93 1.29 0.26 128 101 163 004 081 044 149 050 091 069 120 051 110 0.70 1.72 0.68
High 151 124 183 <0.001 200 133 300 0.001 1.02 055 188 095 107 074 155 073 164 105 256 0.03
Model 2
Low 1.00 1.00 1.00 1.00 1.00
Medium 1.09 0.93 1.29 0.28 126 099 161 006 081 044 148 049 091 069 121 052 110 070 172 0.68
High 150 123 182 <0.001 197 132 296 0.001 103 056 190 092 106 074 154 074 162 104 252 0.03
Model 3
Low 1.00 1.00 1.00 1.00 1.00
Medium 1.09 0.92 1.28 0.28 125 098 159 007 080 044 147 048 092 069 121 055 109 069 170 0.72
High 150 123 182 <0.001 192 128 289 0.002 1.06 057 195 086 106 073 154 074 162 104 252 0.03
Model 4
Low 1.00 1.00 1.00 1.00 1.00
Medium 1.09 0.92 1.28 0.32 125 098 159 007 081 044 148 049 092 070 122 055 107 069 168 0.76
High 150 123 182 <0.001 192 128 289 0.002 106 057 195 086 107 074 156 072 162 104 253 0.03
Model 5
Low 1.00 1.00 1.00 1.00 1.00
Medium 1.08 0.92 1.27 0.35 125 098 159 007 077 042 142 041 091 069 120 049 106 0.68 166 0.80
High 149 122 180 <0001 188 125 283 0.003 101 054 187 099 105 072 152 082 161 104 252 0.03
Model 6
Low 1.00 1.00 1.00 1.00 1.00
Medium 1.08 0.92 1.27 0.37 122 096 156 010 0.77 042 142 040 090 068 119 047 106 0.68 167 0.79
High 147 121 179 <0.001 172 114 261 001 101 054 187 099 104 071 151 084 161 103 252 0.04
Model 7
Low 1.00 1.00 1.00 1.00 1.00
Medium 1.07 091 1.26 0.40 122 09 155 011 077 042 143 041 091 069 121 051 104 066 164 0.85
High 146 120 178 <0.001 169 112 256 001 101 054 189 097 106 072 154 078 156 099 244 0.05
Model 8
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Model 9

Model 10

Model 11

Model 12

Model 13

Model 14

Model 15

Model 16

Low
Medium
High

Low
Medium
High

Low
Medium
High

Low
Medium
High

Low
Medium
High

Low
Medium
High

Low
Medium
High
Low
Medium

High

Low

1.00
1.10
1.52

1.00
1.08
1.52

1.00
1.09
1.54

1.00
1.08
1.53

1.00
1.09
1.53

1.00
1.08
1.52

1.00
1.07
1.47

1.00
1.07

1.46

1.00

0.93
1.24

0.91
1.24

0.92
1.26

0.92
1.25

0.92
1.25

0.92
1.24

0.90
1.20

0.91
119

1.30
1.86

1.27
1.86

1.29
1.88

1.28
1.87

1.28
1.87

1.28
1.87

1.27
1.80

1.27
1.79

0.27
<0.001

0.39
<0.001

0.30
<0.001

0.35
<0.001

0.34
<0.001

0.34
<0.001

0.43
<0.001

0.42
<0.001

1.00
1.22
1.64

1.00
1.22
1.50

1.00
1.24
1.49

1.00
1.23
1.52

1.00
1.22
151

1.00
1.22
1.50

1.00
121
1.40

1.00
121

1.37

1.00

0.96
1.07

0.96
0.98

0.97
0.97

0.96
0.99

0.96
0.99

0.95
0.98

0.94
0.91

0.94
0.88

1.56
2.51

1.56
2.30

1.58
2.29

1.57
2.32

1.57
2.32

1.56
2.30

1.54
2.14

1.56
2.13

0.11
0.02

0.11
0.06

0.09
0.07

0.10
0.06

0.11
0.06

0.12
0.06

0.14
0.13

0.13
0.16

1.00
0.77
1.01

1.00
0.70
0.95

1.00
0.70
0.95

1.00
0.70
0.95

1.00
0.70
0.96

1.00
0.70
0.98

1.00
0.68
0.92

1.00
0.67

0.93

1.00

59

0.42
0.54

0.38
0.50

0.38
0.51

0.38
0.51

0.38
0.51

0.38
0.52

0.36
0.49

0.36
0.49

1.42
1.89

1.29
1.78

1.29
1.79

1.30
1.79

1.30
1.80

1.30
1.84

1.26
1.74

1.26
1.76

0.40
0.98

0.25
0.86

0.25
0.88

0.26
0.88

0.26
0.89

0.26
0.95

0.22
0.81

0.21
0.82

1.00
0.91
1.07

1.00
0.88
1.07

1.00
0.92
1.12

1.00
091
1.09

1.00
091
1.08

1.00
0.91
1.10

1.00
0.92
1.10

1.00
0.92

1.08

1.00

0.68
0.72

0.66
0.72

0.68
0.75

0.68
0.73

0.68
0.72

0.68
0.73

0.68
0.73

0.69
0.72

1.22
1.60

1.18
1.59

1.23
1.67

1.23
1.63

1.23
1.62

1.23
1.64

1.23
1.65

1.24
1.62

0.52
0.74

0.39
0.75

0.56
0.59

0.56
0.67

0.55
0.70

0.54
0.66

0.57
0.65

0.60
0.73

1.00
1.23
1.84

1.00
1.23
1.89

1.00
1.23
1.89

1.00
1.22
1.88

1.00
1.24
191

1.00
1.25
1.91

1.00
1.23
1.83

1.00
1.26

1.85

1.00

0.76
1.13

0.75
1.16

0.75
1.16

0.75
1.15

0.76
1.16

0.76
1.17

0.75
1.12

0.76
111

2.02
3.00

2.02
3.09

2.02
3.09

2.00
3.08

2.04
3.12

2.05
3.12

2.01
2.99

2.09
3.06

0.40
0.01

0.41
0.01

0.41
0.01

0.43
0.01

0.39
0.01

0.38
0.01

0.42
0.02

0.37
0.02



Medium 1.07 091 1.27 0.42 121 094 15 013 067 036 125 021 092 069 124 060 129 0.78 215 0.32
High 146 119 179 <0.001 135 087 210 018 093 049 176 083 108 072 162 073 183 113 311 0.01

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (P<0.05).

SDOH was calculated from 9 variables of four domains: economic stability, education, neighborhood, physical environment and social cohesion, and health and system
domain. For each of the 9 variables, an individual received a score of 1 if individuals’ SDOH variable level was the high-risk level, and 0 otherwise. The SDOH sum-score
was calculated by taking the sum of all 9 variable scores. SDOH was categorized as low (0-1, reference group), medium (2-4), and high (5-9).

Model 1: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, and stress

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, and hypertension mediation use

Model 3: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, and lipid-lowering medication use
Model 4: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use, and
antidepressant use

Model 5: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, and smoking

Model 6: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, and sedentary behavior

Model 7: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise

Model 8: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, and alternative healthy eating index (AHEI)-2010

Model 9: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, and body mass index (BMI)

Model 10: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, and total fat mass

Model 11: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, total fat mass, and systolic blood pressure (SBP)

Model 12: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, total fat mass, systolic blood pressure (SBP), and diastolic blood pressure (DBP)
Model 13: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, total fat mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), and total
cholesterol

Model 14: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, total fat mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, and high-density lipoprotein (HDL) cholesterol

Model 15: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, total fat mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol

Model 16: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, total fat mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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Table S3.9. Associations of individual social determinants of health variables with type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis,

adjusting for confounders and mediators stepwise

Overall White Chinese Black Hispanic

HR 95%CI P HR 95%ClI P HR 95%ClI P HR 95%ClI P HR 95%ClI P
Model 1
Employment 120 1.01 143 0.04 116 083 1.63 0.38 119 0.78 181 042 083 052 132 042 148 110 199 0.01
status (high vs.
low risk)
Annual 132 116 151 <0001 146 113 189 0.004 087 061 124 044 119 093 152 016 168 131 215 <O0.
household 001
income (high
vs. low risk)
Education 131 115 149 <0001 151 118 193 0.001 136 09 192 0.08 09 074 125 076 138 110 175 0.01
(high vs. low
risk)
Language 141 115 172 0.001 0.89 058 136 0.59 153 122 192 <O
spoken in exam 001
1 (high vs. low
risk)
Residence 122 105 142 0.01 110 087 1.39 0.42 1.09 074 158 067 111 080 152 053 196 131 295 0.00
(high vs. low 1
risk)
Neighborhood  1.01 0.89 1.13 0.94 1.05 084 1.30 0.70 098 070 137 091 105 084 132 065 091 0.72 113 0.39
can be trusted
(high vs. low
risk)
Neighborhood  1.05 0.93 1.20 0.43 123 097 155 0.08 1.09 077 154 062 101 079 130 093 091 0.72 116 045
help each other
out (high vs.
low risk)
A close-knit 098 087 1.10 0.67 1.01 082 124 0.93 113 082 157 046 105 084 131 065 081 065 1.01 0.06
neighborhood
(high vs. low
risk)
Health 1.08 0.88 1.33 0.44 231 144 371 0001 09 063 146 084 065 038 110 011 112 083 153 046
insurance (high
vs. low risk)
Model 2
Employment 120 101 143 0.04 118 084 165 0.35 119 078 181 042 082 051 130 040 147 1.09 198 0.01
status (high vs.
low risk)
Annual 132 116 151 <0.001 145 111 1.88 0.01 086 061 123 041 120 094 153 015 168 131 215 <O0.
household 001
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income (high
vs. low risk)
Education
(high vs. low
risk)

Language
spoken in exam
1 (high vs. low
risk)
Residence
(high vs. low
risk)
Neighborhood
can be trusted
(high vs. low
risk)
Neighborhood
help each other
out (high vs.
low risk)

A close-knit
neighborhood
(high vs. low
risk)

Health
insurance (high
vs. low risk)
Model 3
Employment
status (high vs.
low risk)
Annual
household
income (high
vs. low risk)
Education
(high vs. low
risk)

Language
spoken in exam
1 (high vs. low
risk)
Residence
(high vs. low
risk)

1.34

1.42

1.22

0.99

1.05

0.97

1.08

1.23

1.32

1.34

1.39

1.22

1.18

1.17

1.04

0.87

0.93

0.86

0.88

1.03

1.16

1.18

1.14

1.04

1.53

1.74

1.42

111

1.20

1.08

1.33

147

151

1.53

1.70

1.42

<0.001

0.001

0.01

0.82

0.43

0.55

0.45

0.02

<0.001

<0.001

0.001

0.01

1.55

1.07

1.01

1.23

1.00

231

1.23

1.47

1.50

1.04

121

0.85

0.81

0.97

0.81

1.44

0.87

1.13

1.17

0.82

1.99

1.36

1.27

1.55

1.24

3.71

1.72

1.91

1.92

1.32

0.001

0.56

0.91

0.09

0.99

0.001

0.24

0.005

0.001

0.76

1.35

0.88

1.09

0.99

1.10

1.14

0.97

1.30

0.88

1.42

0.93

1.16

0.96

0.58

0.75

0.71

0.78

0.82

0.63

0.86

0.61

1.00

0.60

0.79

191

1.35

1.59

1.38

1.55

1.58

1.48

1.98

1.26

2.01

1.42

1.69

0.09

0.56

0.65

0.95

0.59

0.44

0.87

0.22

0.47

0.05

0.72

0.46

1.00

1.09

1.03

1.03

1.03

0.60

0.81

1.19

1.01

1.16

0.76

0.79

0.82

0.80

0.83

0.35

0.50

0.93

0.77

0.84

1.30

1.50

1.29

1.33

1.29

1.04

1.29

1.52

1.32

1.61

0.98

0.61

0.83

0.81

0.77

0.07

0.36

0.17

0.95

0.36

1.43

1.54

1.99

0.90

0.90

0.80

1.14

1.51

1.68

1.40

1.48

1.90

1.13

1.23

1.32

0.71

0.71

0.64

0.83

1.12

131

1.10

1.18

1.26

1.82

1.94

2.99

113

1.15

0.99

1.55

2.04

2.16

1.78

1.87

2.86

0.00

<0.
001

0.00

0.35

0.41

0.04

0.42

0.01

<0.
001

0.01

0.00

0.00
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Neighborhood
can be trusted
(high vs. low
risk)
Neighborhood
help each other
out (high vs.
low risk)

A close-knit
neighborhood
(high vs. low
risk)

Health
insurance (high
vs. low risk)
Model 4

Employment
status (high vs.
low risk)
Annual
household
income (high
vs. low risk)
Education
(high vs. low
risk)

Language
spoken in exam
1 (high vs. low
risk)
Residence
(high vs. low
risk)
Neighborhood
can be trusted
(high vs. low
risk)
Neighborhood
help each other
out (high vs.
low risk)

A close-knit
neighborhood

0.98

1.06

0.96

1.14

1.20

1.30

1.34

1.41

1.22

0.97

1.05

0.95

0.87

0.93

0.85

0.93

1.01

1.14

1.17

1.15

1.04

0.86

0.92

0.85

1.10

1.21

1.08

1.40

1.43

1.49

1.52

1.73

1.42

1.09

1.20

1.07

0.72

0.38

0.48

0.22

0.04

<0.001

<0.001

0.001

0.01

0.57

0.46

0.41

1.02

1.23

0.99

2.46

1.13

1.38

1.39

1.03

0.99

1.21

0.96

0.81

0.97

0.80

1.53

0.80

1.06

1.08

0.81

0.79

0.96

0.78

1.27

1.56

1.22

3.97

1.60

181

1.79

131

1.24

1.54

1.19

0.89

0.08

0.90

<0.001

0.48

0.02

0.01

0.82

0.94

0.11

0.72

1.00

1.06

111

1.05

1.28

0.86

1.40

0.91

1.15

0.98

1.05

111

0.71

0.75

0.80

0.68

0.84

0.60

0.98

0.59

0.78

0.70

0.74

0.80

1.39

1.50

1.54

1.62

1.95

1.24

2.00

1.40

1.69

1.38

1.49

1.55

0.98

0.74

0.55

0.82

0.25

0.41

0.06

0.66

0.47

0.93

0.77

0.53

1.02

1.02

1.02

0.60

0.80

1.18

1.03

1.16

1.00

1.02

1.02

0.81

0.79

0.81

0.34

0.50

0.92

0.79

0.84

0.80

0.79

0.81

1.28

1.32

1.27

1.06

1.27

1.50

1.34

1.61

1.26

1.32

1.28

0.86

0.86

0.87

0.08

0.34

0.20

0.85

0.37

0.98

0.85

0.87

0.90

0.95

0.81

1.18

1.52

1.67

1.38

1.48

1.89

0.91

0.95

0.81

0.71

0.75

0.65

0.86

1.13

1.30

1.08

1.16

1.26

0.72

0.74

0.65

112

121

1.01

1.61

2.06

2.15

1.76

1.88

2.86

1.14

1.20

1.01

0.34

0.68

0.06

0.30

0.01

<0.
001

0.01

0.00

0.00

0.39

0.64

0.06
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(high vs. low
risk)

Health
insurance (high
vs. low risk)
Model 5
Employment
status (high vs.
low risk)
Annual
household
income (high
vs. low risk)
Education
(high vs. low
risk)

Language
spoken in exam
1 (high vs. low
risk)
Residence
(high vs. low
risk)
Neighborhood
can be trusted
(high vs. low
risk)
Neighborhood
help each other
out (high vs.
low risk)

A close-knit
neighborhood
(high vs. low
risk)

Health
insurance (high
vs. low risk)
Model 6
Employment
status (high vs.
low risk)
Annual
household

113

1.24

1.30

1.33

1.53

121

0.98

1.06

0.96

1.17

1.25

1.29

0.92

1.04

1.14

1.16

1.24

1.03

0.86

0.93

0.85

0.95

1.05

1.12

1.39

1.49

1.50

1.52

1.88

1.41

111

1.21

1.08

1.45

1.50

1.48

0.25

0.02

<0.001

<0.001

<0.001

0.02

0.71

0.39

0.46

0.13

0.01

<0.001

2.45

111

1.34

1.30

1.02

1.00

1.21

0.97

2.67

1.21

1.24

151

0.78

1.02

1.00

0.80

0.79

0.95

0.78

1.64

0.85

0.94

3.97

1.58

1.76

1.69

1.30

1.25

1.54

1.19

4.33

1.73

1.63

<0.001

0.56

0.03

0.05

0.87

0.99

0.12

0.74

<0.001

0.29

0.13

1.04

1.29

0.86

1.40

0.91

1.15

0.98

1.05

111

1.04

1.32

0.90

0.68

0.85

0.60

0.98

0.59

0.78

0.70

0.74

0.80

0.68

0.87

0.62

1.61

1.96

1.24

2.00

1.41

1.69

1.38

1.49

1.55

1.61

2.01

1.29

0.85

0.24

0.41

0.07

0.68

0.47

0.91

0.79

0.53

0.85

0.20

0.55

0.60

0.88

1.14

0.97

112

1.04

1.05

0.99

0.70

0.86

1.13

0.34

0.54

0.88

0.73

0.80

0.82

0.81

0.78

0.40

0.53

0.87

1.05

1.43

1.48

1.30

1.58

1.32

1.37

1.25

1.24

1.39

1.47

0.07

0.61

0.34

0.85

0.50

0.77

0.70

0.91

0.22

0.52

0.36

1.12

1.58

1.71

1.44

1.62

2.00

0.91

0.95

0.84

111

1.57

1.69

0.81

1.17

1.32

1.12

1.26

1.30

0.72

0.74

0.67

0.81

1.16

1.30

1.54

2.14

2.22

1.85

2.07

3.06

1.15

121

1.06

1.54

212

2.20

0.49

0.00

<0.
001

0.00

<0.
001

0.00

0.44

0.67

0.14

0.51

0.00

<0.
001
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income (high
vs. low risk)
Education
(high vs. low
risk)

Language
spoken in exam
1 (high vs. low
risk)
Residence
(high vs. low
risk)
Neighborhood
can be trusted
(high vs. low
risk)
Neighborhood
help each other
out (high vs.
low risk)

A close-knit
neighborhood
(high vs. low
risk)

Health
insurance (high
vs. low risk)
Model 7
Employment
status (high vs.
low risk)
Annual
household
income (high
vs. low risk)
Education
(high vs. low
risk)

Language
spoken in exam
1 (high vs. low
risk)
Residence
(high vs. low
risk)

1.34

1.67

1.19

0.97

1.04

0.94

1.22

1.19

1.24

1.29

1.65

1.19

1.17

1.35

1.01

0.85

0.92

0.83

0.99

0.99

1.08

1.13

1.33

1.01

1.53

2.06

1.39

1.10

1.19

1.06

151

144

1.43

1.48

2.04

1.39

<0.001

<0.001

0.03

0.60

0.52

0.29

0.06

0.06

0.003

<0.001

<0.001

0.04

1.24

0.97

1.03

1.20

0.92

1.88

1.16

1.18

1.17

0.96

0.95

0.76

0.82

0.95

0.74

1.15

0.81

0.89

0.90

0.75

1.60

1.24

1.29

1.53

1.14

3.07

1.67

1.57

1.52

1.23

0.11

0.82

0.83

0.13

0.44

0.01

0.42

0.26

0.24

0.75

1.36

0.95

1.24

0.91

1.04

1.06

1.05

1.33

0.90

1.41

0.96

1.26

0.95

0.62

0.84

0.65

0.73

0.76

0.68

0.87

0.62

0.98

0.61

0.84

1.96

1.48

1.83

1.28

1.47

1.48

1.62

2.04

1.30

2.04

1.52

1.88

0.10

0.83

0.29

0.60

0.85

0.75

0.83

0.19

0.56

0.07

0.87

0.26

0.99

1.10

1.00

1.04

0.99

0.72

0.84

111

0.99

1.08

0.74

0.79

0.78

0.79

0.78

0.40

0.51

0.85

0.74

0.76

1.32

1.55

1.27

1.35

1.25

1.27

1.36

1.45

1.32

1.52

0.95

0.57

0.97

0.80

0.93

0.25

0.47

0.43

0.94

0.68

1.47

181

2.01

0.92

0.93

0.83

1.26

1.40

1.61

1.38

1.81

2.13

1.14

1.40

131

0.73

0.73

0.66

0.91

1.02

1.23

1.06

1.39

1.37

1.89

2.33

3.08

1.16

119

1.04

1.74

191

2.11

1.78

2.34

3.32

0.00

<0.
001

0.00

0.46

0.58

0.10

0.17

0.04

0.00

0.02

<0.
001

0.00
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Neighborhood 097 0.85 1.10 0.59 1.00 079 1.26 0.98 092 066 131 066 103 080 132 082 092 072 116 047
can be trusted

(high vs. low

risk)

Neighborhood ~ 1.03 090 1.17 0.67 116 091 148 0.23 1.05 074 150 079 105 080 137 075 091 071 118 048
help each other

out (high vs.

low risk)

A close-knit 094 083 1.06 0.29 093 075 115 0.50 1.02 072 142 093 099 078 125 090 082 065 104 0.10
neighborhood

(high vs. low

risk)

Health 112 090 1.38 0.31 180 1.09 298 0.02 096 061 151 085 062 035 110 0.10 112 080 157 0.53
insurance (high

vs. low risk)

Cox proportional hazard regression was used. Hazard ratio, 95% CI and P-value were reported. Boldface indicated statistical significance (Bonferroni-corrected P<0.05/9).
Model 1: Adjusted for age, gender, family history of diabetes, race/ethnicity, and marital status.

From model 2, mediators were adjusted.

Model 2: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, and stress

Model 3: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use, and
antidepressant use

Model 4: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise

Model 5: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, and alternative healthy eating index (AHEI)-2010

Model 6: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, and body mass index (BMI)

Model 7: Adjusted for age, gender, family history of diabetes, race and ethnicity, marital status, stress, hypertension mediation use, lipid-lowering medication use,
antidepressant use, smoking, sedentary behavior, and exercise, AHEI-2010, BMI, total fat mass, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides.

When stratified by race and ethnicity, the variable was not controlled.
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4. Chapter four: Racial and ethnic disparities of type 2 diabetes in the United States: the
pathways through exercise in the Multi-Ethnic Study of Atherosclerosis

4.1. Abstract

Objective

To examine whether and to what degree racial and ethnic differences in type 2 diabetes (T2D)
were explained by different exercise levels in the United States.

Methods

We included 5,772 adults (45—84 years) free of T2D at 2000-2002 and followed until 2020 from
the Multi-Ethnic Study of Atherosclerosis (MESA) cohort. We examined associations of race and
T2D risk using multivariable Cox proportional hazard regressions and assessed effects explained
by exercise using natural mediation effects.

Results

Controlling for confounders, Hispanic [HR (95% CI): 2.02 (1.74-2.34)], Chinese [1.50 (1.24—
1.82)], and Black participants [1.66 (1.44—1.93)] had higher T2D risks than White participants.
Compared to White participants, Hispanic [ (SE): -0.29 (0.04) square root of MET-hour/day]
and Chinese [-0.25 (0.04)] participants had lower exercise, but not for Black participants [-0.01
(0.03)]. Exercise explained T2D relative risk by 9.7% for Hispanic and 11.7% for Chinese, but
not for Black participants compared to White participants.

Conclusions

Promoting exercise is crucial to decrease T2D risk for all racial groups but may additionally

narrow disparities in T2D among Hispanic and Chinese populations.
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4.2. Introduction

Diabetes is one of the most common chronic diseases, posing huge healthcare costs and
increasing risks of cardiovascular disease (CVD) and premature mortality.? In the United States
(US) in 2021, 38.4 million people had diabetes, representing 11.6% of the population, with 95%
having type 2 diabetes (T2D).> Moreover, racial and ethnic disparities of T2D in the US have
been well documented and they are worsening over time.'7 According to the National Diabetes
Statistics Report in 2017-2018, the age-adjusted incidence of diagnosed T2D was the highest
among Hispanic (9.7 per 1000 persons), followed by Black (8.2 per 1000 persons), Asian (7.4
per 1000 persons) and White (5.0 per 1000 persons) populations.!

To potentially reduce the higher risk of T2D in racial and ethnic minority groups, it is
critical to identify modifiable factors contributing to such disparities. In this regard, previous
studies in the US have identified multiple factors [e.g., education, dietary quality, and body mass
index (BMI)] that may explain the racial and ethnic disparities of T2D,7-34-3663.64,108,187-189
However, most studies were cross-sectional by design (not establishing the time
sequence),”!87:188 conducted in special populations (e.g., postmenopausal women)>%% or single
geographic location (e.g., San Antonio, Texas)!®. In addition, most studies only provided
qualitative estimations**!% or controlled for multiple factors together and could not find one
factor explaining how much racial differences in T2D%3-%4,

Exercise is a well-established modifiable factor for T2D.!'® Increasing the level of
exercise by 5 hours per week may reduce T2D risk by 25%.6! Previous studies found that
Hispanic, Black and Asian populations engaged in less exercise compared to White
populations.®*6%67 However, studies investigating whether exercise level could explain the racial

differences of T2D are sparse. The Women’s Health Initiative (WHI) Study found the combined
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exercise and household activities explained approximately 6% racial difference of T2D for Black
and Hispanic populations, compared to White populations.’® However, this study did not
differentiate between exercise and household activities, only assessed baseline activities, and
only included postmenopausal women.>® Thus, we aimed to examine whether exercise
potentially explained racial and ethnic differences (Hispanic, Black, Asian vs. White) in T2D in a
multi-racial and ethnic cohort study having longitudinal measures of exercise. We also estimated
the degree to which exercise accounted for these disparities.
4.3. Methods
Study design and population

Study participants were from the Multi-Ethnic Study of Atherosclerosis (MESA), a
population-based, prospective cohort study of 6,814 adults aged 45—-84 years who were free of
known CVD in 2000-2002 (study exam 1, baseline).'%? Following exams were administered in
2002-2004 (exam 2), 2004-2005 (exam 3), 2005-2007 (exam 4), 2010-2013 (exam 5), and
2016-2018 (exam 6).'%2

MESA also conducted 21 follow-up telephone interviews from 2001 to 2020 to inquire
about new disease diagnoses.!%? For the current study, we excluded participants who had T2D
(n=938) or missing T2D status (n=66) at baseline, or those without exercise information at any of
the exams (n=17), or participants not having any follow-up visits after baseline (n=21). Finally,
we included 5,772 participants in the study sample (Figure S4.1). We conducted the analysis
between February 2023 and June 2023. The institutional review boards of each site approved the
study, and all participants provided written informed consent. This manuscript was written
according to the Strengthening the Reporting of Observational Studies in Epidemiology

(STROBE) guidelines.
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Assessment of race and ethnicity

Race and ethnicity, a primarily social construct, was self-reported at baseline (exam 1) as
non-Hispanic White (White thereafter), Hispanic, non-Hispanic Black (Black thereafter), or non-
Hispanic Chinese American (Chinese thereafter).

Assessment of exercise

Physical activity was measured longitudinally via the self-administrated Typical Week
Physical Activity Survey (TWPAS) at exam 1, 2, 3, 5, and 6. The TWPAS was validated for
measuring PA in the Cross Cultural Activity Participation Study.!°>!°! Participants reported the
frequency and duration of various activities during a typical week in the past month, including
household chores, lawn/yard/garden/farm, care of children/adults, transportation, walking for
exercise (not at work), sports/dancing, conditioning activities (e.g., aerobics, cycling, and
swimming), leisure activities (e.g., watching TV, read, knit, sew, visit, do nothing, non-work
recreational computer use), occupational and volunteer activities.

We calculated the amount of exercise [i.e., metabolic equivalent of task (MET)-
minutes/week] by multiplying the MET value of walking for exercise, sports/dancing, and
conditioning activities with the time spent on these activities and then summed them. We used
habitual exercise (i.e., a cumulative average method, the average of exercise from baseline to
develop T2D, or until last contact if not developing T2D), as it could decrease within-subject
variation and reflect long-term exercise.!*?

Ascertainment of type 2 diabetes
Individuals were diagnosed as having T2D if they either had a fasting serum glucose

(FPG) >126 mg/dL according to American Diabetes Association criteria'®3 or self-reported use of
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glucose-lowering medications at each exam or self-reported diabetes diagnosis by physicians at
exam 1, 5, 6 and at 21 telephone interviews.
Assessment of covariates

The sociodemographic information (i.e., age, gender, marital status, education,
employment, annual household income, health insurance), medication use (i.e., hypertension
medication use, lipid-lowering medication use, antidepressant use), and cigarettes smoking were
measured at exam | from detailed questionnaires.!®>!”® Family history of diabetes was measured
at exam 2 from the family history questionnaire. Dietary intake over the past year was assessed
using the 120-item food frequency questionnaire (FFQ) at exam 1. We calculated the Alternative
Healthy Eating Index (AHEI)-2010 using a common method developed in previous studies as an
indicator of the dietary quality.%® Chronic stress was assessed using the Chronic Burden Scale
(CBS) at exam 1, including job difficulties, financial strain, relationship problems, or health
problems (self), health problems (someone close to participants)], ranging from 0 to 5) and
categorized as low (score of 0), medium (score of 1) and high (score >2) levels.!** Sedentary
behavior (MET-minutes/week) was assessed including reading, sitting, recreational computer,
and watching television from the TWPAS at exam 1.

Weight (pound) and height (cm) were assessed at exam 1 using a balance-beam scale and
stadiometer, respectively. BMI (kg/m?) was calculated as [weight (pound) X 0.45]/[height
(cm)/100]. Total fat mass percentage (%) was estimated using equations validated by dual-energy
X-ray absorptiometry (DXA)-estimated body fat percentage with correlation coefficients ranging
from 0.80 to 0.86: 76—(20x(height/waist)) for women and 64—(20x(height/waist)) for men.!”” We
calculated total fat mass (kg) by weight X (total fat mass percentage/100). Resting blood

pressure (BP) was measured three times in a seated position using an automated oscillometric

71



sphygmomanometer (model Pro 100, Critikon, Tampa, Florida, US), and calculated based on the
average of the last two of three measurements. Lipid profiles [i.e., total cholesterol, high-density
lipoprotein (HDL) cholesterol, and triglycerides| were measured at exam 1 from plasma samples.
Low-density lipoprotein (LDL) cholesterol was calculated using the Friedewald equation. '3
Statistical analysis

We presented baseline characteristics and described the distribution of exercise. We
reported the percentage and frequency [% (N)] for categorical variables and mean and standard
deviation (SD) for continuous variables. We used SAS version 9.4 (SAS Institute, Cary, NC,
USA) and R version 4.2.1. for analyses and considered the statistically significant level as a level
<0.05.

We first examined associations of race and ethnicity with incident T2D using Cox
proportional hazard regression models. The proportional hazards assumption was verified using
Schoenfeld residuals. The adjusted models controlled for confounders of age (years), gender
(male or female), and family history of diabetes (yes or no). We also additionally adjusted for
potential mediators that might influence racial and ethnic differences in T2D: marital status
(married/living with a partner or not), education (high school or less, associates, bachelor’s or
higher degree), employment (employed or unemployed/homemaker), annual household income
(<$25,000, $25,000-$49,999, >$50,000), health insurance (with or without insurance), stress
(low, medium ,or high), hypertension medication use (yes or no), lipid-lowering medication use
(yes or no), antidepressant use (yes or no), smoking (never, former, or current), AHEI-2010,
sedentary behavior (MET-minutes/week), BMI (kg/m?), total fat (kg), systolic BP (SBP)
(mmHg), diastolic BP (DBP) (mmHg), total cholesterol (mg/dl), HDL cholesterol (mg/dl), LDL

cholesterol (mg/dl), triglycerides (mg/dl), and habitual exercise (MET-minutes/week). Age as the
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time scale with left truncation of age at study entry was used in Cox regressions, to minimize
immortal time survival bias.'”> Second, we explored associations of race and ethnicity with
habitual exercise using linear regression models adjusting for confounders of age, gender, and
family history of diabetes. We transformed the habitual exercise to the square root of exercise to
ensure its normality. Third, we assessed associations between habitual exercise and T2D using
Cox proportional hazard regression models, adjusting for confounders of age, gender, family
history of diabetes marital status, education, employment, annual household income, health
insurance, stress, hypertension medication use, lipid-lowering medication use, antidepressant
use, smoking, AHEI-2010, sedentary behavior, BMI, total fat, SBP, DBP, total cholesterol, HDL
cholesterol, LDL cholesterol, and triglycerides in each racial and ethnic group.

We assessed the potential mediating role of exercise using interventional path-specific
effects (iPSEs)!7%!172 (Figure S4.2), with bootstrapping 200 times for 95% confidence intervals
(CIs). The iPSEs was estimated by the hazard ratio (HR) using the Cox proportional hazard
regressions. For the interventional effects, we decomposed the interventional total effect (iTE)
into two iPSEs,: (1) the indirect pathway: iPSE (Exercise) (HRipseExercise, red color in Figure S4.2)
for the path through exercise; (2) the direct pathway: iPSE (NotExercise) (HRipseNotExercise, yellow
color in Figure S4.2) for the path not through exercise. The mediated proportion explained by
exercise was calculated from In(HRipscExercise)/In(HRiTE) in iPSEs.!%

As missing percentages of each adjusted covariate were < 9.5%, we used the completed
data analyses in the primary analysis and treated the missing value as a separate category for
adjusted models in sensitivity analyses. In addition, individuals were diagnosed as having T2D
using FPG and glucose-lowering medications, not using self-reported receiving diabetes

diagnosis by physicians in the sensitivity analyses.
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4.4. Results
Characteristics of study participants

Among 5772 participants, 41.7% were White; 26.0% were Black; 20.4% were Hispanic;
and 11.9% were Chinese. Hispanic and Black participants were younger (Hispanic: 60.66 years,
Black: 61.69 years, White: 62.38 years), had higher percentages of current smokers (Hispanic:
13.8%, Black: 18.1%, White: 11.6%), had lower AHEI-2010 (Hispanic: 52.02, Black: 52.71,
White: 54.66) and higher BMI (kg/m?) (Hispanic: 28.75, Black: 29.61, White: 27.28) than White
participants. Hispanic, Black, and Chinese participants were less likely to have bachelor’s or
higher degree (Hispanic: 11.4%, Black: 35.6%, Chinese: 39.7%, White: 50.8%) and annual
household income >$50,000 (Hispanic: 20.2%, Black: 39.4%, Chinese: 29.7%, White: 57.9%),
and were more likely to have no insurance (Hispanic: 17.5%, Black: 6.2%, Chinese: 19.6%,
White: 2.7%) than White participants (Table 4.1).
Risk of type 2 diabetes by race and ethnicity

During a median follow-up time of 15.7 years, 1305 participants developed T2D
(incidence rate 17.4 per 1000 person-years). Hispanic participants had the highest crude
incidence rate of T2D (25.6 per 1000 person-years), followed by Black (21.4 per 1000 person-
years), Chinese (17.0 per 1000 person-years), and White participants (12.0 per 1000 person-
years). After adjusting for confounders of age, gender, and family history of diabetes, Hispanic
(HR =2.02, 95% CI: 1.74-2.34, P < 0.001), Black (HR = 1.66, 95% CI: 1.44-1.93, P <0.001),
and Chinese (HR = 1.50, 95% CI: 1.24—-1.82, P < 0.001) participants still had higher risk of T2D
than White participants. After further adjusting for potential mediators including socioeconomic
status (SES), marital status, stress, medications, smoking, AHEI-2010, sedentary behavior, BMI,

total fat, BP, lipids, and habitual exercise, both Hispanic (HR = 1.55, 95% CI: 1.27-1.88, P <
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0.001) and Black (HR = 1.39, 95% CI: 1.15-1.68, P = 0.001) participants continued to exhibit a
higher risk of T2D than White participants, although this risk was reduced. Chinese participants’
T2D risk (HR =2.01, 95% CI: 1.55-2.60, P < 0.001) not only remained higher but also increased
than White participants (Table 4.2).
Level of exercise by race and ethnicity

During the following up, White participants had the highest habitual exercise (MET-
hours/day)] [White: median (quartile 1, quartile 3), 3.15 (1.44, 5.99); Black: 2.99 (1.12, 5.83);
Chinese: 2.33 (1.18, 4.29); Hispanic: 2.04 (0.81, 4.61)] (Figure 4.1). In the linear regressions
adjusted for confounders of age, gender, and family history of diabetes, Hispanic [ = -0.29
(standard error, SE = 0.04), P <0.001] and Chinese [ =-0.25 (SE = 0.04), P <0.001]
participants still had lower habitual exercise (square root of MET-hours/day) than White
participants, while Black participants had similar habitual exercise [ =-0.01 (SE =0.03), P=
0.85] as White participants (Table 4.2).
Associations of exercise with type 2 diabetes

In unadjusted models, habitual exercise (MET-hours/day) was inversely associated with
T2D risk in White (HR = 0.93, 95% CI: 0.90-0.96, P < 0.001), Hispanic (HR = 0.94, 95% CI:
0.90-0.97, P <0.001), Black (HR = 0.99, 95% CI: 0.97-1.01, P = 0.27), and Chinese participants
(HR =0.98, 95% CI: 0.93—-1.03, P = 0.40), although results were only statistically significant
among White and Hispanic participants. After adjusting for confounders of age, gender, family
history of diabetes, marital status, SES, stress, medication use, smoking, AHEI-2010, sedentary
behavior, BMI, total fat, BP, lipids, habitual exercise (MET-hours/day) was still inversely
associated with T2D risk in White (HR = 0.96, 95% CI: 0.93-0.99, P = 0.02) and Hispanic

participants (HR = 0.95, 95% CI: 0.92-0.99, P = 0.02), but not in Black (HR = 1.01, 95% CI:
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0.98-1.03, P =0.67) and Chinese participants (HR = 1.00, 95% CI: 0.94-1.06, P = 0.91) (Table
4.2).
Mediation analyses of race and ethnicity and type 2 diabetes explained by exercise

Black participants had a similar level of habitual exercise as White participants (Figure
4.1, Table 4.2) and we did not find exercise explained racial differences in T2D when comparing
Black to White participants (Table S4.1). The estimated risk of T2D mediated by exercise was
1.08 [(1.04-1.13), P <0.001] for Hispanic and 1.06 [(1.02—1.10), P <0.001] for Chinese
participants. Exercise may account for 9.7% and 11.7% of racial and ethnic differences in T2D
when comparing Hispanic and Chinese to White participants (Table 4.2). In sensitivity analysis,
results were unchanged after creating a missing category for the missing covariate (Table S4.2),
or using FPG and glucose-lowering medications to diagnose T2D (Table S4.3).
4.5. Discussion

In this large multi-race and ethnicity study with longitudinal measurements of exercise in
the US, we confirmed that all Hispanic, Black and Chinese participants had higher risks of T2D,
and found only Hispanic and Chinese participants had lower levels of exercise than White
participants. In addition, we discovered that exercise may be a mediator of the T2D risk
differences for Hispanic and Chinese, but not for Black participants, when compared to White
participants. Overall, exercise contributed to about one-tenth of racial differences in T2D when
comparing Hispanic and Chinese to White participants, respectively. To our knowledge, the
present study is the first longitudinal study examining to what degree the racial and ethnic
differences in T2D are mediated by exercise in the US.

Evidence suggested that the higher risk of T2D observed in racial and ethnic minorities

may be attributed to a range of factors, including low SES, high stress levels, undesired
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7:34,56,63.64108,187-189 Qur analysis also revealed that, comparing Hispanic

lifestyles, and obesity.
and Black with White participants, the disparity in T2D risk decreased after adjusting for
potential mediators such as SES, stress, behavioral factors, obesity, BP, and lipid levels, based on
the age-, gender-, and family history of diabetes- adjusted model (Table 4.2). We also detailed
the stepwise adjustments for mediators in Table S4.4, which preliminarily suggested that the
aforementioned mediators may explain part of the racial and ethnic disparities in T2D risk,
comparing Hispanic and Black to White participants. Conversely, the risk of T2D in Chinese
relative to White participants was found to increase after including these mediators based on the
confounders- adjusted model (Table 4.2). Notably, this increase was largely attributed to
adjustments for BMI (Table S4.4). Given that Chinese exhibited lower BMI compared to White
participants'®’ (Table 4.1), controlling for BMI in the model likely diminished the protective
effect associated with lower levels of obesity. Future studies quantify the mediation proportion
by each mediator are needed.

Although exercise is an established modifiable risk reduction factor for T2D, limited
research has been done to understand whether and to what degree exercise may explain the racial
differences in T2D. In the Nurses’ Health Study, further adjusting for exercise, family history of
diabetes, smoking and alcohol drinking based on the age- and BMI-controlled model, Hispanic
and Asian participants’ T2D risk decreased compared to White participants.® In the
Atherosclerosis Risk in Communities Study, further adjusting or exercise, smoking, alcohol
drinking, and dietary energy based on the age- and family history- adjusted model, Black
participants’ T2D risk decreased compared to White participants.®* However, in both studies, as
exercise and other factors (e.g., smoking and alcohol drinking) were adjusted simultaneously, it

was unclear whether the reduced T2D risk was due to exercise or other factors.®>** Furthermore,
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WHI study among 158,833 postmenopausal women examined baseline mixed activities as a
mediator for racial and ethnic differences in T2D.¢ It found that Hispanic [10.46 (13.73)] and
Black [9.60 (12.35)], but not Asian participants [13.05 (14.18)], had lower combined exercise
and household activities (MET-hours/week) than White participants [12.83 (13.76)], which
explained 6% of racial differences (Hispanic or Black vs. White) in T2D.3¢ Although promising,
the major limitation of the WHI study was that the exercise was combined with household
activities, thus, it was unable to differentiate the effect of exercise and household activities.>® In
addition, the study had an average of 10.4 years of follow-up but only assessed baseline activities
which were likely to change over time. Moreover, the WHI study did not have data for Asian
subpopulations.>® Our findings were in the same line with the WHI study regarding the role of
exercise in explaining the risk difference between Hispanic and White participants.3® More
importantly, our study provided new evidence that habitual exercise also explained about one-
tenth of higher T2D risk in Chinese as compared to White participants.

We did not find that exercise was a mediator for Black participants’ higher T2D risk,
which could be explained by the fact that Black participants in MESA had similar levels of
habitual exercise as White participants (Table 4.2).'°% Compared to national samples, Black
participants in MESA tended to have better SES, including a higher proportion of above high
school degree (MESA Black: 71.0% vs. national Black: 64.0%)!33 and a higher proportion of
having health insurance (MESA Black: 93.8% vs. national Black: 82.5%)'84. Indeed, we found
positive correlations between higher education (r=0.21) and having insurance (r=0.10) and
exercise levels in our studies, which indicated that SES was likely to be the upstream factors

related to similar exercise levels between Black and White populations. Future studies are
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needed to investigate the role of exercise in Black populations’ higher T2D risk, either using
nationally representative samples or stratifying the analyses by SES levels.!”
Strengths and limitations

This study included four racial and ethnic groups in the US and had longitudinal
measures of exercise which was unique to address our research questions. The time sequence of
exercise and T2D ensured the temporality of associations and the use of cumulative exercise
captured not only the habitual levels of exercises over time but also reduced measurement errors.
Some limitations of our study are worthy of discussion. First, this study was observational in
design. Although we tried to control for multiple confounders, the residual confounding could
not be completely ruled out. Second, exercise in our study was self-reported using TWPAS.
However, the TWPAS has been validated by accelerometers (r=0.54) in the Cross-Cultural
Activity Participation Study.'®®!°! In addition, given the prospective cohort design, exercise was
measured before the onset of T2D. Thus, the measurement errors were likely to be non-
differential. Lastly, we only had Chinese in MESA, future studies including more Asian
subgroups are needed.
4.6. Conclusions

In this prospective study with longitudinal measurements, we found that exercise may
explain approximately 10% of racial differences in T2D when comparing Hispanic and Chinese
to White populations. Promoting regular exercise remains essential for reducing T2D risk across
all racial and ethnic groups, but may additionally narrow the T2D risk disparities among
Hispanic and Chinese populations. Future studies are warranted to confirm these findings and

develop culture-appropriated exercise interventions.
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Table 4.1. Baseline characteristics of participants by racial and ethnic groups in the Multi-Ethnic Study of Atherosclerosis study

Characteristics Overall White [41.7% Hispanic [20.4% Black [26.0% (1499)] Chinese [11.9% (689)]
(n=5772) (n=2409)] (n=1175)]
P- P- P-
values values values
Age (years) 61.77 (10.29) 62.38 (10.26) 60.66 (10.34) <0.001 61.69 (10.17) 0.04 61.71 (10.40) 0.14
Female, % (N) 53.5 (3085) 52.9 (1274) 52.0 (611) 0.62 56.1 (841) 0.05 52.1 (359) 0.72
Family history of 34.3  (1802) 28.8 (646) 40.5 (429) <0.001 42.6 (566) <0.001 26.2 (161) 0.21
diabetes, % (N)
Married/living 62.0 (3544) 66.6 (1596) 60.3 (700) <0.001 46.3 (681) <0.001 82.4 (567) <0.001
with a partner, %
(N)
Education, % (N) <0.001 <0.001 <0.001
High schoolor 33.8  (1947) 20.9 (504) 62.7 (737) 29.0 (434) 39.5 (272)
less
Associates 28.8  (1658) 28.3 (682) 25.9 (304) 35.4 (529) 20.8 (143)
Bachelor'sor 375 (2162) 50.8 (1222) 114 (134) 35.6 (533) 39.7 (273)
higher
Unemployed/hom  13.2 (763) 12.3 (295) 18.1 (213) <0.001 8.2 (123) <0.001 19.2 (132) <0.001
emaker, % (N)
Annual household <0.001 <0.001 <0.001
income, % (N)
<$25,000 29.2 (1627) 15.6 (367) 46.4 (533) 285 (394) 48.7 (333)
$25,000-$49,999 28.7  (1602) 26.6 (626) 334 (384) 32.1 (444) 21.6 (148)
>$50,000 42.1  (2345) 57.9 (1365) 20.2 (232) 39.4 (545) 29.7 (203)
No insurance, % 8.6 (496) 2.7 (64) 175 (205) <0.001 6.2 92) <0.001 19.6 (135) <0.001
(N)
Stress, % (N) 0.27 0.09 <0.001
Low 39.7 (2292) 36.6 (881) 39.2 (461) 36.6 (547) 58.5 (403)
Medium  31.3  (1805) 33.2 (799) 32.6 (383) 30.4 (454) 24.5 (169)
High 29.0 (1670) 30.2 (727) 28.2 (331) 33.1 (495) 17.0 (117)
Hypertension 332  (1917) 311 (748) 25.1 (173) 0.003 449 (673) <0.001 275 (323) 0.03

medication use, %

(N)
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Lipid-lowering
medication use, %
(N)
Antidepressant
use, % (N)
Cigarettes
smoking, % (N)
Never

Former
Current

Alternative
healthy eating
index (AHEI)-
2010

Sedentary
behavior (MET-
minutes/week)
Body mass index
(BMI, kg/m?)
Total fat mass
(kg)

Systolic blood
pressure (SBP,
mmHg)
Diastolic blood
pressure (DBP,
mmHg)

Total cholesterol
(mg/dl)
High-density
lipoprotein (HDL)
cholesterol
(mg/dl)
Low-density
lipoprotein (LDL)
cholesterol
(mg/dl)
Triglycerides
(mg/dl)

14.6

7.5

50.5

36.6

13.0
53.69

1694.
19

27.75

27.54

1255

71.91

195.0

51.69

118.0

126.9

(841)

(431)

(2912)
(2108)
(748)
(9.64)

(1138.
81)

(5.27)
9.71)

(21.26)

(10.27)

(34.99)

(14.98)

(31.04)

(77.24)

17.6

12.4

444

44.0

11.6
54.66

1742.9

27.28

27.37

123.00

70.24

196.30

52.74

117.70

129.40

(423)

(299)

(1070)
(1060)
(279)
(10.26)

(1153.6
0)

(4.91)
(9.05)

(20.27)

(9.97)

(34.51)

(15.74)

(30.12)

(76.73)

116

5.5

54.7

315

13.8
52.02

1417.9

28.75

28.07

123.60

71.94

193.50

50.34

116.10

136.70

(80)

(65)

(643)
(370)
(162)
(8.83)

(980.3
0)

4.72)
(8.45)

(21.66)

(10.34)

(32.02)

(12.74)

(29.18)

(75.44)

81

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.02

0.54

<0.001

0.05

<0.001

0.22

0.03

13.6

3.4

45.1
36.8
18.1
52.71

1951.
60

29.61

30.85

130.7

74.65

190.8

53.28

117.4

99.81

(203)

(51)

(675)
(550)
(271)
(9.67)

(1247.0
0)

(5.81)
(11.02)

(21.50)

(10.21)

(36.12)

(15.50)

(32.85)

(54.85)

0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.29

0.84

<0.001

115

2.3

76.2
18.6
5.2
55.09

1435.10

23.64

19.99

125.40

71.84

198.80

48.29

120.90

150.70

(135)  <0.001
(16)  <0.001
<0.001
(524)
(128)
(36)
(7.96)  0.25
(918.90)  <0.001
(3.27)  <0.001
(6.03)  <0.001
(21.55)  0.002
(10.20)  <0.001
(3559)  0.04
(13.24)  <0.001
(31.42)  0.003
(92.20)  <0.001



Data were presented as mean (standard deviation, SD) for continuous variables, and percentage, % (frequency, N) for categorical variables.
When comparing each racial and ethnic minority group to White group, P-values were compared using t-test for continuous variables and y2-tests for
categorical variables.
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Table 4.2. Associations of race and ethnicity with type 2 diabetes and exercise, and associations of exercise and type 2 diabetes

Race and ethnicity and T2D$
Hispanic vs. White Black vs. White Chinese vs. White
HR 95%CI P HR 95%ClI P HR 95%ClI P

Model1 215 (1.87, 248) <0001 176 (153, 203) <0001 142 (118, 1.71) 0.001
Model 2 202  (L.74, 2.34) <0001 1.66 (144, 1.93) <0001 150 (124, 1.82) <0.001
Model3 155 (127, 1.88) <0001 139 (115, 1.68) 0001 201 (155  2.60) <0.001

Race and ethnicity and exercise (Square root of MET-hours/day)!

Hispanic vs. White Black vs. White Chinese vs. White
B SE P B SE P B SE P
Model1 -0.30  (0.03) <0.001 -0.03 (0.03) 0.36 -0.24  (0.04) <0.001
Model 2 -0.29  (0.04) <0.001 -0.01 (0.03) 0.85 -0.25 (0.04) <0.001
Exercise (MET-hours/day) and T2D?3
White Hispanic Black Chinese
HR 95%CI P HR 95%CI P HR 95%ClI P HR 95%CI P

Model1 093  (0.90, 0.96) <0.001 0094 (0.90, 097) <0001 099 (097, 1.01) 027 098 (0.93, 1.03) 0.0
Model2 096 (093, 099) 002 095 (0.92, 099) 002 101 (098, 103) 067 100 (0.94, 1.06) 091

8For race and T2D, exercise and T2D, cox proportional hazard regression models were used. Hazard ratio (HR), 95% confidence interval (Cl) and P-value
were reported.

tFor race and exercise, linear regression models were used. 8 (SE) and P-value were reported.

Boldface indicated statistical significance (P<0.05).

Model 1: Crude model.

Model 2: Model 2 adjust for confounders. For race and T2D, race and exercise, model 2 adjusted for age, gender, and family history of diabetes. For
exercise and T2D, model 2 adjusted for age, gender, family history of diabetes, marital status, education, employment, annual household income, health
insurance, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, alternative healthy eating index (AHEI)-2010,
sedentary behavior, body mass index (BMI), total fat, systolic blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol, high-density
lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglycerides.

Model 3: Adjust for potential mediators for race and T2D, including marital status, education, employment, annual household income, health insurance,
stress, hypertension mediation use, lipid-lowering medication use, antidepressant use, smoking, AHEI-2010, sedentary behavior, BMI, total fat, SBP, DBP,
total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, and habitual exercise.
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Table 4.3. Decomposition of associations of race and ethnicity with type 2 diabetes by exercise

Outcome: T2D

Hispanic vs. White Chinese vs. White
HR 95%ClI P Proportion HR 95%ClI P Proportion
explained explained
(%) (%)
iPSE (Exercise) 1.08 (1.04, 1.13) <0.001 9.7% 1.06 (1.02, 1.10) <0.001 11.7%
iPSE (NotExercise) 2.01 (1.69, 2.43) <0.001 1.53 (1.27, 1.87) <0.001
iTE 2.17 (1.83, 2.60) <0.001 1.62 (131, 1.97) <0.001

Interventional path specific effects (iPSEs) were used to assessed racial and ethnic differences in T2D explained by exercise. Hazard ratio (HR), 95%
confidence interval (Cl) and P-value were reported. Boldface indicated statistical significance (P<0.05). Bootstrap was used to get 95% CI and P-values.
Continuous square root of exercise (square root of MET-hours/day) was used as the mediator.

Type 2 diabetes (T2D) was regressed on age, gender, family history of diabetes, race/ethnicity, marital status, education, employment status, annual
household income, health insurance, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, alternative healthy
eating index (AHEI)-2010, sedentary behavior, body mass index (BMI), total fat, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, and habitual exercise.

iPSE, interventional path specific effects.
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Figure 4.1. Habitual exercise by racial and ethnic groups in the Multi-Ethnic Study of Atherosclerosis study. Median (quartile 1,
quartile 3) of habitual exercise (MET-hours/day) in four racial and ethnic groups: White: 3.15 (1.44, 5.99); Hispanic: 2.04 (0.81, 4.61);
Black: 2.99 (1.12, 5.83); Chinese: 2.33 (1.18, 4.29). MESA, Multi-Ethnic Study of Atherosclerosis; MET, metabolic equivalent of
task.
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Source cohort

Population not having T2D at exam 1
N =5810

Participants excluded
* Missing on T2D at exam 1 (N = 66)

> + Having T2D at exam 1 (N = 938)

v

Population who had exercise information in at least one exam
N = 5793

\4

Participants excluded
 without exercise information at any of the exams
(n=17)

Population who had follow-up visits after baseline
N =5772

Figure S4.1. Participants flow chart
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™ « not having any follow-up visits after baseline (n=21)
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Figure S4.2. Directed acyclic graph (DAG) for racial and ethnic differences in type 2 diabetes through exercise
Notes: Two intervention path specific effects (iPSEs) decomposed from the intervention total effect (iTE): the path through exercise
(M) (red color) and the path not through exercise (M) (yellow color). X is exposure (race and ethnicity); M is the mediator (exercise)
we aimed to examine; Y is outcome (T2D); Cpge 5 Csex and Cramirynistoryr2p are confounders for X-M (exercise), X-other mediators,
X-Y, other mediators-M (exercise), other mediators-Y, M (exercise)-Y; other mediators including several variables [i.e.,
socioeconomic status (e.g., education), stress, hypertension medication use, lipid-lowering medication use, antidepressant use,
smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, body mass index (BMI), total fat, systolic blood pressure

(SBP), diastolic blood pressure (DBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL)
cholesterol, and triglycerides]
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Table S4.1. Decomposition of associations of race and ethnicity with type 2 diabetes by exercise,

among Black and White participants

Outcome: T2D

Black vs. White

HR 95%Cl P
iPSE (Exercise) 1.00 (0.99, 1.01) 0.61
iPSE (NotExercise) 1.60 (1.31, 1.91) <0.001
iTE 1.60 (1.32, 1.91) <0.001

Interventional path specific effects (iPSEs) were used to assessed racial and ethnic differences in T2D explained by
exercise. Hazard ratio (HR), 95% confidence interval (ClI) and P-value were reported. Boldface indicated statistical
significance (P<0.05). Bootstrap was used to get 95% CI and P-values.

Continuous square root of exercise (square root of MET-hours/day) was used as the mediator.

Type 2 diabetes (T2D) was regressed on age, gender, family history of diabetes, race/ethnicity, marital status,
education, employment status, annual household income, health insurance, stress, hypertension medication use, lipid-
lowering medication use, antidepressant use, smoking, alternative healthy eating index (AHEI)-2010, sedentary
behavior, body mass index (BMI), total fat, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, and
habitual exercise.

iPSE, interventional path specific effects.
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Table S4.2. Decomposition of associations of race and ethnicity with type 2 diabetes by exercise, addressing missing of covariates

Outcome: T2D

Hispanic vs. White

Chinese vs. White

HR 95%ClI P Proportion HR 95%ClI P Proportion
explained explained
(%) (%)
iPSE (Exercise) 1.08 (1.04, 1.13) <0.001 9.7% 1.06 (1.02, 1.10) <0.001 11.7%
iPSE (NotExercise) 2.01 (1.69, 243) <0.001 1.53 (1.27, 1.87) <0.001
iTE 2.17 (1.83, 2.60) <0.001 1.62 (1.31, 1.97) <0.001

Interventional path specific effects (iPSEs) were used to assessed racial and ethnic differences in T2D explained by exercise. Hazard ratio (HR), 95%
confidence interval (Cl) and P-value were reported. Boldface indicated statistical significance (P<0.05). Bootstrap was used to get 95% CI and P-values.
As the percentage of family history of diabetes were higher than 5%, a separated category for family history of diabetes missing was created.

Continuous square root of exercise (square root of MET-hours/day) was used as the mediator.

Type 2 diabetes (T2D) was regressed on age, gender, family history of diabetes, race/ethnicity, marital status, education, employment status, annual
household income, health insurance, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, alternative healthy
eating index (AHEI)-2010, sedentary behavior, body mass index (BMI), total fat, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, and habitual exercise.
iPSE, interventional path specific effects.
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Table S4.3. Decomposition of associations of race and ethnicity with type 2 diabetes by exercise, type 2 diabetes diagnosed by fasting
serum glucose and use of glucose-lowering medications

Outcome: T2D

Hispanic vs. White Chinese vs. White
HR 95%CI P Proportion HR 95%ClI P Proportion
explained explained
(%) (%)
iPSE (Exercise) 1.06 (1.01, 1.13) <0.001 11.1% 1.05 (1.00, 1.12) 0.03 12.1%
iPSE (NotExercise) 1.63 (1.26, 2.18) <0.001 1.43 (1.00, 1.96) 0.05
iTE 1.73 (1.33, 2.32) <0.001 1.51 (1.06, 2.09) <0.001

Interventional path specific effects (iPSEs) were used to assessed racial and ethnic differences in T2D explained by exercise. Hazard ratio (HR), 95%
confidence interval (Cl) and P-value were reported. Boldface indicated statistical significance (P<0.05). Bootstrap was used to get 95% CI and P-values.
Individuals were diagnosed as having T2D if they either had a fasting serum glucose (FPG) >126 mg/dL) or self-reported use of glucose-lowering
medications (e.g., oral hypoglycemic or insulin).

Continuous square root of exercise (square root of MET-hours/day) was used as the mediator.

Type 2 diabetes (T2D) was regressed on age, gender, family history of diabetes, race/ethnicity, marital status, education, employment status, annual
household income, health insurance, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, alternative healthy
eating index (AHEI)-2010, sedentary behavior, body mass index (BMI), total fat, systolic blood pressure (SBP), diastolic blood pressure (DBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, and habitual exercise.

iPSE, interventional path specific effects.
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Table S4.4. Associations of race and ethnicity with type 2 diabetes adjusting for mediators stepwise

Race/ethnicity and T2D

Hispanic vs. White Black vs. White Chinese vs. White
HR 95%ClI P HR 95%CI P HR 95%ClI P
Model 1 2.15 1.87 2.48 <0.001 1.76 1.53 2.03 <0.001 142 1.18 171 0.001
Model 2 2.02 1.74 2.34 <0.001 1.66 1.44 1.93 <0.001 1.50 1.24 1.82 <0.001
Model 3 1.45 121 1.73 <0.001 1.49 1.27 1.74 <0.001 1.25 1.01 1.55 0.04
Model 4 1.46 1.22 1.74 <0.001 1.49 1.27 1.75 <0.001 1.27 1.02 1.59 0.03
Model 5 1.46 1.22 1.75 <0.001 149 1.27 1.74 <0.001 1.29 1.03 1.61 0.03
Model 6 152 1.27 1.82 <0.001 140 1.19 1.65 <0.001 137 1.09 1.73 0.01
Model 7 1.58 131 1.90 <0.001 131 1.11 1.55 0.002 141 1.11 1.79 0.005
Model 8 1.45 1.20 1.74 <0.001 1.16 0.98 1.37 0.09 2.09 1.63 2.68 <0.001
Model 9 1.54 1.27 1.86 <0.001 121 1.02 1.44 0.03 2.24 1.74 2.89 <0.001
Model 10  1.55 1.27 1.88 <0.001 1.39 1.15 1.68 0.001 2.01 1.55 2.60 <0.001

Cox proportional hazard regression models were used. Hazard ratio (HR), 95% confidence interval (Cl) and P-value were reported.
Boldface indicated statistical significance (P<0.05).

Model 1: Crude model.

Model 2: Adjust for confounders, age, gender, and family history of diabetes.

From model 3, mediators were additionally adjusted.

Model 3: Adjust for age, gender, family history of diabetes, education, employment, annual household income, and health insurance.
Model 4: Adjust for age, gender, family history of diabetes, education, employment, annual household income, health insurance, and
marital status.

Model 5: Adjust for age, gender, family history of diabetes, education, employment, annual household income, health insurance,
marital status, and stress.

Model 6: Adjust for age, gender, family history of diabetes, education, employment, annual household income, health insurance,
marital status, stress, hypertension medication use, lipid-lowering medication use, and antidepressant use.

Model 7: Adjust for age, gender, family history of diabetes, education, employment, annual household income, health insurance,
marital status, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, AHEI-2010, and
sedentary behavior.

Model 8: Adjust for age, gender, family history of diabetes, education, employment, annual household income, health insurance,
marital status, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, AHEI-2010, sedentary
behavior, and BMI.

Model 9: Adjust for age, gender, family history of diabetes, education, employment, annual household income, health insurance,
marital status, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, AHEI-2010, sedentary
behavior, BMI, and total fat.
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Model 10: Adjust for age, gender, family history of diabetes, education, employment, annual household income, health insurance,
marital status, stress, hypertension medication use, lipid-lowering medication use, antidepressant use, smoking, AHEI-2010, sedentary
behavior, BMI, total fat, SBP, DBP, total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, and habitual exercise.
AHEI-2010, alternative healthy eating index-2010; BMI, body mass index; DBP, diastolic blood pressure; HDL cholesterol, high-
density lipoprotein cholesterol; LDL cholesterol, low-density lipoprotein cholesterol; SBP, systolic blood pressure.
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5. Chapter five: Racial and ethnic disparities of type 2 diabetes in the United States: the
pathways through visceral fat in the Multi-Ethnic Study of Atherosclerosis

5.1. Abstract

Objectives

In the United States, racial and ethnic minorities have higher type 2 diabetes (T2D) risk than
Whites. One hypothesis is that some minorities (e.g., Hispanics and South Asians) have more
visceral fat than Whites in a sex-specific manner. We aimed to test this hypothesis by examining
to what degree racial differences in T2D were explained by visceral fat in males and females.
Methods

This study included 1,457 participants (51.2% females) who had visceral fat measured by
computed tomography and followed from 2002—-2005 to 2020 for incident T2D from the Multi-
Ethnic Study of Atherosclerosis cohort. We assessed associations of race and T2D risk using Cox
proportional hazard regressions and estimated associations explained by visceral fat using natural
mediation effects in males and females.

Results

Controlling for confounders, racial minority females [Hispanic: HR (95%CI): 1.77 (1.17-2.69),
Chinese: 1.91 (1.15-3.15), Black: 1.59 (1.02-2.49)] and males [Hispanic: 1.82 (1.20-2.76),
Black: 1.48 (0.92-2.38)], but not Chinese males [0.86 (0.48—1.55)], had higher T2D risks than
White counterparts. By sex, Hispanic females [mean difference (SE): 22.72 (5.68)] had higher
visceral fat (cm?) than White females, while Chinese [-77.56 (8.47)] and Black [-57.57 (8.11)]
males had lower visceral fat (cm?) than White males. Visceral fat explained 20.3% of T2D risk
between Hispanic and White females, but not for other racial and sex subgroups.

Conclusion
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Visceral fat explained one-fifth of racial and ethnic differences in T2D comparing Hispanic
females to White females and may contribute to Hispanic females’ higher T2D risk.

5.2. Introduction

In 2021, 11.6% (i.e., over 30 million) Americans are estimated to live with diabetes, with 95%
having type 2 diabetes (T2D) 2. Meanwhile, racial and ethnic disparities in T2D are persistent in
the United States (US) ''>7. The National Diabetes Statistics Report showed from 2017 through
2018, Hispanics had the highest age-adjusted incidence rate of diagnosed T2D at 9.7 per 1000
persons, followed by non-Hispanic Blacks at 8.2, non-Hispanic Asians at 7.4, and non-Hispanic
Whites at 5.0 per 1000 persons in the US !. Thus, it is essential to find determinants of T2D to
narrow such racial and ethnic disparities.

Visceral fat, surrounding the abdominal organs, has been hypothesized as a leading risk
factor for T2D, independent of overall body adiposity 3329, and has been considered as the more
pathogenic adipose tissue compartment and more closely associated with T2D than subcutaneous
fat '2%. The relationship between visceral fat and T2D may be due to the high lipolysis rate in
visceral fat 7? and visceral adipocytes releasing adipocytokines 7 that link visceral fat to insulin
resistance, resulting in developing T2D.

Previous studies have suggested that Hispanics may have more visceral fat, while Blacks
may have less, compared to Whites 762%!; levels vary among Asian subgroups. For instance,
Chinese and Japanese may have similar visceral fat 97202203 whereas Filipinos and South Asians

80.197 However, it remains unknown to what

exhibit greater visceral fat compared to Whites
degree visceral fat could explain the racial and ethnic differences in T2D. In the Women’s Health

Initiative (WHI) Study, Black females were found to have higher waist circumference (WC) than

White females and the difference explained about 19% of the higher risk of T2D 6. Although a
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valuable measurement, the WC includes both visceral and subcutaneous fat around the waist,
thus, it does not distinguish visceral fat from subcutaneous fat 7°. In addition, there are sex
differences in visceral fat 8284 and there may be sex and race interactions for visceral fat 735~
87.204 Thus, we aimed to examine whether visceral fat is a mediator and to what degree the
association of race and ethnicity (Hispanic, Black, Asian vs. White) with incident T2D might be
explained by visceral fat in sex subgroups based on data from a cohort study including multiple
racial and ethnic groups.

5.3. Methods

Study design and study population

The Multi-Ethnic Study of Atherosclerosis (MESA) is a prospective population-based
cohort study including 6,814 adults aged 45—84 years, who were free of cardiovascular disease
(CVD) at baseline. Study participants were recruited in 2000-2002 (exam 1) from 6 field centers
in the US 2, Following five examinations from 2002 to 2018 92, MESA also conducted 21
follow-up telephone interviews from 2001 to 2020 to inquire about new disease diagnoses '2.
More information on the MESA study has been published previously 2.

The current analysis included participants from an ancillary study, which included a 30%
random sample (n=1,947) of the MESA cohort receiving abdominal computed tomography (CT)
scans of the distal abdominal aorta at either exam 2 (2002-2004) or exam 3 (2004-2005) 164205
that were interrogated for abdominal body composition. From these, we excluded participants
who had T2D (n=326) or with missing T2D status (n=138) before or at visceral fat measurement,
or those with missing visceral fat (n=26), with a total of 1457 participants included in the study

sample (Figure S5.1).
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The institutional review boards of each MESA site approved the study. All participants
provided written informed consent. The analysis was conducted between June 2023 and
November 2023. The manuscript followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines.

Assessment of race and ethnicity

Race and ethnicity was self-reported as non-Hispanic White (White hereafter), Hispanic,
non-Hispanic Black (Black hereafter), or non-Hispanic Chinese (Chinese hereafter) at exam 1 by
participants.

Assessment of visceral fat

Electron-beam or multidetector CT scans of the abdomen were obtained at either exam 2
(n=563) or exam 3 (n=894) (randomly assigned). Two analysts separately assessed the CT scans
using the Medical Imaging Processing Analysis and Visualization (MIPAV) 4.1.2 Software
(National Institutes of Health, Bethesda, Maryland). Visceral fat was defined as the adipose
tissue enclosed by the visceral cavity. Participants had six transverse cross sectional slices
analyzed: 2 at L2/L3, 2 at L3/L4 and 2 at L4/L5 vertebral spaces. We assessed visceral fat using
the average of the six slices '9-2%, Inter-rater and intra-rater reliability for abdominal CT
measurements was (.99 166.206,

Assessment of type 2 diabetes

T2D was assessed from both clinic visits and self-reported information across exams and follow-
up phone interviews. Individuals who had a fasting plasma glucose (FPG) >126 mg/dL at each
exam according to American Diabetes Association (ADA) criteria 4, received a diagnosis of
diabetes by physicians at exam 5, 6 and from each telephone interview, or used glucose-lowering

medications at each exam were classified as having T2D.
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Assessment of covariates

The sociodemographic information (i.e., sex, marital status, education, annual household
income), chronic stress, medication use (i.e., hypertension medication use, lipid-lowering
medication use), and cigarette smoking were collected at exam 1 from self-administrated
questionnaires %178, We used age at measurement when the visceral fat was scanned (i.e., exam
2 or 3) and we used age as the time scale in Cox proportional hazard regression models '*.
Family history of T2D was collected at exam 2 from the family history questionnaire. Chronic
stress was assessed using the Chronic Burden Scale (CBS) at exam 1, which evaluates factors
including job difficulties, financial strain, relationship problems, and personal or close other's
health issues. Scores ranged from 0 to 5 and were categorized as follows: low (score of 0),
medium (score of 1), and high (score >2) '°*. Dietary intake over the past year was obtained
using the 120-item food frequency questionnaire (FFQ) at exam 1. Alternative Healthy Eating
Index (AHEI)-2010 was calculated using a common method to indicate the dietary quality .
Sedentary behavior (i.e., reading, sitting, recreational computer, and watching television)
[metabolic equivalent of task (MET)-hours/day] and exercise (i.e., walking for exercise,
sports/dancing, and conditioning activities) (MET-hours/day) were measured from the Typical
Week Physical Activity Survey (TWPAS) at exam 1 62,

Weight (pound) and height (cm) were assessed at exam 1 using a balance-beam scale and
stadiometer, respectively. Body mass index (BMI) (kg/m?) was calculated as [weight
(pound)*0.45]/[height (cm)/100]. We estimated total fat percentage at exam 1 using validated
equations with correlation coefficients ranging from 0.80 to 0.86: total fat mass percentage =
76—(20x(height/waist)) for females and 64—(20x(height/waist)) for males !”°. We calculated total

fat mass (kg) by weight* (total fat mass percentage/100). Abdominal muscle area (cm?) and
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density (Hounsfield units, HU) were assessed using CT scans. The analyzed muscle groups
included the bilateral obliques, rectus abdominis, paraspinous, and psoas muscles. Six transverse
cross-sectional slices were evaluated for each participant: two at the L2/L3 vertebral space, two
at L3/L4, and two at L4/L5. The measurements of muscle area and density were based on the
average values from these six slices. Resting blood pressure (BP) was assessed three times using
an automated oscillometric sphygmomanometer (model Pro 100, Critikon, Tampa, Florida, US)
at exam 1, and calculated by taking the average of the last two of three measurements. Lipid
profiles were assessed at exam 1 from plasma samples after a 12-hour fast.

Statistical analysis

Characteristics by race and the distribution of visceral fat by race and sex were reported.
The percentage and frequency [% (N)] for categorical variables and mean and standard deviation
(SD) for continuous variables were presented. This study used SAS version 9.4 (SAS Institute,
Cary, NC, USA) and R version 4.2.1. for analyses and considered the statistically significant
level after controlling for multiple testing [i.e., false-discovery rate (FDR) <0.05 using the
Benjamini-Hochberg method].

Prior to mediation analysis, this study first assessed associations between race and
ethnicity and incident T2D using Cox proportional hazards regression models. The proportional
hazards assumption was verified using Schoenfeld residuals. The adjusted models controlled for
confounders of age (years) and family history of diabetes (yes or no) across sex groups. We also
additionally adjusted for potential mediators that might influence racial and ethnic differences in
T2D: marital status (married/living with a partner or not), education (high school or less,
associates, bachelor’s or higher degree), annual household income (<$25,000, $25,000-$49,999,

>$50,000), stress (low, medium, or high), hypertension medication use (yes or no), lipid-
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lowering medication use (yes or no), smoking (never, former, or current), AHEI-2010
(continuous), sedentary behavior (MET-hours/day), physical activity (MET-hours/day), BMI
(kg/m?), total fat (kg), abdominal muscle area (¢cm?), abdominal muscle density (HU), systolic
BP (SBP) (mmHg), total cholesterol (mg/dl), high-density lipoprotein (HDL) cholesterol (mg/dl),
and triglycerides (mg/dl), and visceral fat (cm?) .To minimize immortal time survival bias, age as
the time scale with left truncation of age at study entry was used in Cox regressions '%. Second,
associations between race and ethnicity and visceral fat (cm?) were examined using linear
regression models adjusting for age and family history of diabetes across sex groups. Third, this
study assessed associations between visceral fat (cm?) and T2D using Cox proportional hazards
regression models, adjusting for age, family history of diabetes, marital status, education, annual
household income, stress, hypertension medication use, lipid-lowering medication use, smoking,
AHEI-2010, sedentary behavior, exercise, BMI, total fat, abdominal muscle area, abdominal
muscle density, SBP, total cholesterol, HDL cholesterol and triglycerides within each racial and
sex subgroup. The P for interaction between race and visceral fat on T2D was calculated using
the Wald y2-test in each sex subgroup.

The mediation proportion of visceral fat was quantified using interventional path-specific
effects (iPSEs)!'7%172 (Figure S5.2), with bootstrapping 200 times for 95% confidence intervals
(CIs). We decomposed the interventional total effect (iTE) into two iPSEs,: (1) the indirect
pathway: iPSE (Visceralfat) (HRipsevar, red color in Figure S5.2) for the path through visceral
fat; (2) the direct pathway: iPSE (NotVisceralfat) (HRipseNotvaT, yellow color in Figure S5.2) for
the path not through visceral fat. The mediated proportion explained by visceral fat was

calculated from In(HRipsevar)/In(HRiTE) in iPSEs '%.
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Since missing percentages of each adjusted covariate were < 4.0%, completed data
analyses in the primary analysis were used. In sensitivity analysis, we added the interaction
between race and visceral fat on T2D in the mediation analysis.

5.4. Results
Characteristics of study participants

Among 1457 participants, 51.2% were females; 44.0% were White; 23.0% were
Hispanic; 19.4% were Black; and 13.7% were Chinese. Hispanic and Black participants had
higher percentages of having family history of T2D (Hispanic: 43.0%, Black: 43.0%, White:
27.3%), lower percentages of being married/living with a partner (Hispanic: 60.1%, Black:
46.1%, White: 70.1%), had lower AHEI-2010 (Hispanic: 50.85, Black: 52.61, White: 54.43) and
higher BMI (kg/m?) (Hispanic: 28.70, Black: 28.83, White: 27.07) than White participants.
Hispanic, Black, and Chinese participants were less likely to have bachelor’s or higher degree
(Hispanic: 14.6%, Black: 38.3%, Chinese: 41.4%, White: 51.3%) and annual household income
>$50,000 (Hispanic: 23.7%, Black: 40.7%, Chinese: 28.9%, White: 60.7%) than White
participants.

Risk of type 2 diabetes by race and ethnicity

There were 294 participants developing incident T2D (incidence rate 17.0 per 1000
person-years) during a median follow-up time of 14.2 years (range 0.6—16.9 years). Among
females, Hispanics had the highest crude incidence rate of T2D (22.5 per 1000 person-years),
followed by Chinese (21.1 per 1000 person-years), Blacks (18.6 per 1000 person-years), and
Whites (11.6 per 1000 person-years). Among males, Hispanics had the highest crude incidence
rate of T2D (26.0 per 1000 person-years), followed by Blacks (23.6 per 1000 person-years),

Whites (13.4 per 1000 person-years), and Chinese (11.2 per 1000 person-years). After adjusting
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for confounders of age and family history of diabetes, Hispanic females (HR = 1.77, 95% CI:
1.17-2.69, P=0.01) and Chinese females [1.91 (1.15-3.15), P=0.01] still had higher risk of
T2D than White females. The positive point estimates still existed in Blacks females [1.59 (1.02—
2.49), P =0.04]. Hispanic males [1.82 (1.20-2.76), P = 0.005] still had higher risk of T2D than
White males. The positive point estimates still existed in Black males [1.48 (0.92-2.38), P =
0.10], but not in Chinese males [0.86 (0.48—1.55), P = 0.62]. After further adjusting for potential
mediators including socioeconomic status (SES), marital status, stress, medications, smoking,
AHEI-2010, sedentary behavior, exercise, BMI, total fat, muscle area and density, BP, and lipids,
The positive point estimates existed in Hispanic females [1.29 (0.78-2.15), P = 0.32], Chinese
females [2.11 (1.10—4.04), P = 0.03], and Blacks females [1.77 (1.00-3.13), P = 0.05], as well as
in Hispanic males [1.53 (0.91-2.59), P =0.11], Chinese males [1.40 (0.68-2.87), P =0.36], and
Blacks males [1.98 (1.12-3.50), P = 0.02], although these were not significant (Table 5.2).
Level of visceral fat by race and ethnicity

Among females, Hispanics had the highest visceral fat (cm?) [mean (SD), 145.46
(62.60)], followed by Whites [121.34 (65.69)], Blacks [112.86 (57.02)], and Chinese [108.01
(48.58)]. Among males, Hispanics [209.15 (71.72)] and Whites [208.93 (84.06)] had similar
visceral fat (cm?), followed by Blacks [152.41 (72.33)] and Chinese [129.81 (52.71)] (Figure
5.1). After adjusting for confounders of age and family history of diabetes, compared to White
females, Hispanic females still had higher visceral fat (cm?) [mean difference = 22.72 (standard
error, SE = 5.68), P < 0.001], but not for the Chinese females [-9.44 (7.00), P = 0.18] and Black
females [-9.71 (5.86), P =0.10]. Compared to White males, Hispanic males [1.66 (7.34), P =
0.38] had similar visceral fat (cm?), and Chinese males [-77.56 (8.47), P < 0.001] and Black

males [-57.57 (8.11), P < 0.001] had lower visceral fat (cm?) (Table 5.2).
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Associations of visceral fat with type 2 diabetes

In unadjusted models, a 10 cm? higher visceral fat level was associated with about 10%
higher risks of T2D in White females (HR = 1.12, 95% CI: 1.07-1.16, P < 0.001), Chinese
females [1.11 (1.02-1.20), P =0.01], Black females [1.10 (1.05-1.16), P < 0.001], and Hispanic
females [1.09 (1.04—1.14), P=0.001]. Meanwhile, a 10 cm? increase in visceral fat was
associated with about 5% higher risks of T2D in White males [1.06 (1.03—1.10), P <0.001],
Chinese males [1.07 (0.97-1.17), P =0.17], Black males [1.03 (0.98-1.07), P = 0.29], and
Hispanic males [1.06 (1.02—1.10), P = 0.004], although results were not statistically significant
among Chinese males and Black males. After adjusting for age, family history of diabetes,
marital status, education, annual household income, stress, medications, smoking, AHEI-2010,
sedentary behavior, exercise, BMI, total fat, muscle area and density, BP, and lipids, visceral fat
(10 cm?) was still positively associated with T2D in White females [1.11 (1.02-1.20), P =0.01],
Black females [1.31 (1.12—1.53), P=0.001], Hispanic females [1.19 (1.08—1.33), P =0.001], but
was not significantly associated with T2D in Chinese females [1.07 (0.88-1.29), P = 0.52].
Visceral fat (10 cm?) was also positively associated with T2D in Hispanic males [1.10 (1.03—
1.19), P=0.01], but was not significantly associated with T2D in White males [1.01 (0.96—1.07),
P =0.62], Chinese males [1.60 (0.95-2.69), P = 0.08], or Black males [1.05 (0.95-1.16), P =
0.33]. The test for interaction between race and visceral fat on T2D was not significant in
females (P for interaction = 0.97) or males (P for interaction = 0.20) (Table 5.2).
Mediation analyses of race and ethnicity and type 2 diabetes explained by visceral fat

Controlling for confounders, Chinese males did not have higher T2D risk compared to
White males in this study. Moreover, Hispanic, Chinese and Black males, as well as Chinese and

Black females, did not have higher visceral fat than Whites. We did not find visceral fat as a
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mediator for racial differences in T2D when comparing those groups to White counterparts.
Thus, we assessed the mediation proportions by visceral fat between Hispanic and White
females. Using iPSEs, the risk of T2D mediated by visceral fat was 1.20 [(1.04—1.54), P <0.001]
for Hispanic females (Table 5.3). Visceral fat explained 20.3% of racial and ethnic differences in
T2D when comparing Hispanic females to White females. In sensitivity analysis, results were
unchanged when adding interactions between race and visceral fat on T2D in mediation analysis
(Table S5.1).

5.5. Discussion

In this longitudinal cohort study including racially diverse participants in the US, we
found that after controlling for confounders, Hispanic, Black and Chinese females, as well as
Hispanic and Black males had higher risks of T2D than White counterparts, but Chinese males
had similar T2D risk compared to White males. Only Hispanic females had significantly higher
visceral fat than White females. In addition, we found that visceral fat may be a mediator of the
Hispanic females’ higher T2D risk, but not for Chinese and Black females’ and Hispanic and
Black males’ higher risk of T2D. Visceral fat explained about one-fifth of racial and ethnic
differences in T2D when comparing Hispanic females to White females.

Evidence suggested that racial differences in T2D may be explained by a variety of
factors, such as SES, lifestyles, and BMI -6, Our analysis also revealed that, when comparing
Hispanic females and males with White counterparts, T2D risk disparities decreased after
adjusting for potential mediators such as SES, stress, behaviors, obesity, muscle area and density,
BP, and lipid levels, based on the age-, and family history of diabetes- adjusted model (Table
5.2). We detailed the stepwise adjustments for these mediators in Table S5.2, which preliminarily

suggested that these mediators may partially explain the racial and ethnic disparities in T2D risk.
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Conversely, the T2D risk increased in Chinese females, Black females, and Black males relative
to White counterparts, and there was positive estimate of T2D risk in Chinese males compared to
White males, after controlling for these mediators based on the confounders- adjusted model
(Table 5.2). The increase in T2D risk for Chinese females was attributed to adjustments for
smoking, AHEI-2010, and BMI, and the increase for Chinese males was linked to BMI, total fat
and visceral fat. The rise in risk for Black females and males was due to adjustments for visceral
fat (Table S5.2). Because Chinese females had lower percentages of current smoking, higher
AHEI-2010, and lower BMI, and Chinese males had lower BMI and total fat (Table S5.3); and
Chinese males [mean difference: -17.43 (7.37)], Black females [-31.72 (4.60)] and males [-51.60
(6.27)] had lower visceral fat (cm?) at equivalent BMI and total fat than their White counterparts,
controlling for these factors may reduce the protective effect associated with healthier lifestyles
and lower obesity metrics. More studies are needed to quantify the mediation proportion
attributable to each mediator.

Although visceral fat is a well-known leading risk factor for T2D, heretofore, few studies
have examined to what degree visceral fat as a mediator may explain the racial disparities in
T2D. One cross-sectional study among 570 women in the US found that Filipina women had
higher visceral fat than White women (69.1 cm? vs. 62.3 ¢cm?), and further adjusting for
education, exercise, alcohol drinking, and visceral fat based on the age- adjusted results,
Filipinos’ odds of T2D decreased compared to Whites 0. However, as visceral fat and other
factors (e.g., education and alcohol drinking) were adjusted simultaneously, it was unclear
whether the decreased T2D risk was due to visceral fat or other factors and it was unknown to

which degree racial differences in T2D were explained by visceral fat 3°. Since our data only had
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Chinese, then future studies including more Asian subgroups (e.g., Filipino and South Asians)
are needed, because Asian subgroups have varied visceral fat levels 30-197.202,203

We found that Hispanic females had higher visceral fat than White females, which was
also observed in an earlier published study in the US (4.4 kg vs. 3.2 kg) 7. We did not find that
visceral fat was a mediator for other minority groups who had higher T2D risks than Whites. It is
likely because Black and Chinese females, as well as Hispanic males had similar level of
visceral fat, but Black males had lower visceral fat compared to White counterparts in this study
(Table 5.2), which was also observed in previous studies 7-83-87.202204 For example, research in
the US showed that Hispanic males had similar visceral fat mass compared to White males (6.2
kg vs. 6.0 kg) 7. Another study in the US reported that Black females had similar visceral fat
volume compared to White females (1.72 liters vs. 1.69 liters), whereas Black males had lower
visceral fat volume than White males (2.48 liters vs. 3.40 liters) 3. Additionally, a study in
Singapore noted that Chinese-Singaporean females had similar visceral fat volume as White
females (2.13 liters vs. 2.11 liters) 22,

Visceral fat may have been a mediator for higher T2D risk among Hispanic females due
to their higher level of visceral fat than White females. Visceral adipose tissue has a relative high
lipolysis rate which would increase flux of free fatty acid (FFA) from visceral fat depots to the
liver, leading to hepatic insulin resistance and hepatic steatosis 2. Furthermore, visceral fat
accumulation increases secretion of adipocytokines involving in inflammation [e.g., interleukin
(IL)-6, IL-8, IL-10, tumour necrosis factor (TNF)-a] and the acute-phase response [e.g.,
plasminogen activator inhibitor (PAI)-1] and influences hormones secretion (e.g., leptin,
adiponectin, resistin and visfatin), which are in regulation of insulin resistance 7°. For example,

visceral fat accumulation would decrease adiponectin secretion, resulting in increased peripheral
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insulin resistance 7. Thus, visceral fat increases both hepatic insulin resistance and peripheral
insulin resistance, which are the bedrocks of development of T2D.
Strengths and limitations

This study is the first cohort study including four racial and ethnic groups, examining to
what degree the racial and ethnic differences in T2D are mediated by visceral fat in the US. In
addition, we could ensure the temporality of associations due to the time sequence of race,
visceral fat and T2D. Moreover, visceral fat was measured by CT, which allowed us to provide
more precise estimates of the body fat composition than using WC. Nonetheless, some potential
limitations of our study may exist. First, as it was an observational study, although we adjusted
for potential confounders, there might be residual confounding effects. Second, as we only
included Chinese in MESA, future studies including more Asian subgroups are suggested. Third,
we excluded 25% participants having T2D, with missing T2D status before or at visceral fat
measurement, or with missing visceral fat. They were more likely to be Blacks and Hispanics,
have family history of diabetes, lower education attainment, lower income, take hypertension
and lipid drugs, and had less exercise, higher BMI, total fat, SBP, TG levels and lower HDL
cholesterol than the included study sample (Table S5.4). These may potentially introduce
selection bias. However, we addressed this by applying inverse probability weighting to mitigate
potential selection bias, which yielded similar mediation results (Table S5.5). Fourth, the
relatively small sample size of the CT measured adiposity ancillary study may constrain
detecting associations between race and T2D, race and visceral fat, visceral fat and T2D or

mediation effects in sex subgroups. More studies with larger sample sizes are warranted.
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5.6. Conclusions

In this prospective cohort study including racially diverse participants, we found that visceral fat
could explain about one-fifth of racial and ethnic differences in T2D when comparing Hispanic
females to White females. Observing the role of visceral fat in contributing to racial and ethnic
disparities in T2D among Hispanic females improves understanding of the biological factor at
play and may better inform planning clinical strategies for diabetes prevention. More studies are

needed to confirm these findings.

107



Table 5.1. Characteristics of participants by racial and ethnic groups in Multi-Ethnic Study of Atherosclerosis ancillary study

Characteristics

Overall (n=1457)

Whites [44.0%

Hispanics [23.0% (335)]

Blacks [19.4% (282)]

Chinese [13.7% (199)]

(641)]
P-values P-values P-
values
Age (years) 64.58 (9.73)  65.34 (9.56)  62.93 (9.50) <0.001 64.72  (10.01) 0.37 64.69 (10.04) 0.41
Female, % (N) 51.2 (746) 49.1 (315) 51.9 (174) 0.41 56.7 (160) 0.03 48.7 97) 0.92
Family history of diabetes, %
(N) 33.1 (474) 27.3 (174) 43.0 (142) <0.001 43.0 (117) <0.001 21.0 (41) 0.08
Married/living with a
partner, % (N) 64.9 (936) 70.1 (448) 60.1 (196) 0.002 46.1 (129) <0.001 82.3 (163) 0.001
Education, % (N) <0.001 0.001 <0.001
High school or less 32.2 (468) 19.5 (125) 60.6 (203) 24.5 (69) 35.9 (71)
Associates 28.9 (420) 29.2 (187) 24.8 (83) 37.2 (105) 22.7 (45)
Bachelor's or higher 39.0 (567) 51.3 (328) 14.6 (49) 38.3 (1208) 41.4 (82)
Annual household income, %
(N) <0.001 <0.001 <0.001
<$25,000 27.5 (389) 13.7 (86) 429 (141) 25.1 (66) 48.7 (96)
$25,000-$49,999 286 (404) 25.6 (160) 33.4 (110) 34.2 (90) 223 (44)
>$50,000  44.0 (622) 60.7 (380) 23.7 (78) 40.7 (107) 28.9 (57)
Stress, % (N) 0.37 0.11 <0.001
Low 42.1 (613) 37.2 (238) 41.8 (140) 39.7 (112) 61.8 (123)
Middle 29.0 (422) 32.7 (209) 30.2 (101) 25.9 (73) 19.6 (39)
High  28.9 (421) 30.2 (193) 28.1 (94) 34.4 97) 18.6 (37)
Hypertension medication
use, % (N) 321 (468) 311 (199) 28.7 (96) 0.43 44.7 (126) <0.001 236 (47 0.04
Lipid-lowering medication
use, % (N) 14.9 (217) 17.7 (113) 14.0 (47) 0.14 10.4 (29) 0.01 14.1 (28) 0.23
Cigarette smoking, % (N) 0.21 0.04 <0.001
Never 504 (733) 448 (287) 50.8 (170) 45.0 (127 75.3 (149)
Former  37.1 (540) 423 (271) 37.9 (127) 36.2 (102) 20.2 (40)
Current 12,5 (182) 12.8 (82) 11.3 (38) 18.8 (53) 4.6 9)
Alternative healthy eating
index (AHEI)-2010 5340  (9.64) 5443  (9.98) 50.85  (9.06)  <0.001 5261  (10.00) 0.01 55.43 (7.89) 0.15
Sedentary behavior (MET-
hours/day) 3.96 (2.62) 4.05 (2.70) 3.49 (2.31) 0.001 4.67 (2.83) 0.002 3.42 (2.31) 0.001
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Exercise (MET-hour/day) 3.61 (4.12) 3.82 (4.02) 3.09 (3.54) 0.004 4.05 (5.26) 0.53 3.17 (3.33) 0.02
Body mass index (BMI,

kg/m?) 27.34 (4.81) 27.07 (4.55) 28.70 (4.64) <0.001 28.83 (5.24) <0.001 23.77 (2.92) <0.001
Total fat mass (kg) 26.83 (9.07) 26.97 (8.49) 28.17 (8.35) 0.04 29.87 (10.48) <0.001 19.86 (5.85) <0.001
Abdominal muscle area

(cm2) 103.59 (28.89) 10350 (28.39) 102.70  (29.10) 0.70 111.70  (30.52) <0.001 93.93 (24.41) <0.001
Abdominal muscle density

(HU) 42.88 (5.27) 42.15 (5.24) 42.43 (5.15) 0.43 44.36 (5.46) <0.001 43.87 (4.76) <0.001
Systolic blood pressure (SBP,

mmHg) 12587  (21.33) 12420 (20.22) 126.00 (22.64) 0.23 13150 (21.47) <0.001 123.10 (21.09) 0.51
Diastolic blood pressure

(DBP, mmHg) 72.25 (10.04) 71.30 (10.02) 72.39 (9.97) 0.10 74.74 (10.32) <0.001 7157 (9.26) 0.74
Total cholesterol (mg/dl) 196.22  (34.14) 196.20 (34.56) 201.50 (35.38) 0.02 191.90  (33.83) 0.08 193.30 (29.90) 0.25
High-density lipoprotein

(HDL) cholesterol (mg/dl) 52.15 (15.09) 52.81 (15.99) 43.80 (13.17) <0.001 55.31 (15.98) 0.03 51.23 (12.59) 0.15
Low-density lipoprotein

(LDL) cholesterol (mg/dl) 118.79  (29.99) 116.80  (29.11) 12450  (31.95) <0.001 11820  (30.42) 0.50 116.60 (27.70) 0.94
Triglycerides (mg/dl) 12648  (72.14) 13310  (78.19) 14340  (74.30) 0.05 90.71 (39.39) <0.001 127.50 (67.47) 0.33

Data were presented as mean (standard deviation, SD) for continuous variables, and percentage, % (frequency, N) for categorical variables.
Comparing each racial and ethnic minority group to White group, P-values were compared using t-test for continuous variables and y2-tests for categorical variables.
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Table 5.2. Associations of race and ethnicity with type 2 diabetes and visceral fat, and associations of visceral fat with type 2 diabetes

Race and ethnicity and T2D®

Females
Hispanic (n=174) vs. White Chinese (n=97) vs. White Black (n=160) vs. White
(n=315) (n=315) (n=315)
HR 95%ClI P HR 95%ClI P HR 95%ClI P
Model1 195 129 294 0.002 1.81 110 2.97 0.02 1.63 1.04 253 0.03
Model2 177 117 269 0.01 191 115 3.5 0.01 1.59 1.02 249 0.04
Model3 129 078 215 0.32 2.11 1.10 4.04 0.03 1.77 1.00 3.3 0.05
Males
Hispanic (n=161) vs. White Chinese (n=102) vs. White Black (n=122) vs. White
(n=326) (n=326) (n=326)
HR 95%ClI P HR 95%ClI P HR 95%ClI P
Model1 2.04 136 3.04 0.001 085 047 153 0.58 1.74 111 2.73 0.02
Model2 182 120 276 0.005 0.86 048 155 0.62 148 092 238 0.10
Model3 153 091 259 0.11 140 0.68 2.87 0.36 1.98 112 350 0.02
Race and ethnicity and visceral fat (cm?)*
Females
Hispanic (n=174) vs. White Chinese (n=97) vs. White Black (n=160) vs. White
(n=315) (n=315) (n=315)
Mean SE P Mean SE P Mean SE P
differ differe differe
ence nce nce
Model 1 2412 5.76 <0.001 -13.33 7.08 0.06 -8.48  5.92 0.15
Model 2 22.72 5.68 <0.001 -944 7.00 0.18 -9.71 586 0.10
Males
Hispanic (n=161) vs. White Chinese (n=102) vs. White Black (n=122) vs. White
(n=326) (n=326) (n=326)
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Mean SE P Mean SE P Mean SE P

differ differe differe
ence nce nce
Model1 022 7.25 0.98 -79.12 854 <0.001 -56.52 7.99 <0.001
Model 2 166 7.34 0.38 -77.56  8.47 <0.001 -57.57 8.11 <0.001
Visceral fat (10 cm?) and T2D¢
Females
White (n=315) Chinese (n=97) Black (n=122) Hispanic (n=161)
HR 95%CI P HR 95%CI P HR 95%CI P HR 95%ClI P

Model1 112 107 116 <0.001 1.11 1.02 1.20 0.01 1.10 1.05 116 <0.001 1.09 1.04 114 0.001
Model2 111 1.02 1.20 0.01 1.07 0.88 1.29 0.52 131 112 153 0.001 119 1.08 133 0.001

Males
White (n=315) Chinese (n=97) Black (n=122) Hispanic (n=161)
HR 95%ClI P HR 95%ClI P HR 95%ClI P HR 95%ClI P

Model1 1.06 1.03 110 <0001 1.07 097 117 0.17 1.03 0.98 1.07 0.29 106 1.02 110 0.004
Model2 101 096 1.07 0.62 1.60 095 2.69 0.08 1.05 095 1.16 0.33 110 1.03 1.19 0.01

SFor race and T2D, visceral fat and T2D, cox proportional hazard regression models were used. Hazard ratio (HR), 95% confidence interval (CI) and
P-value were reported.

*For race and visceral fat, linear regression models were used. Mean difference (SE) and P-value were reported.

Boldface indicated statistical significance after multiple testing [i.e., false-discovery rate (FDR) <0.05 using the Benjamini-Hochberg method].
Model 1: Crude model.

Model 2: Model 2 adjust for confounders. For race and T2D, race and visceral fat, model 2 adjusted for age and family history of diabetes. For
visceral fat and T2D, model 2 adjusted for age, family history of diabetes, marital status, education, annual household income, stress, hypertension
medication use, lipid-lowering medication use, smoking, alternative healthy eating index (AHEI)-2010, sedentary behavior, exercise, body mass
index (BMI), total fat, muscle area and density, systolic blood pressure (SBP), total cholesterol, high-density lipoprotein (HDL) cholesterol, and
triglycerides.

Model 3: Adjust for potential mediators for race and T2D, including marital status, education, annual household income, stress, hypertension
medication use, lipid-lowering medication use, smoking, AHEI-2010, sedentary behavior, exercise, BMI, total fat, abdominal muscle area and
density, SBP, total cholesterol, HDL cholesterol, triglycerides, and visceral fat.
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Table 5.3. Decomposition of associations of race and ethnicity with type 2 diabetes by visceral fat

IPSE (Visceralfat) IPSE (notVisceralfat) iTE
HR  95%ClI P Proportion HR 95%Cl P HR 95%CI P
explained
(%)
Female
Hispanic vs. White 150 104 154 <0001  203% 208 130 390 001 250 150 543 001
Chinese vs. White 997 077 103  0.20 250 127 7.96 001 238 119 7.37 0.03
Black vs. White 983 064 101 006 211 102 413 005 175 081 378 0.4
Male
Hispanic vs. White 10> 095 111 071 195 123 442 <0001 1.99 124 463 <0.001
Chinese vs. White 51 055 120 054 099 032 298 098 091 030 211 080
Black vs. White 098 078 1.22 090 124 073 320 037 122 076 287 034

Interventional path specific effects (iPSEs) were used to assessed racial and ethnic differences in T2D explained by visceral fat. Hazard ratio
(HR), 95% confidence interval (CI) and P-value were reported. Boldface indicated statistical significance (P<0.05). Boldface indicated
statistical significance after multiple testing [i.e., false-discovery rate (FDR) <0.05 using the Benjamini-Hochberg method].

Continuous visceral fat (cm2) was used as the mediator.

Type 2 diabetes (T2D) was regressed on age, sex, family history of diabetes, race and ethnicity, marital status, education, annual household
income, stress, hypertension medication use, lipid-lowering medication use, smoking, alternative healthy eating index (AHEI)-2010,
sedentary behavior, exercise, body mass index (BMI), total fat mass, systolic blood pressure (SBP), total cholesterol, high-density
lipoprotein (HDL) cholesterol, triglycerides, and visceral fat.

iPSE, interventional path specific effects; iTE, interventional total effect.
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Source cohort
An ancillary study of MESA where abdominal CT scans were obtained
for aortic calcium at exam 2 or exam 3

N = 1947 Participants excluded

* Missing on T2D before or at exam (exam 2 or 3) of
visceral fat CT scans obtained (N = 138)

* Having T2D before or at exam (exam 2 or 3) of visceral
fat CT scans obtained (N = 326)

A4

v

Population not having T2D at exam (exam 2 or 3)
of visceral fat CT scans obtained
N = 1483

Participants excluded
» Missing on visceral fat (N = 26)

A4

\

Population who had information on visceral fat
N = 1457

Figure S5.1. Participants flow chart
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M: Visceral fat
X: Race / \
and

ethnicity

N\

Y: T2D

Figure S5.2. Directed acyclic graph (DAG) for racial and ethnic differences in type 2 diabetes through visceral fat
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Table S5.1. Decomposition of associations of race and ethnicity with type 2 diabetes by visceral fat, adding interactions between race
and visceral fat on type 2 diabetes

iPSE (Visceralfat) iPSE (notVisceralfat) iTE
HR 95%ClI P Proportion HR 95%ClI P HR 95%ClI P
explained
(%)
Female
Hispanic vs. White 1.26 1.05 1.80 <0.001 25.6% 197 1.07 3.96 0.02 249 135 490 <0.001
Chinese vs. White 0.91 0.69 1.04 0.21 285 135 746 <0.001 259 121 6.64 0.02
Black vs. White 0.83 059 1.06 0.1 221 104 444 0.05 184 091 3.62 0.12
Male
Hispanic vs. White 1.03 091 1.20 0.66 203 107 3.29 0.04 208 1.09 358 0.03
Chinese vs. White 052 0.09 1.78 0.16 157 030 7.25 0.36 081 028 174 0.59
Black vs. White 1.08 0.64 1.68 0.78 131 066 3.80 0.43 142 073 3.20 0.3

Interventional path specific effects (iPSEs) were used to assessed racial and ethnic differences in T2D explained by visceral fat. Hazard ratio
(HR), 95% confidence interval (CI) and P-value were reported. Boldface indicated statistical significance (P<0.05). Boldface indicated
statistical significance after multiple testing [i.e., false-discovery rate (FDR) <0.05 using the Benjamini-Hochberg method]. Continuous
visceral fat (cm2) was used as the mediator.
Interactions between race and visceral fat on T2D were added in the mediation analysis.
Type 2 diabetes (T2D) was regressed on age, sex, family history of diabetes, race and ethnicity, marital status, education, annual household

income, stress, hypertension medication use, lipid-lowering medication use, smoking, alternative healthy eating index (AHEI)-2010,

sedentary behavior, exercise, body mass index (BMI), total fat mass, abdominal muscle area and density, systolic blood pressure (SBP), total
cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, and visceral fat.
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Table S5.2. Associations of race and ethnicity with type 2 diabetes adjusting for mediators stepwise

Race/ethnicity and T2D

Hispanic vs. White

Females

Chinese vs. White

Black vs. White

HR 95%ClI P HR 95%ClI P HR 95%ClI P
Model 1 1.95 1.29 2.94 0.002 1.81 1.10 297 0.02 1.63 1.04 2.53 0.03
Model 2 177 1.17 2.69 0.01 191 1.15 3.15 0.01 1.59 1.02 249 0.04
Model 3 1.31 0.84 2.05 0.24 1.49 0.89 251 0.13 1.59 1.01 2.50 0.05
Model 4  1.35 0.86 211 0.20 1.49 0.88 251 0.14 1.61 1.01 2.55 0.05
Model 5 1.30 0.83 2.05 0.25 1.42 0.83 245 0.20 1.60 1.00 2.55 0.05
Model 6  1.37 0.87 2.15 0.18 1.56 0.90 2.69 0.11 1.59 0.99 2.56 0.05
Model 7 1.44 0.91 2.29 0.12 1.69 0.95 3.02 0.08 161 1.00 2.59 0.05
Model 8 1.37 0.86 221 0.19 1.85 1.03 3.35 0.04 1.56 0.96 2.55 0.08
Model 9 1.33 0.82 2.15 0.25 1.79 0.99 3.25 0.06 1.58 0.97 2.59 0.07
Model 10 1.21 0.75 1.96 0.44 2.00 1.09 3.64 0.02 1.37 0.83 2.26 0.22
Model 11 1.25 0.76 2.06 0.38 2.04 1.11 3.73 0.02 1.39 0.84 2.30 0.20
Model 12 131 0.79 2.16 0.30 2.27 1.21 4.29 0.01 1.25 0.72 2.19 0.43
Model 13 1.29 0.78 2.15 0.32 211 1.10 4.04 0.03 1.77 1.00 3.13 0.05
Males
Hispanic vs. White Chinese vs. White Black vs. White
HR 95%CI P HR 95%CI P HR 95%ClI P
Model 1 2.04 1.36 3.04 0.001 0.85 0.47 1.53 0.58 1.74 1.11 2.73 0.02
Model 2 1.82 1.20 2.76 0.005 0.86 0.48 1.55 0.62 1.48 0.92 2.38 0.10
Model 3 1.31 0.82 2.09 0.25 0.72 0.38 1.36 0.31 1.33 0.81 2.18 0.27
Model 4 1.35 0.84 2.15 0.21 0.71 0.37 1.36 0.30 1.34 0.81 221 0.25
Model 5 1.33 0.83 2.13 0.23 0.70 0.36 1.35 0.29 1.34 0.81 2.20 0.26
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Model 6 1.33 0.83 2.14 0.23 0.74 0.38 1.44 0.38 1.37 0.82 2.27 0.23

Model 7 1.34 0.83 2.14 0.23 0.75 0.38 1.46 0.39 1.37 0.82 2.28 0.23
Model 8 1.28 0.79 2.07 0.32 0.74 0.38 1.46 0.39 1.37 0.82 2.28 0.23
Model 9 1.37 0.84 2.22 0.21 0.77 0.40 1.50 0.44 1.40 0.84 2.35 0.20
Model 10  1.27 0.78 2.08 0.34 0.99 0.50 1.98 0.98 1.42 0.85 2.37 0.18
Model 11 1.46 0.88 242 0.15 1.16 0.57 2.35 0.68 1.44 0.86 241 0.16
Model 12 1.47 0.88 247 0.15 1.18 0.59 2.39 0.64 1.65 0.95 2.86 0.08
Model 13 1.53 0.91 2.59 0.11 1.40 0.68 2.87 0.36 1.98 112 3.50 0.02

Cox proportional hazard regression models were used. Hazard ratio (HR), 95% confidence interval (Cl) and P-value were reported.
Boldface indicated statistical significance after multiple testing [i.e., false-discovery rate (FDR) <0.05 using the Benjamini-Hochberg
method].

Model 1: Crude model.

Model 2: Adjust for confounders, age and family history of diabetes.

From model 3, mediators were additionally adjusted.

Model 3: Adjust for age, gender, family history of diabetes, education, and annual household income.

Model 4: Adjust for age, gender, family history of diabetes, education, annual household income, and marital status.

Model 5: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, and stress.

Model 6: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, and
hypertension medication use, lipid-lowering medication use.

Model 7: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, hypertension
medication use, lipid-lowering medication use, and smoking.

Model 8: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, hypertension
medication use, lipid-lowering medication use, smoking, and AHEI-2010.

Model 9: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, hypertension
medication use, lipid-lowering medication use, smoking, AHEI-2010, exercise, and sedentary behavior.

Model 10: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, hypertension
medication use, lipid-lowering medication use, smoking, AHEI-2010, exercise, sedentary behavior, and BMI.

Model 11: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, hypertension
medication use, lipid-lowering medication use, smoking, AHEI-2010, exercise, sedentary behavior, BMI, and total fat.

Model 12: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, hypertension
medication use, lipid-lowering medication use, smoking, AHEI-2010, exercise, sedentary behavior, BMI, total fat, muscle area and
density, SBP, total cholesterol, HDL cholesterol, and triglycerides.

Model 13: Adjust for age, gender, family history of diabetes, education, annual household income, marital status, stress, hypertension
medication use, lipid-lowering medication use, smoking, AHEI-2010, exercise, sedentary behavior, BMI, total fat, muscle area and
density, SBP, total cholesterol, HDL cholesterol, triglycerides, and visceral fat.

AHEI-2010, alternative healthy eating index-2010; BMI, body mass index; HDL cholesterol, high-density lipoprotein cholesterol;
SBP, systolic blood pressure.
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Table S5.3. Characteristics of participants by race and sex in Multi-Ethnic Study of Atherosclerosis ancillary study

Characteristics Non-Hispanic Hispanic females [11.9% (174)] Non-Hispanic Black females Non-Hispanic Chinese American
White females [11.0% (160)] females [6.7% (97)]
[21.6% (315)]
P-values P-values P-values
compared compared compared to
to White to White White females
females females
Age (years) 65.77 (9.07) 64.15 (9.24) 0.06 64.99 (9.99) 0.39 64.39 (9.49) 0.20
Family history of diabetes, % (N) 32.6 (102) 46.2  (80) 0.003 41.3 (64) 0.06 232 (22) 0.08
Married/living with a partner, % 59.2 (186) 48.8 (83) 0.03 344 (55) <0.001 70.1 (68) 0.05
(N)
Education, % (N) <0.001 0.59 <0.001
High school or less 264 (81) 67.2 (117) 25.0 (40) 47.4  (48)
Associates 32.2 (102) 21.3 (37) 36.9 (59) 258 (25)
Bachelor's or higher 414 (134) 115 (20) 38.1 (61) 26.8 (26)
Annual household income, % (N) <0.001 <0.001 <0.001
<$25,000 171 (51) 49.1 (85) 279 (41) 52.1 (50)
$25,000-$49,999 26.8 (80) 34.7 (60) 374 (55) 30.2 (29)
>$50,000 56.2 (168) 16.2 (28) 34.7 (51) 17.7 (17)
Stress, % (N) 0.08 0.04 <0.001
Low 251 (79) 345 (60) 344 (55) 56.7 (55)
Medium 40.6 (128) 37.4 (65) 30.0 (48) 227 (22)
High 34.3 (108) 28.2 (49) 356 (57) 20.6 (20)
Hypertension medication use, % 32.8 (103) 29.3 (51) 0.43 50.0 (80) <0.001 247  (24) 0.13
(N)
Lipid-lowering medication use, % 172  (54) 16.7 (29) 0.88 12.7  (20) 0.20 155 (15) 0.69
(N)
Cigarettes smoking, % (N) 0.01 0.67 <0.001
Never 443 (139) 58.6 (102) 475 (76) 99.0 (96)
Former 43.0 (135) 345 (60) 38.8 (62) 1.0 (1)
Current 12.7 (40) 69 (12) 13.8 (22) 0.0 (0)
Alternative healthy eating index 56.31 (10.17) 52.38 (8.82) <0.001 54.00 (9.70) 0.02 56.46 (7.93) 0.88
(AHEI)-2010
Sedentary behavior (MET- 4.48 (2.96) 3.52 (2.31) <0.001 491 (2.85) 0.12 345  (2.36) 0.001

hours/day)
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Exercise (MET-hour/day) 337 (3.39) 256 (3.03) 0.01 334 (3.42) 0.94 3.18 (3.48) 0.64
Body mass index (BMI, kg/m?) 26.65 (5.23) 29.08 (5.29) <0.001 29.84 (6.05) <0.001 23.88 (3.42) <0.001
Total fat mass (kg) 29.31 (9.65) 31.54 (8.59) 0.01 33.94 (10.98) <0.001 23.21  (5.49) <0.001
Abdominal muscle area (cm2) 8258 (13.62) 8150 (15.45) 0.43 9281 (17.42)  <0.001 7513 (13.10) <0.001
Abdominal muscle density (HU) 4029 (4.45) 4030 (4.96) 0.98 4278 (5.56) <0001 4163 (4.80) 0.01
Systolic blood pressure (SBP,
mmHg) 123.70 (22.01) 128.90 (24.91) 0.02 132.70  (22.37) <0.001 21.77 (2.21) 0.76
Diastolic blood pressure (DBP,
mmHg) 67.22 (9.60) 69.86 (9.66) 0.00 73.36  (10.26) <0.001 68.88 (8.64) 0.13
Total cholesterol (mg/dl) 203.40 (34.48) 206.50 (35.10) 0.34 195.60 (31.33) 0.02 195.90 (28.96) 0.03
High-density lipoprotein (HDL)
cholesterol (mg/dl) 59.96 (16.57) 53.60 (13.81) <0.001 59.81 (16.28) 0.93 54.96 (12.99) 0.002
Low-density lipoprotein (LDL)
cholesterol (mg/dl) 11540 (28.90) 125.80 (32.81) <0.001 117.40 (28.58) 0.49 115.40 (28.60) 0.98
Triglycerides (mg/dl) 13790 (80.92) 138,50 (70.68) 0.94 89.29 (38.85) <0.001 129.20 (68.57) 0.34
Non-Hispanic Hispanic males [11.1% (161)] Non-Hispanic Black males [8.4% Non-Hispanic Chinese American
White males (122)] males [7.0% (102)]
[22.4% (326)]
P-values P-values P-values
compared compared compared to
to to White males
White mal White male
es s
Age (years) 64.92  (9.99) 61.60 (9.62) 0.001 64.37 (10.07) 0.60 64.98 (10.57) 0.96
Family history of diabetes, % (N) 222 (72) 39.5 (62) <0.001 45.3 (53) <0.001 19.0 (19) 0.49
Married/living with a partner, % 76.6 (76) 73.6  (117) 0.47 67.2 (82) 0.04 91.2 (93) 0.001
(N)
Education, % (N) <0.001 <0.001 0.01
High school or less 129 (42) 53.4 (86) 23.8 (29) 24.8 (25)
Associates 26.4 (86) 28.6 (46) 37.7 (46) 19.8 (20)
Bachelor's or higher 60.7 (198) 18.0 (29) 385 (47) 55.5 (56)
Annual household income, % (N) <0.001 <0.001 <0.001
<§25.000 8.8 (28) 30.2 (48) 218 (24) 40.6 (41)
$25,000_$49.999 25.9 (82 39.6 (63) 32.7 (36) 218 (22)
>$50.000 65.3 (207) 30.2 (48) 455 (50) 376 (38)
Stress, % (N) 0.22 0.77 0.03
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Low 347 (113) 410 (66) 312 (38) 49.0 (50)

Medium  37.4 (122) 29.8 (48) 385 (47) 314 (32)
High 279 (91) 202 (47) 303 (37) 196 (20)
Hypertension medication use, % 29.5 (96) 28.0  (45) 0.73 37.7 (46) 0.09 226 (23) 0.17
(N)
Lipid-lowering medication use, % 18.2 (59) 112  (18) 0.05 74 (9) 0.01 12.8 (13) 0.20
(N)
Cigarettes smoking, % (N) 0.55 0.35 0.11
Never 367 (118) 350 (56) 331 (40) 480 (49)
Former 519 (167) 50.0 (80) 504  (61) 441  (45)
Current 115 (37) 150 (24) 165 (20) 78 (8)
Alternative healthy eating index 5263 (9.46)  49.17 (9.05) <0.001 50.86  (10.13) 0.09 54.45 (7.77) 0.05
(AHEI)-2010
Sedentary behavior (MET- 0.41 0.01 0.34
hours/day) 365 (2.35) 346 (2.31) 436 (2.78) 340 (2.26)
Exercise (MET-hour/day) 426 (4.50) 3.66 (3.95) 0.15 497 (6.87) 0.29 317 (3.19) 0.01
Body mass index (BMI, kg/m?2) 27.44  (3.66) 2843  (4.04) 0.01 2762 (3.71) 0.65 2364 (2.77) <0.001
Total fat mass (kg) 2451 (6.14) 2478 (6.61) 0.66 2419 (6.61) 0.63 16.86  (4.57) <0.001
Abdominal muscle area (cm2) 12370 (23.96) 12570 (22.10) 0.37 13640 (26.09)  <0.001  111.80 (18.53) <0.001
Abdominal muscle density (HU) 4395 (5.32) 4473 (4.29) 0.08 4642 (457) <0.001 4599 (3.65) <0.001
Systolic blood pressure (SBP,
mmHg) 12470 (18.34) 122.80 (19.48) 0.29 129.90  (20.20) 0.01 12330 (20.53) 0.52
Diastolic blood pressure (DBP,
mmHg) 7524 (8.77) 7513  (9.59) 0.90 7656  (10.17) 0.21 7412 (9.14) 0.26
Total cholesterol (mg/dl) 189.30 (33.27) 19610 (34.98) 0.04 187.20 (36.43) 0.55 190.90 (30.71) 0.68
High-density lipoprotein (HDL)
cholesterol (mg/dI) 4590 (11.88) 4361 (10.18) 0.03 49.45 (13.54) 0.01 4769 (11.15) 0.18
Low-density lipoprotein (LDL)
cholesterol (mg/dI) 11810 (29.29) 12310 (31.04) 0.08 119.20 (32.75) 0.72 117.80 (26.91) 0.92
Triglycerides (mg/dl) 12830 (75.27) 148.60 (77.89) 0.01 9257 (40.17)  <0.001  126.00 (66.70) 0.78

Data were presented as mean (standard deviation, SD) for continuous variables, and percentage, % (frequency, N) for categorical variables.
When comparing each racial/ethnic minority group to White group, P-values were compared using t-test for continuous variables and y2-tests for categorical variables.
When comparing categorical variables, if the frequency < 5, Fisher's exact test was used.
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Table S5.4. Characteristics among included and excluded participants

Included P-values
Characteristics participants Excluded participants
(n=1457) (n=490)
Age (years) 64.58 (9.73) 64.90 (9.41) 0.53
Female, % (N) 512 (746) 443 (217) 0.01
Family history of diabetes, % (N) 33.1 (474) 52.3 (241 <0.001
Race and ethnicity <0.001
White 44.0 (641) 294 (144)
Chinese 13.7 (199) 10.8 (53)
Black 194 (282) 253 (124)
Hispanic 23.0 (335) 345 (169)
Married/living with a partner, % (N) 64.8 (941) 64.0 (313) 0.94
Education, % (N) <0.001
High school or less 322 (468) 455 (223)
Associates 28.9 (420) 27.6 (135)
Bachelor's or higehr 39.0 (567) 269 (132)
Annual household income, % (N) <0.001
<$25,000 27.5 (389) 38.5 (181)
$25,000-$49,999 28.6 (404) 32.8 (154)
>$50,000 44.0 (622) 28.7 (135)
Stress, % (N) 0.10
Low 42.1 (613) 36.5 (179)
Middle 29.0 (423) 31.6 (155)
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Hypertension medication use, % (N)
Lipid-lowering medication use, % (N)

Cigerettes smoking, % (N)

Alternative healthy eating index (AHEI)-2010
Sedentary behavior (MET- hours/day)
Exercise (MET-hour/day)

Body mass index (BMI, kg/m?)

Total fat mass (kg)

Abdominal muscle area (cm2)

Abdominal muscle density (HU)

Systolic blood pressure (SBP, mmHg)
Diastolic blood pressure (DBP, mmHg)

Total cholesterol (mg/dl)

High-density lipoprotein (HDL) cholesterol (mg/dl)

Low-density lipoprotein (LDL) cholesterol (mg/dl)

Triglycerides (mg/dl)

High 28.9
32.1
14.9

Never 50.3
Former 37.2
Current 12.5

53.40
3.96
3.61

27.34

26.84

103.60
42.88
21.33
72.25
196.20

52.15
118.80
126.50

“21)
(468)
17)

(733)
(542)
(182)
(9.64)
(2.62)
(4.12)
(4.81)
(9.07)
(28.89)
(5.27)
(0.56)
(10.04)
(34.14)
(15.09)
(29.99)
(72.14)

31.8
46.4
19.6

51.0
35.1
13.9
52.98
3.96
3.10
29.59
30.14
104.30
42.39
22.02
73.32
193.20
46.92
116.10
157.50

(156)
(227)
(96)

(250)
(172)
(68)
(8.60)
(2.53)
(3.82)
(5.36)
(10.00)
(29.24)
(5.52)
(1.00)
(10.64)
(33.93)
(13.58)
(31.28)
(96.08)

<0.001
0.01
0.60

0.37
0.97
0.01
<0.001
<0.001
0.65
0.08
<0.001
0.05
0.09
<0.001
0.10
<0.001

Data were presented as mean (standard deviation, SD) for continuous variables, and percentage, % (frequency, N) for

categorical variables.

P-values were compared using t-test for continuous variables and y2-tests for categorical variables
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Table S5.5. Decomposition of associations of race and ethnicity with type 2 diabetes by visceral fat, applying inverse probability
weighting

iPSE (Visceralfat) iPSE (notVisceralfat) iTE
HR 95%ClI P Proportion HR 95%ClI P HR 95%ClI P
explained
(%)
Female
Hispanic vs. White 1.20 1.01 157 0.04 16.7% 251 147 6.36 <0.001 3.02 194 7.90 <0.001
Chinese vs. White 0.99 0.88 1.07 0.79 3.15 147 993 0.02 311 144 991 0.02
Black vs. White 1.02 090 1.19 0.80 3.02 177 792 <0.001 308 179 830 <0.001
Male
Hispanic vs. White 1.07 097 122 0.21 196 095 430 0.07 210 1.01 477 0.05
Chinese vs. White 0.85 0.52 112 0.12 126 038 1.00 0.62 1.07 032 284 0.99
Black vs. White 0.93 0.70 1.11 0.38 168 075 4388 0.17 155 0.71 431 022

Interventional path specific effects (iPSEs) were used to assessed racial and ethnic differences in T2D explained by visceral fat. Hazard ratio
(HR), 95% confidence interval (CI) and P-value were reported. Boldface indicated statistical significance (P<0.05). Boldface indicated
statistical significance after multiple testing [i.e., false-discovery rate (FDR) <0.05 using the Benjamini-Hochberg method]. Continuous visceral
fat (cm2) was used as the mediator.

Inverse probability weighting was applied to address potential selection bias due to excluding participants.

Type 2 diabetes (T2D) was regressed on age, sex, family history of diabetes, race and ethnicity, marital status, education, annual household
income, stress, hypertension medication use, lipid-lowering medication use, smoking, alternative healthy eating index (AHEI)-2010, sedentary
behavior, exercise, body mass index (BMI), total fat mass, abdominal muscle area and density, systolic blood pressure (SBP), total cholesterol,
high-density lipoprotein (HDL) cholesterol, triglycerides, and visceral fat.
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6. Chapter six: Discussion
6.1. Objectives
The overall goal of the studies within this dissertation was to gain a better understanding of why
racial and ethnic minorities have excess risk of developing T2D by examining modifiable
pathways and to give implications for public health interventions. Gaps in the literature were
identified, including no studies examining comprehensive SDOH with T2D and no studies
quantifying mediation effects of exercise and visceral fat for racial differences in T2D.

This dissertation focused on three main objectives:
1) To examine the association between comprehensive SDOH and T2D, and the associations in
racial and ethnic subgroups.
2) To investigate whether and to what degree racial and ethnic differences in T2D are explained
by exercise.
3) To assess whether and to what degree racial and ethnic differences in T2D are explained by
visceral fat in sex subgroups.

This dissertation used the data from MESA, a population-based, prospective and
longitudinal cohort including multiple racial and ethnic groups, and assessed associations of
SDOH from several domains with T2D and applied modern casual mediation analyses to
examine exercise and visceral fat as mediators for racial differences in T2D. MESA included
6814 adults aged 45—84 years and free of CVD. Study participants were recruited in 2000-2002
and followed to 2020. We also used the other MESA ancillary study measuring abdominal aortic
calcification in a subset of participants (n=1947) who obtained abdominal CT scans of visceral

fat at either exam 2 or exam 3163-166
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6.2. Main findings

The dissertation collectively illustrated a picture of how SDOH, exercise, and visceral fat
influence racial differences in T2D risk. Like the conceptual framework demonstrating, racial
differences in disadvantaged SDOH, influenced by systemic inequities, may lead to increased
stress and unhealthy behaviors such as lower exercise. These factors, in turn, contributed to
higher obesity and visceral fat levels, which elevated insulin resistance and impaired B-cell
function, ultimately increasing T2D risk among minorities.

The first study highlighted that disadvantaged SDOH were significantly associated with
increased T2D risk in overall participants and specifically among Whites and Hispanics when
stratified by race and ethnicity. This association was not observed in Chinese and Blacks,
potentially due to insufficient sample size. Racial and ethnic minorities often experience higher
levels of disadvantaged SDOH, influenced by systemic inequities. These adverse conditions may
contribute to T2D disparities through mechanisms such as increased stress, unhealthy behaviors
(e.g., less exercise), and higher levels of obesity and visceral fat accumulation. In next two
studies, we examined the racial differences in T2D through the downstream factors exercise and
visceral fat.

The second study examined the role of exercise in racial differences in T2D and found
that exercise accounted for about one-tenth of the racial differences in T2D risk when comparing
Hispanics and Chinese to Whites. These findings align with the conceptual model, illustrating the
critical role of exercise in higher T2D risks among Hispanics and Chinese, who are more likely
to face disadvantaged SDOH due to systemic racism and policies, leading to lower exercise

levels, later on higher obesity, and increased visceral fat.
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The third study focused on the role of visceral fat in T2D disparities and found that
visceral fat mediated the higher T2D risk in Hispanic females, explaining about one-fifth of the
racial and ethnic differences in T2D risk among this group. This finding underscores the
important role of visceral fat in the development of T2D among Hispanic females, who often
face higher levels of disadvantaged SDOH due to structural inequities, resulting in lower
exercise levels. These conditions contribute to higher visceral fat accumulation compared to
White females, leading to increased hepatic and peripheral insulin resistance and, consequently, a
higher risk of T2D.

Social determinants of health and type 2 diabetes

We assessed the SDOH based on a widely applied method in the NHIS studies!!>112.167 We
included 9 variables across four domains: economic stability domain, education domain,
neighborhood, physical environment and social cohesion domain, and health and system domain.
We found that disadvantaged SDOH was associated with increased T2D risk in a dose-response
manner in overall participants, and Whites and Hispanics in the stratified analysis by race and
ethnicity. We did not observe the associations in Chinese and Blacks in this dissertation.

Our findings are in line with two studies examined personal sociodemographic factors or
neighborhood SES with T2D in the US and Finland?”-3!, which showed a positive association of
cumulative personal sociodemographic variables?’ or cumulative neighborhood factors®! with
T2D. However, these two studies did not investigate interplays between personal and
neighborhood factors?’3!. Our study expanded such work by prospectively assessing SDOH
integrating several domains with T2D, and examining the associations in racial and ethnic
subgroups. Our findings suggested the aggregated SDOH as an important risk factor for T2D and

prioritizing prevention resources for vulnerable groups exposed to social disadvantages. It is
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critical for the Hispanics at heightened risk, as targeted interventions may be needed for T2D

disparities and promoting health equity.

Racial and ethnic disparities of type 2 diabetes in the United States: the pathways through

exercise

We used iPSEs to examine whether and to what degree the association of race and ethnicity with
T2D can be explained by exercise. We confirmed that Hispanics, Blacks and Chinese had higher
risks of T2D, and found only Hispanics and Chinese had lower levels of exercise than Whites. In
addition, we observed that exercise may be a mediator of the T2D risk differences for Hispanics
and Chinese, but not for Blacks, as compared to Whites. Exercise explained about one-tenth of
racial differences in T2D when comparing Hispanics and Chinese to Whites.

Our findings were consistent with one study regarding the role of exercise in explaining
the T2D risk difference between Hispanics and Whites¢. The study among postmenopausal
women examined baseline mixed activities as a mediator for racial differences in T2D>°. It found
that combined exercise and household activities explained 6% of racial differences (Hispanic or
Black vs. White) in T2D*°. However, the limitation of the study was that the exercise was
combined with household activities, thus, it was unable to differentiate the mediation effect of
exercise and household activities®®. Additionally, the study only assessed baseline activities
which were likely to change over time. Moreover, the study did not have data for Asian
subpopulations®¢. Our study provided new evidence that habitual exercise explained about one-
tenth of higher T2D risk in Chinese as compared to Whites. Our findings suggest that culture-
appropriated exercise interventions to increase exercise in Hispanics and Chinese may help to

reduce their higher T2D risks.
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Racial and ethnic disparities of type 2 diabetes in the United States: the pathways through

visceral fat

We used 1PSEs to examine whether and to which degree the association of race and ethnicity
with T2D can be explained by visceral fat in sex subgroups. We found that controlling for
confounders, Hispanic, Black and Chinese females, as well as Hispanic and Black males had
higher risks of T2D than White counterparts, but Chinese males had similar T2D risk compared
to White males. Only Hispanic females had higher visceral fat than White females. In addition,
we found that visceral fat may be a mediator of the Hispanic females’ higher T2D risk, but not
for other minorities’ higher risk of T2D. Visceral fat explained about one-fifth of racial and
ethnic differences in T2D when comparing Hispanics females to White females.

Our findings for the mediation effects of visceral fat were inconsistent with one study
regarding the mediation effects of waist circumstance in explaining the risk difference of T2D,
which may be due to that study using waist circumstance not estimating visceral fat well. It
found that Blacks had higher, Asians had lower, and Hispanics had similar percentages of high
waist circumstance compared to Whites, meanwhile, waist circumstance explained 19% of
Blacks’ higher T2D risk relative to Whites, but not for Asians’ and Hispanics’ higher T2D risk°.
However, waist circumstance could not distinguish visceral fat from subcutaneous fat then may
not accurately estimate visceral fat’>. We found that Hispanic females had higher visceral fat than
White females, which was also found in a previous study in the US showing that Hispanic
females had higher visceral fat mass than White females’. We provided new evidence that
visceral fat explained about one-fifth of higher T2D risk among Hispanic females as compared to
White females. Our study grasping how visceral fat contributes to the higher T2D risk among

Hispanic females improves understanding of the biological factor at play.

129



6.3. Strengths and limitations

The study using MESA, a population-based, prospective cohort study with multiple racial and
ethnic groups, provides the opportunity to examine comprehensive SDOH with T2D and
quantify mediation effects of exercise and visceral fat for racial differences in T2D. First, this
cohort has rich data on sociodemographic variables, medications, behaviors, anthropometrics,
and lab results. Second, the time sequence of SDOH, exercise, visceral fat and T2D ensured the
temporality of associations.

In addition to the strengths of the data, there are several analytical strengths. First, we
created comprehensive SDOH using a score which included multiple domains of personal and
neighborhood risk factors. Second we used cumulative exercise not only capturing the habitual
levels of exercises over time but also reducing measurement errors. Third, we used visceral fat
measured by CT, which is better than using waist circumstance to assess visceral fat. Fourth, we
applied rigorous causal mediation analysis method to examine mediation effects.

Nonetheless, some potential limitations of our study exist. First, as it was an
observational study, although we tried to control for confounders, there might be residual
confounders. Second, as we only had Chinese in MESA, more studies including more Asian
subgroups are needed. Third, systemic racism and related public policies are fundamental causes
of racial health disparities in T2D, and racial discrimination is also an important factor in
measuring SDOH, however, we did not have the related variables. More studies including these
variables are needed. Additionally, while our dissertation focused on SDOH, exercise, and
visceral fat, other factors such as psychological factors and diet available in our dataset may also
explain racial and ethnic differences in T2D. Future studies should examine the roles of these

factors in the disparities.
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6.4. Conclusions and public health implications

The findings from the dissertation bridge the gaps by assessing associations between
comprehensive social disadvantages and T2D and using causal mediation analysis to quantitively
understand the etiology pathways through exercise and visceral fat for racial disparities in T2D.
It found that SDOH may contribute to Hispanics’ higher risk of T2D; exercise may explain one-
tenth of Hispanics’ and Chinese’ higher risk of T2D; and visceral fat may explain one-fifth of
Hispanic females’ higher risk of T2D. These findings suggested that disadvantaged SDOH
influenced by systemic inequities, reduced exercise influenced by worse SDOH, and increased
visceral fat due to worse SDOH and less exercise are interlinked factors contributing to the
elevated T2D risk in racial and ethnic minorities (e.g., Hispanics). As T2D is largely preventable,
the findings from this dissertation expand the understanding of the modifiable pathways of racial
disparities in T2D. These insights could give implications for future effective interventions for
higher T2D risks among racial and ethnic groups .

This dissertation contributes to give public health implications. First, as systemic racism
and the related policies (e.g., education systems, housing policy, land ownership, labor
protections) are the root cause for racial disparities, leading to minorities’ disadvantaged SDOH,
systemic public health interventions or policies are needed for the upstream factor SDOH. It is
critical to prioritize resources and allocate targeted resource for vulnerable groups affected by
social disadvantages, particularly at-risk Hispanics. This involves implementing policies to
expand to healthcare coverage, improving educational opportunities, employment conditions,
living conditions, enhancing access to healthy foods, and creating safe spaces for exercise, as
well as community-based interventions that address the specific needs of these populations.

Second, develop and implement culturally appropriate exercise interventions aimed at increasing
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exercise levels for all racial and ethnic groups, especially among Hispanics and Chinese. These
interventions should consider cultural preferences and barriers to exercise, promoting sustainable
and enjoyable exercise routines. For example, support community-based exercise programs
tailored to the cultural preferences and needs of different racial and ethnic groups. Third,
increase awareness about the risks of visceral fat and its link to T2D through targeted public
health campaigns for all racial and ethnic groups, especially in Hispanic communities. These
campaigns should educate the public on the importance of maintaining a healthy weight, regular
exercise, and healthy eating to prevent visceral fat accumulation. In addition, enact some
nutritional policies to increase access to healthy, affordable food options in communities, and
decrease visceral fat. Support initiatives such as farmers' markets, community gardens, and
subsidies for healthy food purchases are needed. Implement stricter regulations on food labeling
and marketing to help consumers make informed choices and reduce the consumption of
unhealthy foods.

Racial disparities in T2D are fundamentally linked to systemic racism, and are also linked
to its influenced SDOH, exercise and visceral fat levels. This dissertation opens new horizons by
not only providing information for prioritizing resources for vulnerable groups affected by social
disadvantages, but also for targeted interventions in modifiable factor, exercise, and a deeper
understanding of the biological impacts of visceral fat. The findings from this dissertation
highlight the importance of a multifaceted approach that integrates SDOH improvement, exercise
promotion, and nutritional education and community support for visceral fat to address the

complex factors contributing to racial and ethnic differences in T2D.
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