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Chapter 1

Type 2 Diabetes — A Major Global Health Crisis

Type 2 diabetes is a major global health problem that leads to considerable morbidity,
mortality, and economic burden. The International Diabetes Federation (IDF) estimated
that 783 million people will be living with diabetes globally by 2045, approximately
90% of which will be type 2 diabetes.! In The Netherlands, approximately 1.1 million
diabetes patients were documented and registered at primary care practices in 2019,
accounting for more than 6% of the total population. This escalating epidemic of

diabetes becomes especially prominent in low-income and middle-income countries.?

For type 2 diabetes patients, the early asymptomatic phase may last for years, during
which time unmanaged blood glucose levels may result in severe complications.? The
IDF estimated that approximately 46% of all diabetes cases were undiagnosed in 2013.3
Despite successful treatment and prevention of acute diabetes complications (such as
ketoacidosis and hypoglycemia), diabetes patients continue to face a constant threat of
chronic complications. Major chronic complications of diabetes include macrovascular
complications (such as cardiovascular diseases) and microvascular complications (such
as end-stage renal diseases, retinopathy, and neuropathy). Accumulating evidence also
shows that conditions such as cancer, dementia, and infection may also be causally
linked to diabetes.* Diabetes patients experience lower quality of life, higher risk of
mortality, and lower life expectancy. The Global Burden of Diseases Study identified
that of all communicable diseases, diabetes was the eighth major cause of reduced
life expectancy from 2007 to 2017,> and became the fourth leading cause of disability-
adjusted life years (DALYs) from 1990 to 2019.° Every year in The Netherlands, an
average of 39,000 people over the age of 45 die with diabetes, accounting for more

than a quarter of the total number of deaths.”®

The Rationale and Evidence Base for Type 2 Diabetes Prevention
A Narrative Review

The causes of type 2 diabetes are multifactorial and interrelated. Major causes include
genetic risk factors, obesity, unhealthy lifestyle, and the important interplay of them.

Socioeconomic status is considered to be one of the most important underlying risk

10



Introduction

factors (also see Box 1 and Fig. 1) for type 2 diabetes. Targeting these risk factors —

especially the modifiable ones — forms the evidence base and rationale for type 2

diabetes prevention.

Box 1/Fig. 1. A brief explanation of upstream, downstream, and underlying risk factors

of type 2 diabetes

There are many risk factors for type 2 diabetes, such as obesity,’® unhealthy lifestyle,*!
and low socioeconomic status.'? Obesity is largely attributed to unhealthy lifestyle.!
Unhealthy lifestyle is thus considered the upstream risk factor (or determinant) of obesity
in the development of type 2 diabetes; comparatively, obesity is the downstream risk
factor for type 2 diabetes. Likewise, low socioeconomic status is a risk factor for both
obesity and unhealthy lifestyle.’* Hence, low socioeconomic status is considered the
upstream risk factor —in the literature often also indicated as underlying factor — of these
two risk factors in the development of type 2 diabetes. In the figure, such relationships
between risk factors are indicated by lines with arrowheads. Generally, a cluster of
downstream risk factors can be related to a common upstream/underlying risk factor,
which renders the upstream/underlying risk factor a potential target for intervention
and prevention. In this thesis, in order to avoid confusion, the term underlying factor is

used, e.g., the underlying factors of lifestyle factors.

pcloecono . . TypeZ

diabetes
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Chapter 1

Genetic Predisposition

Until now, more than 36 genes and 80 single nucleotide polymorphisms (SNPs) have
been found to be involved in the development of type 2 diabetes, which however in
aggregate only explain 10% of the total heritable component of the disease. Most
genes are found to be moderately associated with type 2 diabetes, each being a small
risk contributor.** The TCF7L2 allele is the most significant genetic marker associated

with 50% higher risk of type 2 diabetes.?
Obesity

Prospective studies have demonstrated obesity as a single independent predictor for
type 2 diabetes risk, accounting for more than 50% of type 2 diabetes cases.® Chronic
obesity has been linked to hyperglycemia, insulin resistance, and the subsequent
development of type 2 diabetes. This is primarily due to an excessive accumulation of
visceral adipose tissue, especially visceral and ectopic fat. Excess visceral adipose tissue
induces increased production of inflammatory cytokines, dysregulation of hormone
production, and hyperliposis and hypertriglyceridemia that leads to impairments in
liver metabolism, all of which contribute to the pathogenesis of hyperglycemia and
insulin resistance.’® In common practice, direct measurements of visceral adipose
tissue are not always available. A fast approximation is abdominal obesity, which is

commonly measured by waist circumference, waist-hip ratio, or waist-height ratio.
Lifestyle

Unhealthy lifestyle substantially increases the risk of developing type 2 diabetes.
These unhealthy lifestyle factors include unhealthy diets,'” lack of physical activity,®
smoking,'® and excessive alcohol consumption.? Other than the aforementioned
traditional ones, these unhealthy lifestyle factors also include high ultra-processed
food intake (as a special dietary factor),?* excessive TV watching (as an indicator for
sedentary behavior),?® and poor sleep quality.? These “non-traditional” lifestyle factors
are often indicated as emerging lifestyle factors. Although these lifestyle factors mostly
do not affect beta cell function directly, they are closely related to the pathogenesis of

type 2 diabetes through numerous interrelated pathways.!! Lifestyle interventions in
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Introduction

combination with weight control are fundamental in type 2 diabetes prevention and

management,1,2>26

The effects of poor diets on the development of type 2 diabetes have been
extensively studied. Dietary effects on the development of type 2 diabetes are
not only demonstrated in the level of energy balance and single nutrients, but also
manifested in the collective and synergistic effects among different dietary factors,
such as dietary patterns. Evidence from randomized controlled trials has shown that
low-carbohydrate diets (<45% of energy from carbohydrates) and low-fat diets (<30%
of energy from fat) are both effective in reducing weight and waist circumference, as
well as in improving metabolic risk factors.?” Prospective studies have established that
unhealthy dietary patterns may contribute to risk of type 2 diabetes, possibly through
chronic inflammation,® abnormal blood lipid profiles,?® and insulin resistance,*® that
are closely related to the pathogenesis of type 2 diabetes. Emerging evidence also
shows that a higher ultra-processed food intake is associated with increased risk of
type 2 diabetes.?*?? Often considered as a single lifestyle factor, diet however consists
of multiple aspects, affecting the development of type 2 diabetes through a wide
spectrum of pathways. This distinct feature of diet thus makes it to be one of the most
important causes of type 2 diabetes, as well as to be the primary intervention target for

type 2 diabetes management and prevention.3!

Similar to diet, other lifestyle factors also influence the development of type 2 diabetes
through multiple pathways. For instance, physical activities, including aerobic and
resistance exercise, can optimize immune function, increase mitochondrial density,
enhance skeletal muscle oxidative capacity, and increase insulin sensitivity, even
without weight loss.?> Accumulating evidence also supports the pathophysiological
links between emerging lifestyle factors and the development of type 2 diabetes. For
example, disrupted circadian body clocks due to poor sleep quality resultin disturbances
of circadian gene expressions, such as the synthesis and secretion of melatonin and its
receptors, which are suggested to be important mediators of circadian regulation of
insulin sensitivity. These potential mechanisms related to poor sleep quality are also

found to have interactive effects with other lifestyle factors in the development of type
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Chapter 1

2 diabetes.??
Socioeconomic Status

Socioeconomic status has been increasingly recognized as one of the most important
underlying factors of type 2 diabetes and ill health. Conventionally, it is considered
that socioeconomic status indirectly influences the risk of type 2 diabetes, because
socioeconomic status is the upstream determinant of several downstream risk factors
such as lifestyle, obesity, and access to medical resources.'>** Increasing evidence from
recent years indicates, however, that the interplay between socioeconomic status
and other contextual and downstream risk factors, and the associations of these risk
factors with eventual health risks are not as simple as that. In fact, the associations
between socioeconomic status and type 2 diabetes are only partly explained by the
abovementioned downstream risk factors, even when a wide spectrum of risk factors
is investigated.>** Accordingly, the mechanisms of how socioeconomic status affects
health remains incompletely understood. Some evidence suggests that adverse
socioeconomic status is related to epigenetic status, which may influence gene
expression that contributes to the development of type 2 diabetes.*® Importantly,
adverse socioeconomic status may influence type 2 diabetes risk through the interplay
with other social-health factors, such as neighborhood socioeconomic status,*” social

insecurity, and lack of social and human capital.®®

Real-life Practice
Achievements of Lifestyle Interventions in Type 2 Diabetes Prevention

Evidence from both biological and epidemiological studies has demonstrated the
essential role of lifestyle factors in the development of type 2 diabetes. These findings
provide the main evidence base and the rationale that guides the design and practice
of lifestyle intervention programs. Amongst all causes of type 2 diabetes, while genetic
causes and aging are generally unmodifiable, lifestyle and obesity naturally become
the targets in public health prevention programs, of which obesity intervention is often
achieved through lifestyle modifications. In the past decades, several milestone clinical

trials in type 2 diabetes prevention have consecutively demonstrated that intensive
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lifestyle interventions are effective in lowering the disease incidence, delaying the

disease progression, and preventing major complications of type 2 diabetes.

In the Chinese Da Qing study, lifestyle interventions were conducted in people with
impaired glucose tolerance. Lifestyle modification goals focused on increasing
consumption of vegetables, reducing consumption of alcohol and simple sugar, and 20
minutes of moderate physical activity per day. After 6 years of follow-up, intervention
groups showed 31-46% risk reduction in type 2 diabetes, compared with the untreated
control group.*® Remarkably, the 30-year follow-up results (even longer than many
cohort studies) showed that compared with the control groups, intervention groups
had a median delay in type 2 diabetes onset of 4 years, and had 26% and 35% lower
risks of cardiovascular disease events and microvascular complications, respectively.*
Results from the Da Qing study suggest that the benefits of lifestyle interventions in the

prevention and progression of type 2 diabetes are sustained and may last for decades.*

Other major clinical trials have achieved similar remarkable outcomes. For instance,
results from the Finnish Diabetes Prevention Study demonstrated significant clinical
impacts of intensive lifestyle modifications in overweight participants. The intervention
group maintained a 32% relative risk reduction in type 2 diabetes incidence 9 years
after the randomization and 6 years after the active intervention.*! The largest lifestyle
intervention trial for the prevention of type 2 diabetes so far — the US Diabetes
Prevention Program — has found that intensive lifestyle interventions were effective in
reducing weight and delaying the onset of type 2 diabetes. Another important finding
is that lifestyle interventions are more cost-effective compared with pharmacological

interventions with metformin.*?#

Lifestyle Patterns and Underlying Factors of Lifestyle Factors
Major Evidence Gaps

As extensively discussed, there is potent evidence demonstrating the essential role
of lifestyle factors in the prevention of type 2 diabetes. Nevertheless, we may only
have solved part of the problems. The flip side of the great achievements of the

abovementioned lifestyle intervention trials is that they mostly focused on high-
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risk populations and are commonly small-scale, e.g., people with impaired glucose
tolerance or obesity. There is a substantial lack of progress and knowledge of improving

lifestyle and preventing type 2 diabetes in the general population.

Population-wide lifestyle intervention programs may require different approaches
focusing on multiple dimensions of lifestyle and its interrelated factors, that are beyond
intensive lifestyle interventions in the high-risk population emphasizing individual
lifestyle behavioral changes. However, the evidence for designing such population-
level lifestyle interventions is considerably lacking. More specifically, current
population-level lifestyle intervention programs mainly put focus on single lifestyle
factors and often adopt a generic one-size-fits-all approach.* There is an apparent
lack of attention to other co-occurring lifestyle factors and how they are distributed
and cluster in the target population. The relevance of the clustering of lifestyle factors
in the development of type 2 diabetes also remains under-explored.* In addition,
socioeconomic status, as an important underlying factor of lifestyle factors and health,
has rarely been successfully translated and integrated into the design and practice of
lifestyle intervention programs.?® Having a clear understanding of these issues may
provide important evidence that guides the design of more effective and better-
targeted lifestyle intervention programs at the population level. Details of these major

evidence gaps are discussed below.
The Relevance of Lifestyle Patterns in the Development of Type 2 Diabetes

The development of type 2 diabetes is not due to a single lifestyle factor. Lifestyle
factors often co-occur with each other, commonly in the form of lifestyle patterns.**
However, in much of the research and public health practice focusing on lifestyle
factors and type 2 diabetes risk, a single lifestyle factor approach has been widely
applied.* The relevance of lifestyle patterns in the development and prevention of

type 2 diabetes remains largely unknown.

Epidemiological evidence suggests that there are interdependent effects among
different lifestyle factors.**° Numerous studies have demonstrated that having multiple

healthy lifestyle behaviors (such as non-smoking, sufficient physical activity, and healthy
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diet) may substantially lower the risk of developing type 2 diabetes (e.g., 75% lower
hazard reported in a meta-analysis).** However, these studies commonly investigated
an unweighted additive score of lifestyle factors. Residual confounding from other
co-occurring lifestyle factors may result in biased estimates. This is well illustrated in
dietary patterns (as a form of lifestyle patterns).3! For example, while refined grains
and high-fat dairy are often identified as major components in a dietary pattern that is
associated with higher risk of type 2 diabetes,'” they have not been consistently linked
to type 2 diabetes risk when they are studied separately.”*? Nevertheless, different
combinations of lifestyle factors, especially concerning lifestyle patterns, and their

relevance in the development of type 2 diabetes have rarely been studied.

In addition, in terms of lifestyle intervention goals, besides traditional intervention
targets such as vegetable and fruit consumption, alcohol consumption, smoking,
and physical activity, there are also large needs for improvements in other important
emerging lifestyle factors, such as TV watching, ultra-processed food intake, and sleep
quality. Evidence on emerging lifestyle factors for the prevention of type 2 diabetes is
scarce. For example, ultra-processed food forms a highly heterogeneous food category,
especially in terms of its nutritional composition, product types, and contribution to a
habitual diet.?? It is unclear whether previous research treating the total intake of ultra-
processed food as one single risk factor for type 2 diabetes applies to all underlying
consumption patterns that fall under this “umbrella term”. Whether a conventional
healthy diet may compensate for the detrimental effects of ultra-processed food also

remains unclear.

“Personalized” Lifestyle Interventions for Improved Effectiveness at

the Population Level

For type 2 diabetes prevention, current evidence supports the relevance of targeting
multiple lifestyle risk factors simultaneously through a personalized approach,*-53-55
which can be best implemented in small-scale interventions. However, full
personalization at the population level is generally laborious, costly, and time-

consuming. Public health programs on the other hand generally apply a generic one-
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size-fits-all approach, which compromises their effectiveness. Previous studies using the
Lifelines cohort data have identified several dietary patterns, robust after adjustment
for confounders.*® This provides an excellent starting point to introduce “personalized”
lifestyle intervention strategies at the population level, as tailored interventions can
be designed and manifested at an intermediate level of the population, i.e., targeting
lifestyle pattern groups who share similar lifestyle characteristics. Nevertheless, for
the “whole package” of lifestyle factors, how do they cluster in the general population
remains largely unknown. Having a clear understanding of this issue may help clarify
the overall lifestyle risk profiles of the target populations and therefore facilitates the

design of better-targeted lifestyle intervention programs.
Lack of Integration of Underlying Factors

While prevalent lifestyle intervention trials emphasize the importance of individual
behavioral changes, less attention has been given to the underlying factors of
lifestyle factors, particularly socioeconomic status and contextual factors. Studies
on determinants of effective lifestyle interventions underline the importance of
considering preferences, habits, and contextual factors as success factors for sustained
efficacy.>*>”*® However, these underlying factors have rarely been successfully translated
and integrated into the design of lifestyle intervention schemes. A comprehensive
narrative review found that such relevant evidence bases are surprisingly scarce.?
While describing lifestyle patterns provides the starting point to map the lifestyle needs
and habits of individuals, investigations into the interplay among socioeconomic status,
contextual factors, and lifestyle factors take a step further to characterize facilitators

and barriers to changes towards healthy lifestyle.

There is convincing evidence showing that socioeconomic status is one of the most
important underlying factors of lifestyle factors and the development of type 2
diabetes.!2343746475960 However, conventional studies often study these two topics
separately, overlooking the interrelationships among socioeconomic status, lifestyle
factors, and type 2 diabetes risk.?® This has led to the fragmentation of evidence for the

design of prevention programs. In addition, definitions of low socioeconomic status
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remain inconsistent in both research and public health practice. Different dimensions
of socioeconomic status such as education and income may impact on health through

different pathways.>3334

Contextual factors, especially neighborhood-level factors, add another layer to the
complex interplay between socioeconomic status and lifestyle factors.3”>6:5861-63 Ag
exposed to different surrounding environments, individuals may engage in different
lifestyle behaviors dependent on their own socioeconomic status.’” 86183 This
additional layer of contextual factors on lifestyle also requires further investigations,
which will guide the design of neighborhood-level interventions to halt the rise in type

2 diabetes prevalence.

Most importantly, socioeconomic inequalities in health persist in society. Efforts
have been made to tackle health inequalities over the past decades mainly through
lifestyle interventions focusing on socioeconomically-disadvantaged people, the
effects of which, however, are often limited.®* Emerging evidence has suggested that
socioeconomic inequalities exist in the relationships between lifestyle and health. For
socioeconomically-disadvantaged people, they are found to have disproportionately
higher risks of type 2 diabetes and mortality compared with their less disadvantaged
counterparts, even if both of them have the same healthy lifestyle.>®° Improving lifestyle
alone is therefore not sufficient to relieve the persistent socioeconomic inequalities in
health. Great challenges remain in tackling health inequalities in addition to lifestyle

interventions.
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Outline of This Thesis
General Aims

The aim of this thesis is to provide empirical evidence for better type 2 diabetes
prevention. As outlined above, evidence gaps remain in characterization of lifestyle
patterns and in their relevance in the development of type 2 diabetes, as well as in the
interplay between lifestyle factors and their underlying factors, and the relevance of
this interplay in the development of type 2 diabetes. The main approach of this thesis

is epidemiological.

More specifically, the aims are two-fold. Part 1 of this thesis aims to describe the
clustering of lifestyle factors — lifestyle patterns in the general population, with a special
focus on dietary and lifestyle patterns. The relevance of dietary and lifestyle patterns
in the development of type 2 diabetes is extensively analyzed and discussed. Part 2 of
this thesis aims to investigate the relationships of lifestyle factors with their underlying
factors, with a special focus on individual socioeconomic status and neighborhood
socioeconomic status. How these factors collectively affect type 2 diabetes risk is
subsequently investigated. A graphical outline of the thesis chapters is presented in

Fig. 2.
General Design — The Lifelines Cohort Study

Studies included in this thesis were performed using the data from the population-
based Lifelines Cohort Study. The Lifelines Cohort Study is a multidisciplinary
prospective population-based cohort study that applies a unique three-generation
design to study the health and health-related behaviors of 167,729 persons living in
the north of The Netherlands. It employs a broad range of investigative procedures in
assessing the biomedical, socio-demographic, behavioral, and physical factors, which
contribute to health and disease of the general population. Before study entry, a
signed informed consent form was obtained from each participant. The Lifelines study
is conducted according to the principles of the Declaration of Helsinki and approved
by the Medical Ethics Committee of the University Medical Center Groningen, The
Netherlands (approval number 2007/152).
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So far, three rounds of follow-up have taken place. After the baseline assessment

(T2, years 2007 to 2013), all participants were invited for new rounds of assessments
approximately every 5 years. In between assessments, follow-up questionnaires were
completed approximately once every 1.5-2.5 years. The studies included in this thesis
used data from the baseline assessment T1 and the second assessment T4, as well as
the two follow-ups (T2 and T3) in between. Currently, the third round of assessment is
on-going. Comprehensive physical examinations, biobanking, and questionnaires were
conducted at T1 and T4. Follow-up questionnaires for the status of type 2 diabetes
were issued to participants at T2, T3, and T4. The overall design and rationale of the

study have been described in detail elsewhere.®>%
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Part 1 - Lifestyle Patterns and Type 2 Diabetes Risk

Chapter 2 describes specific dietary patterns and their relationships with risk of type 2
diabetes. The dietary patterns identified specifically reflect the variation in blood lipid
profiles of the study population, which are important intermediate risk factors for the

development of type 2 diabetes.

Chapter 3 describes the associations between ultra-processed food intake, as an
important emerging lifestyle factor, and risk of type 2 diabetes. A special focus has
been put on the underlying consumption patterns of ultra-processed food, as a special

form of dietary pattern.

Chapter 4 describes the clustering of lifestyle factors in the general population, i.e.,
lifestyle patterns. This study further investigates how lifestyle patterns are associated

with risk of type 2 diabetes.
Part 2 — Underlying Factors of Lifestyle Factors

Chapter 5 examines a conceptual model, that describes multiple modifiable risk factors
(socioeconomic status, lifestyle factors, obesity status, and clinical biomarkers) and

their interrelationships with type 2 diabetes.

Chapter 6 investigates the associations of education and income with incident type 2
diabetes and cardiovascular diseases. In addition, the extent to which modifiable risk
factors, including lifestyle factors, obesity status, and clinical biomarkers, explain the

associations of education and income with these two health outcomes is studied.

Chapter 7 investigates the separate and combined effects of individual and
neighborhood socioeconomic status on lifestyle factors. This study also investigates
whether neighborhood socioeconomic status modifies the associations between

individual socioeconomic status and lifestyle factors.
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Chapter 2

ABSTRACT
Background & Aims

Blood lipids play a critical role in the pathogenesis of type 2 diabetes, and they are
closely related to dietary factors. However, the associations between blood lipids-
related dietary patterns and risk of type 2 diabetes are controversial and not fully clear.
In this study, we aimed to derive dietary patterns that explained variation in blood

lipids and to investigate their associations with incident type 2 diabetes.
Methods

The analysis was based on 39,000 women and 25,777 men participating in the Lifelines
cohort study (aged 18-65 years, mean 43.2 and 43.5 years for women and men,
respectively). Dietary intake was measured using a 110-item semi-quantitative food
frequency questionnaire. Reduced rank regression was used to derive dietary patterns
with blood lipids (HDL-cholesterol, LDL-cholesterol, triglycerides, total cholesterol, and
total cholesterol:HDL-cholesterol ratio) as response variables for women and men
separately. The first dietary pattern identified for each sex was selected because they
explained the largest variation in blood lipids. The associations between the identified
dietary patterns and incident type 2 diabetes were subsequently investigated using
multivariate logistic regression models. All analyses were performed separately for

women and men.
Results

During an average follow-up of 43 months, 479 new cases (incidence 0.74%) of type
2 diabetes were identified. Using reduced rank regression, we identified two sex-
specific blood lipids-associated dietary patterns characterized by high intake of sugary
beverages, added sugar, and low intake of vegetables, fruits, tea, and nuts/seeds. These
two sex-specific dietary patterns were similar in food groups but differed in factor
loadings of food groups. High dietary pattern scores were associated with increased
risk of type 2 diabetes after adjustment for age, total energy intake, body mass index,

waist-hip ratio, and blood pressure (ORs for the fifth quintile [Q5] using the first quintile
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[Q1] as reference, 1.87 [95% CI 1.23, 2.83] for women [P-trend < 0.001], and 1.72
[95% Cl 1.11, 2.66] for men [P-trend = 0.018]). The associations were attenuated but

remained significant after further adjustment for lifestyle and socio-economic factors.
Conclusions

Dietary patterns associated with adverse blood lipids are associated with incidence of
type 2 diabetes. The present study provides new insights into optimizing blood lipids
for the prevention of type 2 diabetes through dietary approaches.

Abbreviations

BMI — Body mass index
FFQ - Food frequency questionnaire
RRR - Reduced rank regression

WHR - Waist-hip ratio
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Introduction

Type 2 diabetes is a major global health problem that leads to considerable morbidity,
mortality, and economic burden.! As a modifiable risk factor, diet is crucial to the
prevention of type 2 diabetes. Suboptimal diet characterized by insufficient intake
of whole grains, nuts/seeds, and fruits is estimated to be responsible for 338,714
deaths and 24 million disability-adjusted life-years for type 2 diabetes globally.2 While
intervention strategies emphasize weight loss by limiting dietary energy intake and
increasing physical activity, dietary factors may contribute to the risk of type 2 diabetes

through mechanisms independent of weight change.*®

Accumulating evidence indicates that blood lipids play a critical role in the pathogenesis
of type 2 diabetes, such as inflammation and dysfunction of pancreatic beta cells.”®
Meanwhile, several prospective studies have shown that serum HDL-cholesterol and
triglycerides are both independent predictors of the development of type 2 diabetes.**
Approaches to optimize blood lipids include medication use and dietary modification.
Although statins may effectively lower serum LDL-cholesterol level and inhibit internal
synthesis of cholesterol, they are associated with increased risk of type 2 diabetes.*?
Dietary modification, therefore, may be prioritized as a better intervention target.
Several dietary factors, such as saturated fatty acids and simple carbohydrates, have
been found to have long-term detrimental effects on blood lipid profiles, independent
of weight change.®'* However, these dietary factors, if considering their overall
effects as dietary patterns, have rarely been examined in relation to blood lipids and

simultaneously to type 2 diabetes risk.

Dietary pattern analysis can better capture the “real-world” complexities of eating
habits of the general population, because this method accounts for the synergistic and
interactive effects of different nutrients and food groups.® Reduced rank regression
(RRR) can identify dietary patterns that are specifically associated with a set of pre-
defined response variables. These response variables are usually biomarkers, and
ideally, they are hypothesized intermediate outcomes of a certain disease. In brief,

the extracted dietary pattern scores from RRR are linear functions of food intake that
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concurrently maximize the explained variation of response variables. Compared with
pure data-driven methods of dietary pattern analysis (e.g. principal component analysis,
which derives empirical dietary patterns), this combination of a priori knowledge with
a posteriori data-driven statistical technique endows RRR etiological and biological

advantages, which allows investigation into certain diet-disease pathways of interest.6”

Previous studies investigating the effects of dietary patterns on type 2 diabetes
using RRR mainly focused on pathways of glucose homeostasis (e.g. HOMA-IR) and
inflammatory biomarkers (e.g. C-reactive protein).**® One recent RRR study found that
a dietary pattern related to plasma circulating fatty acids was associated with risk of
type 2 diabetes.’® However, it is still not fully clear how blood lipids-related dietary
patterns, that specifically reflect lipid metabolisms, may influence the risk of type 2
diabetes. Therefore, in this study, we aimed to identify dietary patterns using RRR that
are exclusively associated with 5 blood lipid markers (HDL-cholesterol, LDL-cholesterol,
triglycerides, total cholesterol, and total cholesterol:HDL-cholesterol ratio); and
subsequently, to examine the associations between these dietary patterns and incident

type 2 diabetes.

Materials and Methods
Study Population and General Exclusion Criteria

Lifelines is a multi-disciplinary prospective population-based cohort study that applies
in a unique three-generation design to study the health and health-related behaviors
of 167,729 people living in the north of The Netherlands. It employs a broad range of
investigative procedures in assessing the biomedical, socio-demographic, behavioral,
physical, and psychological factors that contribute to the health and disease of the
general population, with a special focus on multi-morbidity and complex genetics.
After baseline assessment, two sets of follow-up questionnaires (both including
questions for diabetes) were issued to participants at approximately 1.5-year intervals.
A general second assessment was conducted approximately 5 years after the baseline

assessment. Comprehensive physical examinations, biobanking, and questionnaires
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were conducted at baseline and the second assessment (see Supplementary Figure
S1). Before study entry, a signed informed consent form was obtained from each
participant. The Lifelines cohort study was conducted according to the principles of
the Declaration of Helsinki and in accordance with the research code of the University
Medical Center Groningen (UMCG). The Lifelines study was approved by the medical
ethical committee of the UMCG, The Netherlands. More detailed information about

the Lifelines cohort study can be found elsewhere.?®?!

In this study, participants aged 18-65 years at baseline with valid dietary intake
data and blood data were included. At baseline, participants with cancer and liver
cirrhosis, as well as participants who took lipid modifying agents (ATC code C10),
corticosteroids for systemic use (ATC code H02), and anabolic steroids (ATC code A14A)
were excluded from the analysis.?? In addition, at baseline, non-fasting participants
and participants with unreliable energy intake level (assessed by the Goldberg
method, see Supplementary File S1) were excluded.?® Moreover, participants with any
kinds of diabetes or prediabetes at baseline were also excluded from the study. The
ascertainment of diabetes at baseline were based on: (1) self-report questionnaires;
(2) fasting glucose > 7.0 mmol/L or HbA, _>48 mmol/mol (6.5%) according to the 2006
WHO diabetes diagnostic criteria;** and (3) medication use on glucose lowering agents
(ATC code A10).% Prediabetes (impaired fasting glucose) was based on the same WHO

criteria as fasting glucose ranged from 6.1 mmol/L to 6.9 mmol/L.%*

For the two follow-ups and the second assessment, participants without any
information on either self-reported diabetes or blood data on fasting glucose or HbA
were not included in the analysis. Participants who reported having type 1 diabetes or
gestational diabetes at the two follow-ups and the second assessment were excluded
from the analysis. Participants at baseline without valid anthropometric data were also

excluded from the analysis.

After all exclusions, in total 64,777 participants (39,000 women and 25,777 men) were
included in the final analysis. Detailed flow charts with number of exclusions at each

step can be found in Supplementary Figure S2.
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Ascertainment of Incident Type 2 Diabetes

Incidence of type 2 diabetes was assessed by self-report questionnaires at the two
follow-ups and the second assessment, as well as the blood test at the second
assessment. Participants were considered having type 2 diabetes if they met either
one of the following criteria: (1) self-reported newly developed type 2 diabetes since

last visit; (2) fasting glucose 2 7.0 mmol/L; or (3) HbA,_> 48 mmol/mol (6.5%).**
Clinical Measurements

Blood samples were collected at baseline and the second assessment. The samples
were collected by venipuncture in a fasting state between 8 and 10 am, and were
further transferred to the Lifelines central laboratory for analysis. Serum levels of
glucose, HbA , HDL-cholesterol, LDL-cholesterol, triglycerides, and total cholesterol
were subsequently analyzed (Supplementary File S1). Total cholesterol:HDL-cholesterol
ratio was calculated by dividing total cholesterol by HDL-cholesterol, both in mmol/L.
Abnormal blood lipids were defined as: (1) HDL-cholesterol < 1.03 mmol/L for men or
<1.30 mmol/L for women; (2) LDL-cholesterol > 4.1 mmol/L; and (3) triglycerides > 1.70

mmol/L.2>2¢

Baseline measurements of blood pressure and anthropometry (weight, height, and waist
and hip circumferences) were made by trained research staff following standardized
protocols (online Supplementary File S1). Anthropometric measurements were
performed without shoes and heavy clothing. Body mass index (BMI) was calculated
as weight in kilograms divided by the square of height in meters; and waist-hip ratio
(WHR) was calculated as waist circumference divided by hip circumference, both in
centimeters. Hypertension status was defined by meeting either one of the following
criteria: (1) hypertensive medication use (ATC codes C02, C03, CO7, C08, C09);* (2)
systolic blood pressure > 130 mmHg or diastolic blood pressure > 80 mmHg;?” and (3)

self-reported hypertension from the questionnaires.
Assessment of Other Baseline Covariates

Age, smoking habits, income level, and educational level were assessed by self-
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administered questionnaires. Smoking habits were categorized as non-, ex-, and
current smoker. Income level (household net income per month) was further
categorized into 4 categories: (1) < €1000; (2) €1000-€2000; (3) €2000-€3000; and
(4) > €3000. Highest educational level achieved was categorized into 3 categories: (1)
junior general secondary education or lower; (2) secondary vocational education and
senior general secondary education; and (3) higher vocational education or university.
Physical activity level was assessed by the validated Short QUestionnaire to ASsess
Health-enhancing physical activity (SQUASH). Moderate to vigorous physical activities
were defined as metabolic equivalent (MET) > 4 (aged 18-55 years) or = 3 (aged >55
years).?® The physical activity covariate was derived by dividing total minutes per week
of moderate to vigorous physical activities (if the value was not zero) into quartiles in
each sex (labelled as 1, 2, 3, and 4), and if the value was zero then the covariate was

coded to 0.
Dietary Assessment

Dietary intake was assessed by a self-administered semi-quantitative food frequency
questionnaire (FFQ) at baseline. The FFQ aimed to assess the habitual intake of 110 food
items (including alcoholic drinks) during the last month (4 weeks) and was designed
based on the validated Dutch FFQ.? For 46 main food items, information of frequency
(options ranged from “not in this month”, “1 day per month” to “6-7 days per week”)
and quantity (in units or specified portion size) of consumption was asked. For another
37 sub-items (e.g., cream cheese), information of frequency (“never”, “sometimes”,
“often”, and “always”) of consumption was asked. Responses were converted to food
intake in grams per day. Macro- and micro-nutrients intake was calculated based
on the FFQ according to the 2006 Dutch Food Composition Table (NEVO).2° Energy
misreporting and extreme values were not originally handled and corrected during
data processing of the FFQs. The Goldberg cut-off was applied to evaluate the reliability

of participants’ energy intake level (Supplementary File $1).%
Dietary Pattern Analysis

Dietary patterns were derived by reduced rank regression (RRR) first introduced by
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Hoffmann et al.’® Before the RRR procedure, 110 single food items were combined
into 50 food groups based on their similarities of nutrient profiles and habitual culinary
practices (Supplementary Table S1). These 50 food groups (in grams per day) except
for alcoholic drinks were then applied as predictor variables in RRR. Alcohol intake
was not included but further adjusted as a separate covariate, since alcohol may exert

distinct effects on the development of type 2 diabetes.

Considering differences in lipid metabolisms as well as the consumption level of
certain food groups between women and men, we split our data by sex and conducted
RRR and further analyses on women and men, separately. Blood lipids measured at
baseline (HDL-cholesterol, LDL-cholesterol, triglycerides, total cholesterol, and total
cholesterol:HDL-cholesterol ratio) were chosen as response variables to derive dietary
patterns. All response variables were log transformed before the RRR procedure to
improve normality. In order to reduce the confounding effects on derived dietary
patterns from blood lipids that may be influenced by body composition and age,
each of the log-transformed blood lipid indicators was further adjusted for BMI and
age before the RRR procedure with linear regression models. Sensitivity analysis was
performed by repeating the RRR procedure 4 times on random half sample for each
sex. Dietary pattern analysis was performed on SAS (version 9.4; SAS Institute, Cary,

NC) by SAS PLS procedure with method = RRR option.?®

For each sex, five dietary patterns (equal to the number of response variables) were
identified. Only the first dietary pattern for each sex was kept for further analyses,
since they explained the biggest variance of the response variables (women 1.61%,
men 1.60%) and total food groups (women 3.61%, men 3.47%). In order to improve
the clinical relevance and interpretation of these dietary patterns, we selected food
groups with absolute factor loadings > 0.15 to construct simplified dietary pattern
scores while retaining the weight (factor loading) of each selected food group. The
simplified dietary pattern scores were then divided into quintiles for further analyses.
As a separate covariate, intake of alcoholic drinks, if the value was not zero, was divided
into sex-specific quartiles (labelled as 1, 2, 3, and 4). If the value was zero, then the

covariate was coded to 0.

41



Chapter 2

Statistical Analysis

Associations between simplified dietary pattern scores and incident type 2 diabetes
were estimated using multivariate logistic regression models and the results were
shown as ORs. In four steps, the models were adjusted for: (1) age and total energy
intake; (2) BMI, WHR, and blood pressure; (3) intake of alcoholic drinks, smoking
habits, and physical activity level; and (4) income level and educational level. Tests for
linear trend (P-trend) was assessed by assigning the median value to each quintile and
treating this as a continuous variable. Multiple imputation by chained equations was
performed to deal with missing data for income level (proportion of missing for women
16.4% and men 11.6%) and physical activity level (proportion of missing for women
5.8% and men 8.3%).3! Sensitivity analyses were performed by complete case analyses
and including a missing class into the models for these two variables. All analyses
were conducted separately for women and men. Statistical analyses for risk of type
2 diabetes were performed on Stata (version 13.1; StataCorp, College Station, TX). P

values < 0.05 were considered to represent significant results.

Results

Using RRR, we derived two sex-specific simplified dietary pattern scores that were
negatively associated with HDL-cholesterol, but positively associated with LDL-
cholesterol, triglycerides, total cholesterol, and total cholesterol:HDL-cholesterol
ratio (Supplementary Table S2). For both women and men, these dietary patterns
were unhealthy, and were characterized by high intake of sugary beverages, added
sugar, juice, and low intake of tea, fruits, vegetables, nuts/seeds, cereals, and low fat
fermented unsweetened dairy products. Additionally, the female dietary pattern was
characterized by low intake of fatty fish, other fish (such as squid), high fat cheese,
and eggs; and the male dietary pattern was characterized by high intake of coffee and
savory snacks, and low intake of chocolate spreads and bread products (Table 1). These
simplified dietary pattern scores explained 90.4% and 96.3% of the original dietary

pattern scores for women and men, respectively. Among these food groups, added
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sugar (women 21.2%, men 26.3%), sugary beverages (women 19.0%), and fruits (men
18.9%) explained the most of the original dietary pattern scores (Supplementary File
S1).

Table 2 and Table 3 show the baseline characteristics for each sex across quintiles of
the simplified dietary pattern scores. In general, with increasing quintiles of simplified
dietary pattern scores, participants tended to be younger, be less physically active,
smoke more, have less education, earn less income, and have worse blood lipid profiles.
Intake of alcoholic drinks was different between women and men, as with increasing
quintiles of simplified dietary pattern scores, men tended to consume more alcohol

while women tended to consume less.

Table 4 shows the associations between quintiles of simplified dietary pattern scores
and incident type 2 diabetes. Among 64,777 participants included in the analysis, we
identified 258 female (incidence 0.66%) and 221 male (incidence 0.86%) cases of type
2 diabetes during an average follow-up of 43 months. Significant associations between
these simplified dietary pattern scores and incident type 2 diabetes were observed,
after adjustment for age, total energy intake, BMI, WHR, blood pressure, alcoholic
drinks intake, and physical activity level (Q5 vs Q1, OR 1.66 [95%Cl 1.08, 2.53], P-trend
=0.004 for women; and Q5 vs Q1, OR 1.64 [95%Cl 1.04, 2.58], P-trend = 0.033 for men).
Further adjustment for educational level and income level attenuated the associations
in women. Regarding sensitivity analyses for missing data, compared with results after
multiple imputation, including a missing class into the models for physical activity
level and income level as well as complete case analyses yielded stronger associations
and larger confidence intervals but did not show any substantial differences (data not

shown).
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Discussion

We identified two sex-specific dietary patterns that explained the variation in blood
lipids and were significantly associated with incident type 2 diabetes in a large
population-based sample. Our findings support the hypothesis that dietary factors
increase the risk of type 2 diabetes through altered blood lipid profiles, and provide
important insights in optimizing blood lipids for the prevention of type 2 diabetes

through dietary approaches.

For both women and men, our identified dietary patterns were characterized by high
consumption of sugary beverages, added sugar, and juice; and low consumption of
vegetables, fruits, tea, cereals, nuts/seeds, and low fat fermented unsweetened dairy
products. Our identified dietary patterns share some similarities with previous studies
using different statistical methods (e.g., cluster analysis) or other intermediate response
variables. In general, dietary patterns that have been found to be associated with
higher risk of type 2 diabetes were characterized by high intake of sugary beverages,
red meat, processed meat, and refined grains; and low intake of vegetables, fruits,
and cereals.*>183234 Compared with those previous similar studies, it is noteworthy
that there are some unique features in our identified dietary patterns. First, red
meat and processed meat did not contribute substantially to our identified dietary
patterns. In addition, food groups such as added sugar, tea, nuts/seeds, juice, low fat
fermented unsweetened dairy products, and fatty fish (women) were unique in our
dietary patterns. Our results indicate that these unique food groups may be essential
to a diet that influences risk of type 2 diabetes through a distinct metabolic pathway
characterized by altered blood lipid profiles.

In our study, the detrimental effects of the identified dietary patterns on blood lipids
and risk of type 2 diabetes are plausible, especially considering those aforementioned
unique food groups. The relationships of dietary simple sugars with adverse blood
lipids, obesity, the metabolic syndrome, and type 2 diabetes have been well
established; although evidence regarding juice and type 2 diabetes is less conclusive,

which is probably due to the various types of juice consumed.®® In our study, we did
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observe that juice was associated with blood lipids in a similar manner as added
sugar and sugary beverages (Supplementary Table S2). In previous studies, fatty fish
and nuts/seeds were found to improve blood lipids,***” which is consistent with our
findings. Notwithstanding the inconclusive evidence, it is previously speculated that
the protective effects of fatty fish and nuts/seeds on type 2 diabetes were largely
attributable to their richness in mono- and polyunsaturated fatty acids (e.g., DHA and
EPA in fatty fish) that may ameliorate inflammation and increase insulin sensitivity.*®
In addition, nuts/seeds are good sources of fiber and vegetable protein, which may
improve post-prandial glycemic control.’” Nonetheless, previous RRR studies, which
used inflammation or insulin-resistance related biomarkers as response variables,
did not identify these two food groups as important contributors to their dietary
patterns.*>18343% Moreover, higher consumption of several food groups — such as
vegetables, fruits, and whole grain products, which were commonly identified as part
of the prudent/healthy diet — were also found to be associated with lower risk of type
2 diabetes in previous studies. These food groups may act through various different
metabolic pathways in relation to the development of type 2 diabetes.?>!#32 Finally, it
is also conceivable that the detrimental effects of the identified dietary patterns were
partly attributable to the synergy between individual food groups as well as nutrients,

in addition to each of their own independent health effects.’®

It should be noted that the high factor loadings of some food groups may indicate
other food groups with which they were habitually consumed together. In the male
dietary pattern, chocolate spread was highly correlated with bread intake (Spearman
correlation coefficient 0.337, P < 0.001) and was negatively loaded on the dietary
pattern. A cautious interpretation is warranted, since these correlated food groups may
not be causally associated with the disease outcome. There is rather limited evidence
concerning the health effects of chocolate spread on risk of type 2 diabetes, although
the high concentration of fats and free sugar makes chocolate spread very unlikely to

be beneficial 3%

For both women and men, adjustments for BMI, WHR, and blood pressure attenuated

theassociations between dietary patternsandincident type 2 diabetes by approximately
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21% (regarding ORs for Q5), but the associations remained significant. This suggests
that the identified dietary patterns may also be partly related to metabolic syndromes.
Onthe other hand, it seems in men that the associations between the identified dietary
patterns and incident type 2 diabetes were little explained by lifestyle behaviors and
socioeconomic characteristics (approximately 4% attenuation in OR for Q5); whereas
for women, adjustments for these covariates further attenuated the association by

approximately 16% (OR for Q5).

Our research possesses several unique strengths. First, the large sample size from
the Lifelines cohort study, even with our strict exclusion criteria, enables a strong
statistical power and good representativeness of the general population.?® Second,
the exclusion of participants with impaired glucose tolerance at baseline helps
confirm our hypotheses in a healthy general population-based setting and minimizes
the chance of reverse causation. Our results may therefore be more informative for
helping formulating dietary recommendations for the general population. In addition,
compared with previous similar RRR studies, our identified dietary patterns were less
confounded by age, body composition, and relevant medication use, since all the
response variables were pre-adjusted by those two biological factors before the RRR
procedure and participants who took lipid modifying agents were excluded from the
study. Although this practice may lead to smaller total explained variation in response
variables, we still observed clear trends for all five blood lipid markers across the
quintiles of dietary pattern scores, which supports that our identified dietary patterns

reflected the difference of blood lipids within the population studied.

There are also several limitations that should be noted. First, the Lifelines cohort study
is a relatively young cohort with less than 5-year follow-up. Therefore, the long-term
dietary effects on type 2 diabetes might not appear, especially considering our included
participants were free from prediabetes at baseline. The design of the study also does
not allow us to adjust for follow-up time in the analyses. Second, the lack of endpoint
medication data could result in misidentification of type 2 diabetes cases. However,
this limitation may be largely resolved as most of the cases were identified by the

objective blood test in a fasting state at the second follow-up. Third, the Lifelines FFQ
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at baseline was conceptually limited as it could not distinguish several food groups.
For instance, white bread and wholegrain bread do not exert similar metabolic effects,
but we could only analyze them as one food group. Nevertheless, wholegrain bread
was estimated to account for approximately 70% of the bread consumption in The
Netherlands, which limits the potential bias caused by the possible misclassification.*
This may also partly explain that bread was found to be a protective dietary factor in
the male dietary pattern. In addition, we are currently unable to investigate to what
extent participants might change their diet during the follow-up and how this could
potentially influence our results. Finally, because the Lifelines cohort study mainly
consists of participants residing in the northern Netherlands, it may not be possible
to extrapolate our findings to other population groups. Previous study has found
that the associations between similar dietary patterns and fasting glucose differed by
ethnicity.®® Although, by calculating the simplified dietary pattern scores, the issue of

generalizability of the identified dietary patterns may be partly resolved.*

Blood lipids have been shown to be important risk factors for the development of
type 2 diabetes, including several pathophysiological pathways, such as inflammation
and pancreatic beta cell dysfunction.”*! To our knowledge, this is the first study that
exclusively used five blood lipid markers as response variables to derive dietary patterns
using RRR, and subsequently examined their associations with risk of type 2 diabetes.
RRR can be a powerful tool for dietary pattern analysis if the response variables
represent a specific diet-disease pathway of interest. The derived dietary patterns
by RRR do not maximize the variation in habitual food consumption but explain the
largest variation in the hypothesized intermediate risk factors (response variables)."”
Our results support this statement and confirm that dietary factors may affect risk
of type 2 diabetes partly through altered blood lipid profiles. More specifically, for
instance, we found that comparing the highest quintile (Q5) to the lowest quintile (Q1)
of dietary pattern scores, triglycerides was 10.0% and 20.3% higher in women and
men, respectively; while HDL-cholesterol was 12.6% and 7.2% lower in women and
men, respectively. However, no clear trend was observed for other biomarkers, such

as BMI and HbA . Adjustments for metabolic factors also only partly attenuated the
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associations between the identified dietary patterns and risk of type 2 diabetes.

Previous RRRstudiesontype 2 diabetes have examinedvarious sets of responsevariables,
including markers of glucose homeostasis, insulin resistance, and inflammation.**1832
The dietary patterns identified from those studies mostly reported strong associations
with risk of type 2 diabetes. This is probably due to that those biomarkers are more
directly linked to the later stage of pathogenesis of type 2 diabetes. In addition, it is
also conceivable that the difference of the study population may explain the relatively
weaker associations in our study. As per our inclusion criteria, our population at baseline
was free from impaired glucose tolerance and did not use lipid modifying agents, being
thus intrinsically at low risk for type 2 diabetes. Nevertheless, this pre-selection of the
study population may help reduce the chance of reverse causation as participants with
high risk of developing type 2 diabetes may alter their dietary behaviors before the
entry of the study.

Conclusions

In conclusion, we identified dietary patterns characterized by high intake of sugary
beverages, added sugar, and juice; and low intake of fruits, vegetables, nuts/seeds,
cereals, and tea. These identified dietary patterns specifically reflect the variation in
blood lipids and were significantly associated with increased risk of type 2 diabetes.
In other words, our results indicate that this diet-disease association was possibly
mediated by diet-induced alterations in blood lipid profiles. Our findings provide
important insights in optimizing blood lipids for the prevention of type 2 diabetes

through dietary modifications.
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ABSTRACT
Background

The overall consumption of ultra-processed food (UPF) has previously been associated
with type 2 diabetes. However, due to the substantial heterogeneity of this food
category, in terms of their nutritional composition and product type, it remains unclear

whether previous results apply to all underlying consumption patterns of UPF.
Methods

Of 70,421 participants (35-70 years, 58.6% women) from the Lifelines cohort study,
dietary intake was assessed with a food frequency questionnaire. UPF was identified
according tothe NOVA classification. Principal component analysis (PCA) was performed
to derive UPF consumption patterns. The associations of UPF and adherence to UPF
consumption patterns with incidence of type 2 diabetes were studied with logistic
regression analyses adjusted for age, sex, diet quality, energy intake, alcohol intake,

physical activity, TV watching time, smoking status, and educational level.
Results

During a median follow-up of 41 months, a 10% increment in UPF consumption was
associated with a 25% higher risk of developing type 2 diabetes (1128 cases; OR 1.25
[95% Cl 1.16, 1.34]). PCA revealed four habitual UPF consumption patterns. A pattern
high in cold savory snacks (OR 1.16 [95% CI 1.09, 1.22]) and a pattern high in warm
savory snacks (OR 1.15 [95% Cl 1.08, 1.21]) were associated with an increased risk of
incident type 2 diabetes; a pattern high in traditional Dutch cuisine was not associated
with type 2 diabetes incidence (OR 1.05 [95% Cl 0.97, 1.14]), while a pattern high in
sweet snacks and pastries was inversely associated with type 2 diabetes incidence (OR
0.82 [95% Cl 0.76, 0.89]).

Conclusions

The heterogeneity of UPF as a general food category is reflected by the discrepancy

in associations between four distinct UPF consumption patterns and incident type 2
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diabetes. For better public health prevention, research is encouraged to further clarify

how different UPF consumption patterns are related to type 2 diabetes.

Abbreviations

FFQ - Food frequency questionnaire

LLDS - Lifelines diet score

MVPA - Moderate-to-vigorous physical activity
PCA - Principal component analysis

UPF - Ultra-processed food
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Background

The magnitude of the worldwide burden of diabetes continues to grow. It is
estimated that 578 million people will be living with diabetes globally by the year
2030, approximately 90% of which will be type 2 diabetes.! Abundant evidence has
shown that adherence to a healthy diet (such as the Mediterranean diet) is crucial to
the prevention of type 2 diabetes.? However, these dietary patterns studied generally
focused on conventional food groups such as fruits and vegetables.>* Recent studies
show that higher intake of ultra-processed food (UPF) is associated with higher risk
of type 2 diabetes.®® However, UPF forms a highly heterogeneous food category,
especially in terms of their nutritional composition, product types, and contribution to
a habitual diet. It is therefore unclear whether previous results that identify total intake
of UPF as a single risk factor for type 2 diabetes apply to all underlying consumption

patterns that fall under this “umbrella-term”.

Research on UPF has been facilitated by the development of the NOVA classification.
The NOVA classification is a frequently used method to categorize food and drinks
based on the nature, extent, and purpose of food processing. The NOVA classification
comprises four categories, ranging from un-processed/minimally processed food to
UPF.1%12 According to the NOVA classification, UPF is mostly formulated from food
substances and industrial ingredients that undergo a series of chemical and physical
manufacturing processes. The resulting food products are often pre-packed, contain
little or no intact (un-processed) food, and are considered microbiologically safe,

convenient, and palatable.1%?

Since the intake of UPF has substantially increased in most parts of the world over the
past decades,*® there is an increasing interest in the potential health impacts of UPF.
Prospective cohort studies on the associations between UPF and health so far mostly
focused on total intake of UPF. These prospective cohort studies found that higher
intake of UPF was associated with higher risks of obesity,***¢ cardiovascular diseases,*°
cancer,?® mortality,>>* the metabolic syndrome,?* and type 2 diabetes.®® Associations

established from these studies underline the fact that UPF is not neglectable when
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studying dietary effects on disease outcomes.

However, an often overlooked virtue of UPF is that it forms a highly heterogeneous
food category. Food products considered as UPF are heterogeneous with respect to
their nutritional composition, as well as their contribution to a habitual diet, and the
context in which they are consumed.? For example, according to the frequently used
NOVA classification,'®*? UPF includes pre-packaged bread, a staple food item which in
many cultures is consumed with main meals; as well as cakes or fast food, which are
consumed more occasionally. Therefore, results from previous studies analyzing UPF
as one single food group may not apply to all underlying consumption patterns that
fall within this food group. Scientific evidence so far may therefore not be sufficient to
formulate evidence-based guidelines and health policies regarding UPF in the battle

against type 2 diabetes.

In this study, we first aimed to assess the association between overall UPF intake
and incident type 2 diabetes. More importantly, we aimed to identify underlying
consumption patterns of UPF and to investigate how they were related to incident

type 2 diabetes in a large cohort of Dutch adults.

Methods
Cohort Design and Study Population

The Lifelines cohort study is a multidisciplinary prospective population-based cohort
study that applies a unique three-generation design, the health and health-related
behaviors of 167,729 persons living in the north of The Netherlands. It employs a broad
range of investigative procedures in assessing the biomedical, socio-demographic,
behavioral, physical, and psychological factors, which contribute to health and disease

of the general population.

Participants were included in the study between 2006 and 2013. So far, four follow-
up assessment rounds took place, i.e., T1=baseline, median (interquartile) months to

follow-up rounds: T2=13 (13-15), T3=25 (23-28), and T4=44 (35-51). Comprehensive
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physical examinations, biobanking, and questionnaires were conducted at T1 and T4,
and follow-up questionnaires (including questions for diabetes status) were issued to
participants at T2 and T3. The timeline of data collection of the Lifelines cohort study
is presented in Additional file 1: Fig. S1. Before study entry, a sighed informed consent
form was obtained from each participant. The Lifelines study is conducted according
to the principles of the Declaration of Helsinki and approved by the Medical Ethics
Committee of the University Medical Center Groningen, The Netherlands (approval
number 2007/152). The overall design and rationale of the study have been described

in detail elsewhere.?6%”

Participants aged between 35 and 70 years who were free of diabetes at baseline,
and for whom valid dietary intake data was available were included in this study. The
ascertainment of prevalent diabetes cases at baseline was based on (1) self-report
questionnaires, (2) fasting glucose 2 7.0 mmol/L, (3) HbA > 48 mmol/mol (6.5%),** and
(4) medication use on glucose-lowering agents (ATC code A10).” Dietary intake data
was considered unreliable when the ratio between reported energy intake and basal
metabolic rate (calculated with the Schofield equation)®* was below 0.50 or above 2.75
(based on the considerations by Goldberg).3 Moreoever, participants for whom only
baseline data was available, or who reported the development of type 1 diabetes or
gestational diabetes during the follow-ups, were excluded. In total, 70,421 participants

(41,243 women, 29,178 men) were included in the analysis (Additional file 1: Fig. S2).
Data Collection
Ascertainment of Incident Type 2 Diabetes

Incident type 2 diabetes was assessed by self-report questionnaires at the two follow-
ups (T2, from 2011 to 2015; and T3, from 2012 to 2016) and the second assessment
(T4, from 2014 to 2018). Additionally, blood glucose and HbA, measurements were
available at the second assessment (T4). Participants were considered an incident
case if they met one of the following criteria: (1) self-reported newly developed type 2
diabetes since last time they filled out a questionnaire, (2) fasting glucose > 7.0 mmol/L,

or (3) HbA > 48 mmol/mol (6.5%).22 However, data on prescribed medication was
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not available during follow-ups and the precise time of diabetes diagnosis was not

documented.
Clinical Measurements

Blood samples were collected by venipuncture in a fasting state between 8 and
10am and were further transferred to the Lifelines central laboratory for analysis.
Serum levels of glucose and HbA were subsequently analyzed. Anthropometric
measurements were made by trained research staff following standardized protocols.
These measurements were performed without shoes and heavy clothing. BMI was

calculated as weight in kilograms divided by the square of height in meters.
Dietary Assessment

At baseline, dietary consumption was assessed using a validated 110-item semi-
guantitative food frequency questionnaire (FFQ), which was designed to assess the
food consumption (including alcohol) over the previous month.?? The questionnaire
assessed the frequency of consumption and portion sizes, the latter of which were
estimated by fixed portion sizes (e.g., slices of bread, pieces of fruit) and commonly
used household measures (e.g., cups, spoons). For insight into the overall diet quality,
the food-based Lifelines Diet Score (LLDS) was calculated. This score ranks the relative
intake of nine food groups with positive health effects (vegetables, fruit, whole grain
products, legumes/nuts, fish, oils/soft margarines, unsweetened dairy, coffee, and tea)
and three food groups with negative health effects (red/processed meat, butter/hard
margarines, and sugar-sweetened beverages). The development of this score has been

described in detail elsewhere.?
Categorizing the Degree of Food Processing — The NOVA Classification

The NOVA classification was used to categorize all 110 food items into the four proposed
categories: (1) un-processed or minimally processed food (e.g., fresh vegetables/fruits,
unprocessed meat), (2) processed culinary ingredients (e.g., butter/oil for cooking,
sugar, salt), (3) processed food (e.g., canned vegetables/fish, fruits in syrup), and (4)

ultra-processed food (e.g., processed meat, soft drinks).**? The proportion (weight
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ratio, %) of intake of UPF in the total weight of food and beverages consumed per day
was calculated and was then divided into sex-specific quartiles for further analyses.
Using weight ratio of UPF intake accounts for the food that does not provide energy
(e.g., artificially sweetened beverages) as well as non-nutritional factors (e.g., additives,
by-products during processing). The categorization of the items was verified by four of

the authors and can be found in Additional file 1: Table S1.
Assessment of Other Baseline Covariates

Age, smoking status, TV watching time, and educational level were assessed by self-
administered questionnaires. Smoking status was categorized as never, former, and
current smoker. The highest educational level achieved was categorized as (1) low —
junior general secondary education or lower (International Standard Classification of
Education [ISCED] level 0, 1, or 2); (2) middle — secondary vocational education and
senior general secondary education (ISCED level 3 or 4); and (3) high —higher vocational
education or university (ISCED level 5 or 6).3* The validated Short QUestionnaire to
ASsess Health-enhancing physical activity (SQUASH) was used to assess physical
activity level 3> From the SQUASH data, leisure time and commuting physical activities,
including sports, at moderate (4.0-6.4 MET) to vigorous (> 6.5 MET) intensity (non-
occupational moderate-to-vigorous physical activity [MVPA]), were calculated in
minutes per week.** The variable was categorized by dividing participants who reported
any non-occupational MVPA into sex-specific quartiles. For participants who reported

zero non-occupational MVPA, the categorical variable was coded as 0.
Statistical Analysis
Consumption Patterns of Ultra-processed Food

As UPF is highly heterogeneous on multiple concepts (i.e., nutrient density, nutrient
composition, taste, snack or main meal items), it is difficult to create well-founded
subgroups. Therefore, instead of using a priori defined subgroups, we used principal
component analysis (PCA) to derive underlying consumption patterns of UPF, to obtain
real-world insight into the intake of this highly heterogeneous food category. Based on

the Scree plot, eigenvalues, and explained variations, four UPF consumption patterns
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were selected. Thereafter, the derived components were orthogonally rotated to obtain
uncorrelated components to enhance interpretability. We selected food items with
absolute factor loadings = 0.20 to construct simplified pattern scores while retaining
the weight (factor loading) of each selected food item. The simplified UPF consumption
pattern scores (hereafter referred to as UPF consumption patterns) were standardized
and then divided into sex-specific quartiles for further analyses. Sensitivity analysis was

performed by repeating the PCA procedure 3 times on a random half sample.
Risk of Incident Type 2 Diabetes

Associations between UPF intake (total intake [continuous or sex-specific quartiles]
and UPF consumption patterns [continuous or sex-specific quartiles]) with incident
type 2 diabetes were estimated with logistic regression models and results were
shown as ORs with 95% confidence intervals. In models where UPF intake was included
as a continuous variable (weight ratio), ORs regarding a 10% absolute increment of
UPF in the total diet were calculated. In four steps, the analyses were adjusted for (1)
age and sex; (2) diet quality (LLDS), total energy intake, and alcohol intake; (3) non-
occupational MVPA, TV watching time, smoking status, and educational level; and
(4) BMI (continuous). This addition of BMI in the last step aimed to investigate the
role of this intermediate factor in the association between UPF and type 2 diabetes.
Additionally, the possibility of effect modification by sex was tested by including the
interaction-term for sex and UPF intake in the models. To account for missing covariates,
multiple imputation by chained equations was performed to deal with missing data for
non-occupational MVPA (proportion of missing 6.5%), TV watching time (proportion
of missing 0.6%), smoking status (proportion of missing 0.6%), and educational level

(proportion of missing 0.4%).

We performed several sensitivity analyses to test the robustness of our results. First,
analyses were performed using energy-adjusted UPF intake. Second, sensitivity
analyses on missing data were performed by complete case analysis. Moreover, we
excluded participants who were lost to follow-up after 24 months, in an attempt to

address the possible reverse causation caused by short follow-up time.
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Post Hoc Analysis

Baseline Diabetes Risk and Ultra-processed Food Consumption Patterns

Individuals’ awareness of elevated diabetes risk may have influenced individuals’
dietary behaviors at baseline. Therefore, linear regression models were performed to
investigate whether type 2 diabetes risk at baseline, as calculated with the PROCAM
risk algorithm (Additional file 1: Table $2),*® was associated with the total intake of
UPF and distinctive UPF consumption patterns. In the linear regression models, the
total intake of UPF or the UPF consumption pattern scores were set as dependent
variable one by one. The analyses were additionally adjusted for the same covariates as
described above, except for energy intake and BMI. Energy intake was not considered
to be a confounding factor, and BMI was not included due to its high correlation with

the PROCAM diabetes risk algorithm (Pearson correlation coefficient = 0.835).

Results

Baseline characteristics across quartiles of UPF consumption are shown in Table 1. In
the total study population, the median contribution of UPF to the total diet was 34.9
weight% (Additional file 1: Fig. $3). Of all UPF groups, staple/starchy food and cereals
like sliced bread or granola (22.1%), non-cheese dairy products like chocolate milk and
ice cream (13.7%), and sugary beverages like lemonade or ice tea (9.7%) contributed
most to the overall intake of UPF (median weight% of total UPF, Additional file 1: Table
$3). In general, with increasing quartiles of UPF consumption, participants tended to
be younger, have higher BMI, have lower type 2 diabetes risk scores, be less physically
active, have worse overall diet quality, consume less alcohol, smoke less, be less highly

educated, and spend more time on watching TV.
Overall Consumption of Ultra-processed Food and Risk of Incident Type 2 Diabetes

Table 2 shows the association between consumption of UPF and the risk of incident
type 2 diabetes. Among 70,421 participants included in the analysis, we identified
1128 cases (550 female cases and 578 male cases, Additional file 1: Fig. S2) of type
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2 diabetes during a median follow-up of 41 months. A significant positive association
between the overall consumption of UPF and incident type 2 diabetes was observed.
Per 10% absolute increment intake of UPF, participants had 33% higher odds of
incident type 2 diabetes (OR 1.33 [95% CI 1.26, 1.41], P <0.001, model 1, sex and
age adjusted). This association remained significant after additional adjustment for
diet quality and other covariates (OR 1.25 [95% CI 1.16, 1.34], P <0.001, model 3).
Additional adjustment for BMI further explained part of the association (OR 1.17 [95%
Cl 1.09, 1.26], model 4). When comparing the highest versus the lowest quartile of
UPF consumption, participants in the highest quartile had an 80% higher odds of
incident type 2 diabetes (OR Q4 versus Q1 1.80 [95% CI 1.47, 2.20], P-trend < 0.001,
model 3). We did not find evidence of effect modification by sex (P-interaction > 0.05).
Sensitivity analyses on missing data showed similar results (Additional file 1: Table S4).
Excluding participants who only had 24 months of follow-up also yielded similar results
(Additional file 1: Table S5). In addition, results from energy-adjusted intake of UPF
were basically unchanged (Additional file 1: Table S6).

UPF Consumption Patterns and Incident Type 2 Diabetes

To identify habitual consumption patterns of UPF, we performed PCA analysis and
selected four UPF consumption patterns. These four patterns explained 15.5% of the
total variance of UPF intake. Additional file 1: Table S7 shows the factor loadings of
UPF products within their consumption patterns. Briefly, these four patterns were (1)
warm savory snack pattern, characterized by high intakes of fried snacks, fries, and
snack sauce; (2) cold savory snack pattern, characterized by high intakes of cheese, deli
meat, and savory spreads for crackers or baguette; (3) traditional Dutch cuisine pattern,
characterized by high intakes of main meal items typical for the Dutch culture, such
as sliced bread, lunch meat, and gravy; and (4) sweet snack pattern, characterized by
high intakes of sweet biscuits/cookies, pastries, and chocolate. Explained variance was
highest for the warm savory snack pattern (5.0%) and lowest for the cold savory snack
pattern (3.3%). Baseline characteristics across different UPF consumption patterns
(highest quartiles) are shown in Additional file 1: Table S8. Similar UPF patterns were
identified when analyzing the random half sample (Additional file 1: Table S9).
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Associations between UPF habitual consumption patterns and incident type 2 diabetes
are shown in Table 3. For the ORs treating consumption pattern scores as a continuous
variable, the warm savory snack pattern (OR 1.15 [95% Cl 1.08, 1.21], P <0.001) and
the cold savory snack pattern (OR 1.16 [95% Cl 1.09, 1.22], P <0.001) were positively
associated with incident type 2 diabetes (model 3). For the traditional Dutch cuisine
pattern, no significant association was found with incident type 2 diabetes (OR 1.05
[95% ClI 0.97, 1.14], P = 0.207, model 3). Oppositely, higher adherence to the sweet
snack pattern was negatively associated with incident type 2 diabetes (OR 0.82 [95%
Cl 0.76, 0.89], P <0.001, model 3). Results were consistent when comparing the
highest quartile with the lowest quartile of the consumption pattern scores. Additional
adjustment for baseline BMI (model 4) led to minor attenuation of all associations,
except for the warm savory snack pattern. For the latter, the ORs were moderately
attenuated and became insignificant, but were still positively associated with higher
risk of incident type 2 diabetes (OR 1.07 [95%CI 1.00, 1.14], P =0.057; OR Q4 versus Q1
1.17 [95%CI 0.96, 1.44], P-trend = 0.097). Sensitivity analysis on missing data (complete
case analysis) yielded similar results (Additional file 1: Table S4). Results are basically
unchanged when excluding participants who were lost to follow-up after 24 months
(Additional file 1: Table S5).

Baseline Diabetes Risk and Ultra-processed Food Consumption Patterns

To explore how diet may be dependent on the baseline health condition, the estimated
diabetes risk score at baseline was related to the total intake of UPF and four UPF
consumption patterns (Table 4). The results showed that baseline type 2 diabetes risk
was positively associated with the total UPF intake, as well as the warm savory snack
pattern and the cold savory snack pattern, but negatively associated with the traditional
Dutch cuisine pattern and the sweet snack pattern. The strongest association was
found for the sweet snack pattern (B =-0.104 [95% CI -0.113, -0.094], P < 0.001), which
indicates that those with high diabetes risk scores at baseline had lower adherence to
the sweet UPF pattern. Results from complete case analysis are basically unchanged
(Additional file 1: Table S10).
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Discussion

In this large population-based cohort study, the overall consumption of UPF was
associated with a higher risk of type 2 diabetes, independent of overall diet quality and
energy intake. We illustrated the importance of considering the heterogeneity of UPF
when studying its health effects, as associations with incident type 2 diabetes varied
across different patterns of UPF consumption. A positive association with incident
type 2 diabetes was found for both warm savory snack and cold savory snack UPF
consumption patterns, while a negative association was found for sweet snack UPF
pattern. On the other hand, the absence of a clear association between diabetes risk
and the traditional Dutch cuisine UPF pattern, which was high in main meal food items,

suggests that not all types of UPF are necessarily detrimental to health.

Over the past few years, scientific interests and public awareness on UPF have risen
substantially.?**” So far, four studies have investigated the association of UPF with
type 2 diabetes.®® Our results provide an independent confirmation of the association
between UPF intake and incident type 2 diabetes in a different population setting.
When comparing our results to those from the French NutriNet-Santé cohort and
the UK Biobank cohort in which similar methods were used, the extent to which UPF
contributed to the habitual diet differed considerably. The mean weight percentage of
UPF in the diet was 35.9% in this Dutch cohort, versus 15.4% in the French cohort and
22.1% in the British cohort.>” Nevertheless, the reported hazard ratio of 1.15 in the
previous French study and 1.12 in the UK Biobank study, regarding each 10 percent
increment in the proportion of UPF in the diet, was comparable to our OR of 1.17 in our
fourth model, adjusting for comparable potential confounding factors.®” In addition, it
is noteworthy thatin all three studies, associations were independent of the overall diet
quality as well as total energy intake. This consolidates the potential role of UPF as an
independent dietary factor in the development of type 2 diabetes. More importantly,
it emphasizes that eating an otherwise healthy diet may not fully compensate for the

detrimental effects of UPF.

Notwithstanding the high heterogeneity among different types of UPF, previous
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studies on the health consequences of UPF mainly focused on its overall intake. To our
knowledge, the current study is the first that investigated the relation of overall intake
and consumption patterns of UPF with incident type 2 diabetes in a large population-
based sample. Our findings emphasize that it is crucial to consider various habitual UPF
consumption patterns and their unique food groups when studying their health effects.
In line with overall UPF intake, both the warm savory snack and the cold savory snack
UPF patterns were associated with higher risks of type 2 diabetes. Results deviated for
the traditional Dutch cuisine pattern and the sweet snack pattern, as the associations
with type 2 diabetes were absent for the first, and inverse for the latter. The absence of
an association for the traditional Dutch cuisine pattern illustrates that the detrimental
effects of UPF may not be solely due to the degree of food processing. As UPF forms
a highly heterogeneous food category, it is also important to consider their nutritional
quality.®® For instance, a key food product in the traditional Dutch cuisine pattern was
sliced bread. Despite mostly being ultra-processed, approximately 70% of the sliced
bread consumed in The Netherlands is brown bread (made with a mixture of whole-
wheat and white flour) or whole-wheat bread, and therefore often high in fiber and
micronutrients. Higher intake of fiber and whole-wheat products was found to be
associated with lower risk of type 2 diabetes.?® On the other hand, the UPF products
identified in these two savory snack patterns are generally high in salt and fat and are
often energy dense. It is conceivable that they may increase diabetes risk through
metabolic disturbances, such as elevated blood pressure and lipid abnormality.*>#
Therefore, a cautious interpretation of the health effects of UPF is warranted. More
specifically, their effects on health may be determined by more than the level of food
processing alone, which makes that not all types of UPF are necessarily detrimental to
health.

Despite remaining statistically significant, our observation that estimates for the
associations between UPF intake and type 2 diabetes were clearly attenuated
when additionally adjusting for BMI, illustrating that BMI plays a role in the studied
association. This role, however, may be two-fold, as BMI may be both a confounding

and a mediating factor. Individuals with higher baseline BMI appeared to have higher
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total UPF intake, as well as a higher risk of type 2 diabetes, showing its confounding
property. However, since previous prospective studies have illustrated that UPF is a
risk factor for obesity,'**® higher intake of UPF may also increase type 2 diabetes risk
through an increase in body weight, which illustrates the potential mediating role of
BMI in the associations studied. However, we also could not rule out the possibility of
residual confounding, even in our analysis various covariates (including demographic,
lifestyle, and socioeconomic factors) were adjusted. Future studies, preferably in the
form of randomized controlled trials, are required to help disentangle the role of BMI

in the relationship between UPF and health.

Our finding that higher adherence to the sweet snack UPF pattern was associated
with lower risk of incident type 2 diabetes was counterintuitive. Previous evidence
indicates that the intake of dietary sugar from food and beverages was associated with
weight gain and obesity, and may thus contribute to the risk of type 2 diabetes.*>*
Nonetheless, a study in EPIC (European Prospective Investigation into Cancer and
Nutrition) also found that non-consumers of cakes and cookies had a higher risk of type
2 diabetes.* To assess for possible reverse causation, we performed a post hoc analysis
to evaluate whether individuals’ baseline type 2 diabetes risk score was involved in
this unexpected finding. As shown, a higher PROCAM diabetes risk score at baseline
was associated with lower adherence to the sweet snack UPF pattern. Those with a
high risk of type 2 diabetes could have been made aware of their situation through
opportunistic screening by general practitioners, public health campaigns, or family
history of the disease. Hence, awareness of high type 2 diabetes risk may have driven

participants to avoid products that are high in sugar.

From a public health point of view, this can be perceived as a positive message,
suggesting that public health initiatives to inform the public on the importance of a
healthy diet in the prevention of chronic diseases, such as type 2 diabetes, did come
across. In addition, the fact that the inverse association with baseline type 2 diabetes
risk observed for the sweet snack pattern may be related to the layman’s term for type
2 diabetes, which is “sugar disease” in Dutch and several other languages. Although

there is still some scientific uncertainty as to whether all types of sugar intake are
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associated with risk of type 2 diabetes,**® limiting the consumption of energy dense,
sugar-rich foods will be likely to benefit health, not only by reducing the risk of diabetes,
but obesity and cardiovascular diseases as well.*® Furthermore, it is worth noticing that
the adherence to both two savory UPF patterns was higher among individuals with
higher diabetes risk scores at baseline, and both patterns were also associated with
a higher risk of incident type 2 diabetes. Future research, preferably in the form of
randomized controlled trials, is needed to confirm the detrimental effects on glucose
homeostasis of both sugary and savory UPF items. A subsequent challenge would
then be to create further awareness that it is not only sugary products, but also other
kinds of UPF, which may be associated with higher diabetes risk. This could also bear
relevance to prevention strategies not only by recommendations for health behaviors,

but also by recommendations for product reformulation.*

Strengths of this study include the large sample size, which yields a strong statistical
power. In addition, our study is the first that thoroughly investigated the habitual
consumption patterns of UPF using PCA. The empirical consumption patterns identified
reflected not only nutritional properties of UPF, but also its behavioral drivers,
which provide a distinct added value over the nutritional information of the NOVA
classification and strengthen the real-world robustness of the results of this study.>®
Nevertheless, it should be noted that the four consumption patterns analyzed in total
only explained 15.5% of the total variance of UPF intake, which inevitably left a certain
proportion of the UPF consumption pattern information uncaptured. It is conceivable
that this seemingly low explained variance is attributed to our large study sample size.
Secondly, this may also be attributed to the fact that we did not apply massive food
groupings in dietary pattern analysis (i.e., combining the intake of several food products
into one, such as treating all sorts of cheeses as one single food product),>®>>* which in
fact facilitates our study objective for disentangling the consumption patterns of this
highly heterogeneous food category. On the other hand, our 15.5% explained variance
is comparable with previous studies using PCA and did offer us informative insights
into the real-world eating patterns, especially considering our cohort setting.>**?

We encourage future studies to further explore the UPF consumption patterns in a
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different population setting.

Furthermore, there are also several other limitations that should be noted. First, the
FFQ used in this study was designed to assess the intake of major food groups, energy,
and macronutrients. The aim of assessing energy intake resulted in good coverage of
energy dense food, including many kinds of UPF.32 However, since the FFQ was not
designed to assess the intake of UPF, questions asked in the FFQ covered food items
with varying levels of processing, inevitably leading to some misclassification. Second,
misclassification could also occur in the ascertainment of type 2 diabetes cases, since
at T2 and T3 only self-reported data was available. However, as most cases were
identified by objective laboratory measurements at T4, this limitation is not expected
to influence our results. Third, the exact time of diagnosis of diabetes cases was not
collected in the Lifelines study, which unfortunately reduced the suitability of our data
for survival analyses. Nevertheless, considering the low event rate and the relatively
short follow-up time, logistic regression analysis may provide similar estimates for the
effect sizes.>*** We therefore used logistic regression analysis instead. Furthermore,
the use of self-reported questionnaires such as FFQ might lead to misreporting due to
social desirability or recall bias. Finally, we illustrated that some reverse causation could

be involved in the results of this study, despite our prospective design.

Conclusions

In conclusion, this study illustrated that the heterogeneity of UPF as a general food
category is also reflected by the discrepancy in associations of four distinct UPF
consumption patterns and incident type 2 diabetes. The positive associations of the
warm savory snack and the cold savory snack UPF consumption patterns with incident
type 2 diabetes suggest that savory UPF may be a suitable target for future public health
initiatives for type 2 diabetes prevention. More importantly, since UPF consumption
was associated with type 2 diabetes risk independent of overall diet quality, eating an
otherwise healthy diet may not fully compensate for the detrimental effects of UPF.

Therefore, in addition to promoting consumption of healthy food products, active
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discouragement of unhealthy food products such as savory UPF should be considered
as part of diabetes prevention strategies. In addition, considering the intricate role of
BMI in the relationships between UPF and health, it is of equal importance to consider
weight management in public health promotion, in addition to the discouragement of
UPF consumption. Further research on UPF subgroups and its underlying consumption
patterns is encouraged to allow a better understanding of the health effects of this
highly heterogeneous food category, which will also facilitate the integration of UPF

into dietary assessment tools and recommendations.
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ABSTRACT
Objectives

We aimed to identify the underlying subgroups of the population characterized by
distinct lifestyle patterns, and to investigate the associations between lifestyle patterns

and risk of incident type 2 diabetes.
Methods

Using data from the Dutch Lifelines cohort study, latent class analysis was performed to
derive lifestyle patterns on five lifestyle factors, i.e., smoking, diet quality, TV watching
time, physical activity level, and risk drinking. Associations between lifestyle patterns

and incident type 2 diabetes were estimated.
Results

Among 61,869 participants analyzed, we identified 900 cases of type 2 diabetes
during follow-up (205,696 person-years; incidence rate 4.38 per 1000 person-years).
Five lifestyle pattern groups were identified. Using the “healthy lifestyle group” as
reference, the “unhealthy lifestyle group” had the highest risk for type 2 diabetes (HR
1.51 [95%CI 1.24, 1.85]), followed by the “poor diet and low physical activity group”
(HR 1.26 [95%Cl 1.03, 1.55]). The “risk drinker group” and the “couch potato group”
(characterized by excessive TV watching) showed no significantly elevated risk. These
models were adjusted for age, sex, total energy intake, education, BMI, family history

of diabetes, and blood glucose level at baseline.
Conclusions

Our study shows that lifestyle factors tended to cluster in unique behavioral patterns
within the heterogeneous population. These lifestyle patterns were differentially
associated with incident type 2 diabetes. Our findings support the relevance of
considering lifestyle patterns in type 2 diabetes prevention. Tailored prevention
strategies that target multiple lifestyle risk factors for different lifestyle pattern groups

may optimize the effectiveness of diabetes prevention at the population level.
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Abbreviations

BIC-LL — Bayesian information criterion with log likelihood for the number of
parameters adjusted

FFQ - Food frequency questionnaire
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MVPA - Moderate-to-vigorous physical activity

PAF — Population attributable fraction

SQUASH - Short QUestionnaire to ASsess Health-enhancing physical activity
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Introduction

Type 2 diabetes is a major public health challenge that leads to considerable
morbidity, mortality, and economic burden.! Lifestyle is crucial to the prevention of
type 2 diabetes. Adherence to a combination of healthy lifestyle factors — healthy diet,
avoiding smoking, vigorous physical activity —is found to substantially lower the risk of

developing type 2 diabetes.**

For studying the relationships between lifestyle factors and type 2 diabetes, a single
lifestyle factor approach has been widely applied. Studies have also examined the
combined effects of lifestyle factors, such as using an unweighted lifestyle score, but
they do not take account of the distribution of lifestyle factors in the population.? Prior
studies have implicated that lifestyle factors often co-occur in behavioral patterns and
may have interdependent effects on health.>'> Better methodological approaches
are therefore needed to understand the complexities of lifestyle factors and their

associations with health.

For type 2 diabetes prevention, current evidence supports the relevance of targeting
multiple lifestyle risk factors simultaneously.**¢ It is therefore essential to have a
clear understanding of the clustering of lifestyle risk factors of the target populations.
However, to date the knowledge basis is lacking. Specifically, only three studies have
identified lifestyle patterns in the Dutch population, and only one of them further
studied their associations with risk of type 2 diabetes.®*'” There is considerably less
knowledge about the relevance of lifestyle patterns for type 2 diabetes prevention in

the general population.

Previous studies on lifestyle patterns mainly included smoking, alcohol consumption,
physical activity level, and fruit and vegetable intake.>**'” However, those identified
lifestyle patterns may not fully represent the overall lifestyle risk profiles. While fruit
and vegetable intake is an important indicator of diet,*® overall diet quality, commonly
assessed by diet scores, may better represent the overall dietary “risk profile” of the
target populations.® Moreover, high TV watching time, as an emerging lifestyle risk

factor representing sedentary behavior, has been found to be a risk factor for type
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2 diabetes and mortality, independent of moderate-to-vigorous physical activity
(MVPA),% while it has never been included in lifestyle pattern analysis. Therefore,
incorporating overall diet quality and TV watching time in lifestyle pattern analysis will

provide more information on the clinical relevance of lifestyle patterns.

Using a large Dutch population cohort, we aimed to reveal how lifestyle factors cluster
within populations, i.e., the diverse lifestyle risk patterns of the population, and
subsequently, to investigate the prospective associations between lifestyle patterns
and incident type 2 diabetes. The analysis focused on four traditional and one emerging
lifestyle factors, including overall diet quality,>**** physical activity,?? smoking,?® risk
drinking,* and TV watching time.? These lifestyle factors included are common in the
general population. Having a clear understanding of how these common lifestyle factors
cluster and how different lifestyle clusters affect type 2 diabetes risk will facilitate the

design of effective prevention strategies at population level.

Methods
Study Design and Population

The Lifelines cohort study is a multidisciplinary prospective population-based cohort
study that applies a unique three-generation design to study the health and health-
related behaviors of 167,729 persons living in the north of The Netherlands. Before
study entry, a signed informed consent form was obtained from each participant. The
Lifelines study is conducted according to the principles of the Declaration of Helsinki
and approved by the Medical Ethics Committee of the University Medical Center
Groningen, The Netherlands. The overall design and rationale of the study have been

described in detail elsewhere.?>%

Participants were included in the study between 2006 and 2013. So far, four
assessment rounds took place, including baseline assessment (T1) and three follow-
ups (T2-T4). Comprehensive physical examinations, biobanking, and questionnaires

were conducted at T1 and T4. Follow-up questionnaires were issued to participants at
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T2, T3, and T4.

Participants aged between 35 and 65 years who were free of diabetes at baseline, and
for whom lifestyle data was available were included in this study. Participants who had
no follow-up data, or who reported the development of type 1 diabetes or gestational
diabetes during follow-up were excluded. In total, 61,869 participants were included in

the analysis (Supplementary Fig. S1).
Ascertainment of Incident Type 2 Diabetes

Incident type 2 diabetes was assessed by self-report questionnaires during follow-
up at T2, T3, and T4, as well as blood glucose and HbA, measurements at T4. Blood
measurements are not available at T2 and T3. Participants were considered an incident
case if they met one of the following criteria: (1) self-reported newly developed type 2
diabetes since last time they filled out a questionnaire; (2) fasting blood glucose > 7.0

mmol/L; or (3) HbA, _>48 mmol/mol (6.5 %).”’
Clinical Measurements

Blood samples were collected by venipuncture in a fasting state, and were further
transferred to the Lifelines central laboratory for analysis. Serum levels of glucose and
HbA, were subsequently analyzed. Anthropometry was measured by trained research
staff following standardized protocols. These measurements were performed without
shoes and heavy clothing. Family history of diabetes was assessed by self-administered
questionnaires. Participants were considered having a family history of diabetes if
they reported having a first-degree relative (i.e., parent, sibling, or child) ever being

diagnosed with type 2 diabetes.
Assessment of Lifestyle Factors and Sociodemographic Covariates

Age, smoking status, TV watching time per day, and education were assessed by self-
administered questionnaires. Highest education achieved was categorized as: (1) low
— junior general secondary education or lower; (2) middle — secondary vocational
education and senior general secondary education; and (3) high — higher vocational

education or university.?®
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Habitual physical activity level of anormal week was assessed by the Short QUestionnaire
to ASsess Health-enhancing physical activity (SQUASH). The SQUASH was pre-structured
into four domains: commuting, leisure time, household, and occupational activities.
For each reported activity, frequency (days per week) and duration (average time per
day) were asked. From the SQUASH data, non-occupational moderate-to-vigorous
physical activity (MVPA), including commuting and sports (if > 4.0 MET), was calculated
in minutes per week. The SQUASH has been validated in the general population using

objective accelerometer measurements for a 2-week period.?

Dietary intake was assessed by a semi-quantitative self-administered food frequency
questionnaire (FFQ). The FFQ aimed to assess the habitual intake of 110 food items
(including alcohol) during the past 4 weeks. For 46 main food items (such as bread and
milk), frequency of consumption was indicated as ‘not in this month’ or in days per
week or month, including the amount (in units or specified portion sizes) consumed
each time. The FFQ also included 37 questions on intake of sub-items (such as different
types of cheese) for which frequency was specified as never, sometimes, often, and
always. The FFQ was designed based on the validated Dutch FFQ.* In brief, the intake
of the food items and the energy intake have been tested and validated against three
24-h dietary recalls and actual energy intake in controlled feeding trials, respectively.3%*
The Lifelines Diet Score (LLDS) was calculated to evaluate the relative diet quality of

each participant.®®
Statistical Analysis
Lifestyle Pattern Analysis with Latent Class Analysis

Lifestyle patterns were derived using latent class analysis (LCA). LCA is a latent variable
mixture model that relates a set of observed indicators (i.e., lifestyle variables) to a
set of latent variables (i.e., lifestyle pattern classes).* LCA enables the analysis and
interpretation of higher-order interactions among lifestyle factors, which overcomes

the issue of collinearity between lifestyle factors.3*3*

The LCA output mainly consists of two parts. The first part is the posterior class

probability, which estimates the probability of an individual belonging to each latent
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class given the individual’s observed response on the measured indicators. Each
participant was assigned to the lifestyle pattern group for which they had the highest
posterior class probability. A number of mutually exclusive lifestyle pattern groups
would thus be identified. The second part is the class-specific response probability,
which estimates the likelihood that an individual, who belongs to a particular latent
class, adheres to a certain measured indicator, such as the probability of being a never

smoker.>

Since LCA requires that items are measured categorically, we further defined lifestyle
factors into risky versus non-risky categories based on evidence, resulting in nine
indicators. The interpretation of the results also becomes clearer when lifestyle factors
are categorized into risky versus non-risky groups. Specifically, smoking status, i.e., never,
former, and current smoker, was treated as three dummy variables. Alcohol intake was
categorized as risk drinking (>15 g alcohol/day) versus non-risk drinking (<15 g alcohol/
day).>® This amount was approximated to one drink per day. TV watching time was
categorized as excessive TV watching (highest sex-specific tertile) versus non-excessive
TV watching (other tertiles). LLDS was divided into sex-specific tertiles. Physical activity
level was categorized as whether the participants met the Dutch recommendation for

physical activity level, i.e., 2150 min non-occupational MVPA per week.*’

A series of latent class models were examined with three through nine classes. We
selected the best-fitting latent class solution based on Bayesian information criterion
with log likelihood for the number of parameters adjusted (BIC-LL). BIC-LL is a model
goodness-of-fit index, for which a lower value is preferred.>® We also considered other
model goodness-of-fit indices (Supplementary Table S1), as well as the interpretability
of the identified lifestyle patterns.?®* LCA was performed with LatentGOLD (version
5.0.0.14260; Statistical Innovations Inc., Belmont, MA, USA).*

Risk of Incident Type 2 Diabetes

Associations between lifestyle patterns and incident type 2 diabetes were estimated
using Cox proportional hazards regression models. Non-diabetes cases were censored

at the last time-point, for which data was available. Additionally, all participants were
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censored after 60 months. Analyses were adjusted in a stepwise manner for (1) age,
sex, and total energy intake; (2) education; (3) BMI; (4) family history of diabetes; and
(5) blood glucose level at baseline. Proportional hazards assumption was assessed by
calculating the Schoenfeld residuals and by performing Cox regression models with
time-dependent covariates. Potential effect modification was evaluated for age, sex,
BMI, education, and family history of diabetes. Analyses were repeated excluding
participants who had less than 12-month follow-up, in an attempt to address possible
reverse causation caused by short follow-up time. For comparisons, we additionally
tested the associations of incident type 2 diabetes with each lifestyle risk factor
separately. Statistical analyses for calculating the risk of type 2 diabetes were performed

on Stata (version 13.1; StataCorp, College Station, TX, USA).

To obtain insights into the lifestyle-related diabetes disease burden, namely the fraction
of cases preventable if having a healthy lifestyle profile, we calculated the adjusted
population attributable fraction (PAF) based on the odds ratios estimated using logistic
regression models adjusting for the abovementioned Cox proportional hazards model
covariates. The calculation of PAFs was performed using punaf package in Stata, as

described by Newson.*

Results
Lifestyle Patterns

After examining models with three through nine latent classes, we selected a 5-latent
class model (five lifestyle patterns) since it offered the lowest BIC-LL value (best
model fit) and the best subjective interpretability. Most of the other model goodness-
of-fit indices also showed their best values at the 5-latent class model solution.
Supplementary Table S1 shows the detailed model goodness-of-fit indices for all

models tested.

Fig. 1 and Supplementary Table S2 show the estimated probabilities of adhering

to lifestyle factors for lifestyle patterns identified. The first pattern was named the
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“healthy lifestyle group” (n = 27,413, 44.3 %), as it was characterized by moderate to
low probabilities across all lifestyle risk factors. The second pattern was designated
as the “poor diet and low physical activity group” (n = 13,846, 22.4 %), because it
was characterized primarily by moderate to high probabilities of poor diet quality
(lowest tertile of LLDS) and insufficient physical activity. The third pattern was labelled
the “unhealthy lifestyle group” (n = 12,031, 19.5 %), since it was characterized by
moderate to low probabilities of risk drinking and former smoker, but moderate to high
probabilities across all other lifestyle risk factors. The fourth pattern was named the
“couch potato group” (n = 4726, 7.6 %). Persons in this pattern had moderate to high
probabilities of excessive TV watching and also notably former smoker, but they had
moderate to low probabilities elsewhere. The fifth pattern was labelled the “risk drinker
group” (n = 3853, 6.2 %), as persons in this pattern mainly had very high probability of

risk drinking and moderate to high probability of former smoker.
Baseline Characteristics

Baseline characteristics for each lifestyle pattern group are shown in Table 1.
Participants from the “poor diet and low physical activity group” and the “unhealthy
lifestyle group” tended to be younger, while participants from the latter group and the
“couch potato group” tended to be less educated. In total, there were 59.6 % female
participants included in the analysis, whereas there were more male participants (61.1
%) in the “risk drinker group”. Clinical biomarkers showed diverse distributions among
different groups. The “couch potato group” had the highest prevalence of family history
of diabetes (10.2 %).
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Unhealthy lifestyle group Poor diet and low
(n=12,031, 19.5%) physical activity group
(n = 13,846, 22.4%)

0.6493

0.5098 0.0007 0.5005
0.0958
0.4034
0.5071
0.6272
Couch potato group Risk drinker group
(n=4726, 7.6%) (n = 3853, 6.2%)
0.9591

0.0851
0.1791

0.2726 0.2649

Healthy lifestyle group
(n=27,413, 44.3%)

Current smoker

Poor diet quality

0.0774 Insufficient physical activity
0.0011 0.1062
Excessive TV watching
0.2356
0.3023 Risk drinking

Fig. 1. Estimated probabilities of adhering to examined lifestyle risk factors for each identified
lifestyle pattern?

® The adapted spider charts show the estimated probabilities of adhering to the examined lifestyle risk
factors according to each lifestyle pattern, in which the width and the length of each bar was proportionately
illustrated according to the values of the estimated probabilities that are displayed next to each bar.
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Risk of Incident Type 2 Diabetes

Table 2 shows the associations between different lifestyle pattern groups and risks
of incident type 2 diabetes. Among 61,869 participants included in the analysis,
we identified 900 cases of type 2 diabetes during follow-up (205,696 person-years;
median [interquartile] follow-up time, 41 [29-50] months; incidence rate 4.38 per
1000 person-years). The incidence rates of type 2 diabetes ranged from 3.51 per 1000
person-years for the “healthy lifestyle group” to 6.42 per 1000 person-years for the
“unhealthy lifestyle group”. In the fully adjusted model (model 5) using the “healthy
lifestyle group” as the low risk reference group, the “risk drinker group” (HR 1.03 [95
%Cl 0.77, 1.39]) and the “couch potato group” (HR 0.98 [95 %Cl 0.76, 1.25]) were not
associated with incident type 2 diabetes, whereas the “poor diet and low physical
activity group” (HR 1.26 [95 %Cl 1.03, 1.55]) and the “unhealthy lifestyle group” (HR
1.51 [95 %Cl 1.24, 1.85]) had significantly higher risks of incident type 2 diabetes.
Supplementary Table S3 shows the associations using the “unhealthy lifestyle group”
as reference. Statistically, the associations between lifestyle pattern groups and risks of
incident type 2 diabetes were not significantly modified by age, sex, BMI, education, and
family history of diabetes (all P-interaction > 0.05). Results were basically unchanged
when excluding participants who had less than 12-month follow-up (Supplementary
Table S4). Supplementary Table S5 presents the PAFs for each lifestyle pattern group
using the “healthy lifestyle group” as reference. Supplementary Table S6 shows the

associations between single lifestyle factors and incident type 2 diabetes.

Discussion

There are two main findings of our study. First, using a large population-based sample,
we identified five lifestyle patterns. Second, we found that different combinations of
lifestyle risk factors, as manifested in lifestyle patterns, were differentially associated

with risk of developing type 2 diabetes.
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Lifestyle Patterns and Risk of Incident Type 2 Diabetes

There is robust evidence showing that avoiding risky lifestyle behaviors is effective in
the prevention of type 2 diabetes.>* For example, an Iranian study found that a higher
healthy lifestyle score, characterized by no smoking, normal body weight, vigorous
physical activity, and healthy diet, was associated with up to 75% lower risk of type 2
diabetes, independent of multiple confounders.? The current analysis extends previous
knowledge by considering multiple co-occurring lifestyle risk factors simultaneously in
the form of real-life lifestyle patternsin the general population. We are aware of only two
other studies that have applied a lifestyle pattern approach when predicting the risk of
type 2 diabetes. One study from the US Women's Health Initiative cohort found that the
“poor diet and low exercise pattern” and the “high multiple lifestyle and psychosocial
risks pattern” were associated with higher risks of incident type 2 diabetes.® Likewise,
the Dutch HELIUS cohort study of a multi-ethnic population reported unhealthy lifestyle
patterns were associated with higher risks of developing type 2 diabetes.® Despite the
differences in risk factors and patterns considered that preclude direct comparisons
between previous evidence and our results, taken together, these findings support an

important role of lifestyle patterns in the development of type 2 diabetes.

The classic approach of studying single lifestyle factors usually assumes independent
effects between each lifestyle factor, but does not account for their interrelations.>”101>
Although further investigation is warranted, we did observe that the risks related to
different lifestyle patterns were neither additive nor proportionate to the number
of risk factors present, especially compared with the effect sizes when studying each
lifestyle factor separately (Supplementary Table S6). Notably, the “couch potato
group” was not associated with risk of type 2 diabetes, especially after adjustment
for BMI. This counterintuitive finding suggests that BMI may play an important role
in the studied associations for participants from this lifestyle pattern group. As such,
the average effects estimated for a single lifestyle risk factor may not be accurate for
a substantial proportion of the study population. Alternatively, a lifestyle pattern may
therefore be a proxy for an underlying behavioral variable that is not measured, but

nevertheless relevant.
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Methodological Considerations

Our study was conducted in a single cohort, albeit large. Accordingly, the generalizability
and reproducibility of the current lifestyle pattern analysis require further substantiation
from independent cohorts. Various lifestyle patterns have been identified but in limited
number of studies. At least partly, this is due to the heterogeneity of the source data,
namely, numbersand categorization of lifestyle factorsin different studies. Nevertheless,
true differences in lifestyle patterns may exist between different populations. Analysis
of differences and similarities in lifestyle patterns between populations would be highly
relevant for identifying generic as well as specific patterns. So far, patterns primarily
characterized by minimal risk behaviors, maximal risk behaviors, and poor diet
combined with low physical activity were commonly identified. Patterns characterized
by risk drinking generally showed large variations in its coexisting lifestyle risk factors
across studies, which may be partly attributed to the lack of an evidence-based
definition for that (Davis et al., 2019, Hendryx et al., 2020, Luo et al., 2021, Noble et
al., 2015, van Etten et al., 2020, Watts et al., 2016).571%!> Using a normalized lifestyle
evaluation scheme may therefore benefit the reproducibility and generalizability of the

identified patterns to other populations.
Implications for Public Health Prevention

In our analysis, participants from the “healthy lifestyle group” formed the largest
group (44.3 %), although conspicuously their lifestyles were still not entirely optimal.
Nevertheless, our analysis on lifestyle-related disease burden did show that substantial
public health benefits could be obtained. For instance approximately one third of the
diabetes cases in the “unhealthy lifestyle group” could be preventable, if participants in
thisgroup had the same lifestyle patternas the “healthy lifestyle group” (Supplementary
Table S5).

Current evidence supports the relevance of targeting multiple lifestyle risk factors
simultaneously.’*** Although certain efforts in diabetes prevention have been made
on improving diet quality and physical activity, other lifestyle risk factors and within-

population heterogeneity in the distribution of lifestyle factors have often been
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overlooked.* As observed in our population, lifestyle factors may coexist with each
other in a counterintuitive manner. The “couch potato group”, characterized by
excessive TV watching, also had the highest level of non-occupational MVPA. The
differential risks found for each lifestyle pattern group also further emphasize the
importance and relevance of considering different lifestyle patterns when designing

lifestyle programs, rather than adopting the generic one-size-fits-all approach.
Strengths and Limitations

Strengths of our study include a large sample size and the availability of data on
TV watching time as an emerging lifestyle factor. Sensitivity analyses ensured the
robustness of our findings. We exclusively studied lifestyle risk factors without
conflation of lifestyle with its health outcomes (e.g., obesity status). However, a number
of limitations are worth mentioning. First, over-reporting of healthy lifestyle behaviors
due to social-desirability is possible.* Nevertheless, in our study this over-reporting
might mainly compromise the discrimination power of the identification of lifestyle
clusters. Second, possible changes in lifestyle behaviors might be relevant but were not
assessed. Third, as the Lifelines cohort mainly consists of participants in the northern
Netherlands, it might not be possible to extrapolate our results to other population
groups. Furthermore, in LCA analysis, the assignment of lifestyle pattern group for
individuals was based on their highest posterior probability class membership, which
unfortunately cannot account for the uncertainty of the classification. Finally, we
could not analyze the potential impacts of lost to follow-up (23.0 %) among eligible
participants. Nonetheless, the baseline characteristics of those who had no follow-up
data were comparable with the study population, except for some minor differences
(Supplementary Table S7). Simulation studies suggested that such attrition bias may
only have limited influences on estimates of associations in cohort studies (Howe et al.,
2013, Peters et al., 2012).4%4
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Conclusions

In conclusion, focusing on five lifestyle factors, namely smoking, overall diet quality,
TV watching time, physical activity, and risk drinking, we identified five groups of
individuals with different lifestyle patterns using a data-driven approach in a large
population-based sample. These five lifestyle patterns were differentially associated
with risk of developing type 2 diabetes. The clustering of lifestyle risk factors extends

previous knowledge that those lifestyle factors tend to cluster, particularly in behavioral

patterns within a general and heterogeneous population. Our findings pave the way
for a more effective strategy for public health prevention for type 2 diabetes through

targeting multiple lifestyle risk factors simultaneously.
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ABSTRACT
Background

Risk factors for type 2 diabetes are multifaceted and interrelated. Unraveling the
complex pathways of modifiable risk factors related to incident type 2 diabetes will

help prioritize prevention targets.
Methods

The current analysis extended a previously proposed conceptual model by Bardenheier
et al on prediabetes with a cross-sectional design.! The model described the pathways
of four aspects of modifiable risk factors in relation to incident type 2 diabetes, including
socioeconomic status (income and education); lifestyle behaviors (diet quality, physical
activity, TV watching, smoking, risk drinking, and unhealthy sleep duration); clinical
markers (HDL-cholesterol, triglycerides, BMI, and waist circumference); and blood
pressure. We performed structural equation modeling to test this conceptual model
using a prospective population-based sample of 68,649 participants (35-80 years) from

the Lifelines cohort study.
Results

During a median follow-up of 41 months, 1124 new cases of type 2 diabetes were
identified (incidence 1.6%). The best-fitting model indicated that among all modifiable
risk factors included, waist circumference had the biggest direct effect on type 2
diabetes (standardized B-coefficient 0.214), followed by HDL-cholesterol (standardized
B-coefficient -0.134). Less TV watching and more physical activity were found to play
an important role in improving clinical markers that were directly associated with type
2 diabetes. Education had the biggest positive effects on all lifestyle behaviors except

for unhealthy sleep duration.
Conclusions

Our analysis provides evidence to support that structural equation modeling enables

a holistic assessment of the interplay of type 2 diabetes risk factors, which not only
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allows the estimation of their total effects but also prioritization of prevention
targets. Regarding the current guideline for diabetes prevention, waist management
in addition to BMI control (clinical level), as well as less TV watching in addition to
more physical activity (behavioral level), may provide additional public health benefits.

Better education would be the main societal goal for the prevention of type 2 diabetes.

Abbreviations

CFl — Comparative fit index

FFQ - Food frequency questionnaire

LLDS - Lifelines diet score

MVPA - Moderate-to-vigorous physical activity
RMSEA - Root mean square error of approximation
SEM - Structural equation modeling

SRMR - Standardized root mean square residual

TLI - Tucker-Lewis index
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Introduction

The development of type 2 diabetes is multifactorial. Besides inherited traits and age,
various modifiable risk factors have been identified. Among clinical risk factors, obesity
has been found to be one of the strongest risk factors for type 2 diabetes. It has been
suggested that excess body fat, especially visceral fat, is central to the pathogenesis
of insulin resistance.® Prospective cohort studies also found abnormal blood lipid
profile, such as low HDL-cholesterol and high triglycerides, to be a strong predictor
for the development of type 2 diabetes.*® For lifestyle behaviors, both interventions
and observational studies have demonstrated that poor diet,”® physical inactivity,>°
and smoking!! may contribute to the risk of type 2 diabetes independent of weight
change. Observational studies have also established that risk drinking is associated
with high risk of type 2 diabetes.'? In addition, emerging lifestyle risk factors, such as
excessive TV watching and unhealthy sleep duration,’**> have potential as new type
2 diabetes prevention targets. After controlling for the aforementioned risk factors,
socioeconomic status, such as low education and insufficient income, has been found
to be associated with higher risk of type 2 diabetes.'*'® We present a more extensive

summary of evidence in Supplementary Table 1.

In diabetes research, conventional approaches for risk identification often apply
traditional regression models, in which the net effects of risk factors are estimated
under the assumption of an independent direct effect on diabetes status. However,
some risk factors may act as mediators (e.g., obesity, blood lipids) or mainly exert
indirect effects (e.g., education, income).** The lack of insight into their holistic
interrelationships has led to the fragmentation of evidence and development of
unfocused prevention programs. More specifically, obesity and abnormal blood
lipids are largely attributed to unhealthy lifestyle behaviors, whereas all are strongly
influenced by socioeconomic status. These factors, in turn, collectively form several
hypothesized intersecting pathways that lead to the eventual development of type 2
diabetes.’®182021 Socioeconomic status is thus considered the overarching upstream
determinant of type 2 diabetes for its significant effects on proximal (or downstream)

risk factors. Likewise, lifestyle behaviors are the upstream determinants of clinical
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disorders such as obesity.?? In terms of primary prevention, it would be highly useful to
understand the relatedness of a broad range of risk factors, so that aiming at prioritized
risk factor targets and their most influential upstream determinants would optimize

the effectiveness of diabetes prevention at population level.

To this purpose, we aimed to analyze a conceptual model (originally proposed by
Bardenheier et al on prevalent prediabetes),** including multiple modifiable risk
factors and their interrelationships for type 2 diabetes (Fig. 1). We extended the original
conceptual model with 4 important lifestyle behaviors, i.e., TV watching,>** smoking,
sleep duration,* and risk drinking.’> We examined this model by structural equation
modeling (SEM) using data from the Lifelines cohort study, focusing on incident type
2 diabetes as outcome. SEM is a multivariate statistical technique that allows the
quantification of multiple intersecting pathways (yielding path coefficients) within a
conceptual model simultaneously. Untangling the pathways of these risk factors may
provide the additional evidence needed to develop better prevention strategies by

identifying the most crucial pathways as priority prevention targets.

Methods
Study Design of the Lifelines Cohort Study

The Lifelines study is a multi-disciplinary prospective general population-based cohort
study that applies in a unique three-generation design to study the health and health-
related behaviors of 167,729 people living in the north of The Netherlands. The Lifelines
cohort study was established from year 2006 to 2013. Detailed information regarding
recruitment strategy and the representativeness of the Lifelines study population are

shown in Supplementary Text 1.2

Four assessment rounds have taken place: T1-baseline assessment (year 2007 to
2014) and three follow-ups, i.e., T2, T3, and T4. Comprehensive physical examinations,
biobanking, and questionnaires were conducted at T1 and T4 (Supplementary Fig. 1).

The Lifelines study was conducted according to the principles of the Declaration of
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Helsinki and was approved by the medical ethical committee of the University Medical
Center Groningen, The Netherlands (approval number 2007/152). All participants gave

written informed consent to participate in the study.
Study Population and Exclusion Criteria

In this study, participants between the ages of 35 and 80 years who were free of
diabetes at baseline from the Lifelines cohort study were included. We further excluded
participants if (1) they were diagnosed with cancer or renal failure before enrollment;
(2) they were pregnant at baseline; (3) they developed type 1 diabetes or gestational
diabetes during follow-ups; (4) they had no available follow-up data; and (5) they had
unreliable dietary intake data. Dietary intake data was considered unreliable when the
ratio between reported energy intake and basal metabolic rate, calculated with the
Schofield equation,? was below 0.50 or above 2.75, based on the considerations of
Goldberg.” Furthermore, except for physical activity and income, participants with
missing data on other variables (missing less than 1%) were excluded. This led to an
additional exclusion of 1.7% of the study population. In this study, multiple imputation
was used to deal with missing data.?’ This additional exclusion aimed to avoid massive
imputation and was not expected to have major impacts on our results. After applying
exclusion criteria, in total 68,649 participants (40,121 women and 28,528 men) were

included in the analysis. Supplementary Fig. 2 shows the study flow chart.
Clinical Measurements

Blood samples were collected by venipuncture in a fasting state between 8 and 10 am.
Serum levels of glucose, HbA , HDL-cholesterol, and triglycerides were subsequently
analyzed. Baseline measurements of blood pressure and anthropometry were made by
trained research staff following standardized protocols. Anthropometric measurements
were performed without shoes and heavy clothing. Participants were considered
having hypertension at baseline if they (1) used hypertensive medication (ATC codes
€02, C03, C07, C08, and C09);% (2) had systolic blood pressure > 140 mmHg; or (3) had
diastolic blood pressure > 90 mmHg.* Detailed information for clinical measurements

is available in Supplementary Text 2.
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Assessment of Lifestyle and Socioeconomic Covariates

Age, education level, income level, smoking status, sleep duration, TV watching time,
and physical activity level were assessed by self-administered questionnaires. Age at
baseline was calculated from date of birth in the questionnaire. Highest education
level achieved was categorized according to the International Standard Classification of
Education (ISCED): (1) low —level 0, 1, or 2; (2) middle —level 3 or 4; and (3) high — level
5 or 6.3° Income was based on monthly household net income and was categorized
as <1000, 1000-2000, 2000-3000, and >3000 euro/month. Smoking status was
categorized as never, former, and current smoker. Unhealthy sleep duration was defined
as sleep time less than 6 or more than 9 h per day.'® Average TV watching time per day
was asked in hours plus minutes. Physical activity level was assessed by the validated
Short QUestionnaire to ASsess Health-enhancing physical activity (SQUASH),?! from
which non-occupational moderate-to-vigorous physical activity (MVPA), including
commuting and sports (both if >4.0 MET), was calculated in minutes per week, and

was further divided into sex-specific quartiles (if not zero) or coded to zero.3%3?

Dietary intake was assessed using a semi-quantitative self-administered food frequency
guestionnaire (FFQ), which was aimed to assess the habitual intake of 110 food items
(including alcohol) during the last month and was designed based on the validated
Dutch FFQ.*®* The questionnaire assessed the frequency of consumption and portion
sizes. The latter was estimated using fixed portion sizes (e.g., slices of bread, pieces
of fruit) and commonly used household measures (e.g., cups, spoons). The food-
based Lifelines Diet Score (LLDS) was calculated to evaluate the diet quality of each
participant. More specifically, this score ranks the relative intake of nine food groups
with positive health effects (vegetables, fruit, whole grain products, legumes/nuts,
fish, oils/soft margarines, unsweetened dairy, coffee, and tea) and three food groups
with negative health effects (red/processed meat, butter/hard margarines, and sugar-
sweetened beverages). The development of this score is described in detail elsewhere.?*
Risk drinking was defined as consuming more than 15 g of alcohol per day, which was

approximated to one drink per day.
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Ascertainment of Incident Type 2 Diabetes

Incident type 2 diabetes was assessed by self-report questionnaires (T2, T3, and T4)
and blood test (T4). Participants were considered an incident case if they met either
of the following criteria: (1) self-reported newly developed type 2 diabetes from last
available questionnaire; (2) had fasting glucose >7.0 mmol/L; or (3) had HbA, >48

mmol/mol (6.5%).3
The Conceptual Model

Fig. 1illustrates the conceptual model that connects modifiable risk factors with incident
type 2 diabetes and with each other, in which they are grouped into four different
levels, i.e., socioeconomic status (education and income), lifestyle behaviors (diet
quality [LLDS], non-occupational MVPA, smoking status, TV watching time, unhealthy
sleep duration, and risk drinking), clinical markers (triglycerides, HDL-cholesterol, BMI,
and waist circumference), and clinical outcomes (blood pressure and incident type 2

diabetes).

The original conceptual model was first proposed by Bardenheier et al on prevalent
prediabetes.* We extended the original model by adding four modifiable lifestyle
behaviors (smoking, TV watching, risk drinking, and unhealthy sleep duration) and
adapting several pathways based on previous evidence (Supplementary Table 1).
Specifically, we hypothesized that (Fig. 1) (1) socioeconomic status had direct effects on
lifestyle behaviors; (2) lifestyle behaviors had direct effects on clinical markers; (3) blood
lipids (HDL-cholesterol and triglycerides) had direct effects on obesity status (BMI and
waist circumference); (4) blood pressure had direct effect on incident type 2 diabetes;
and (5) clinical markers had direct effects on clinical outcomes. In the conceptual model,
we also allowed direct effects from socioeconomic status and lifestyle behaviors on
obesity status and clinical outcomes, because there might be unobserved mediators
along the causal pathways. Age and sex, as two strong unmodifiable risk factors for
type 2 diabetes, were also included in the conceptual model and were hypothesized
to have direct effects on all other factors. In total, the conceptual model yielded 96

hypothesized paths and 3 correlations between the measurement errors of variables.
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Statistical Analysis

We used structural equation modeling (SEM) to examine our conceptual model (Fig. 1).
SEM analysis is chiefly a confirmatory statistical technique to test if the hypothesized
model is correctly specified and supported by the data observed, rather than generating
new hypothesis.?”” Because the hypothesized model consisted of ordered categorical
variables (e.g., income), we used the estimation method — weighted least square with
mean and variance adjustment.?® The WLSMV is suggested to be the most suitable
estimator in SEM if the model tested contains multiple binary or ordered endogenous
categorical variables.*® Additionally, we estimated the associations between each
included risk factor and incident type 2 diabetes using logistic regression model as a

conventional approach for risk identification.

In order to improve and evaluate model fit, the following aspects were considered. First,
we referred to the model fit indices calculated from the SEM output, i.e., comparative
fit index (CFl), standardized root mean square residual (SRMR), root mean square error
of approximation (RMSEA), and Tucker-Lewis index (TLI). We did not purely rely on
the commonly used cut-offs of these fit indices as the absolute criteria.?” Additionally,
we performed sensitivity analyses using other estimators to cross-check the model fit.
Second, modification indices, which are based on chi-square statistics indicating the
changes in model’s goodness-of-fit if an omitted path was added, were also used as

reference for adjustments of particular paths.?’

Missing data for income (proportion of missing 15.3%) and non-occupational MVPA
(proportion of missing 6.4%) were imputed with chained equation creating 25 imputed

datasets,* from which results were pooled according to the Rubin’s rule.*

In order to ensure the robustness of our results, we performed several sensitivity

analyses. Detailed methods and results are discussed in Supplementary Text 3.

We used Stata (version 13.1) for data management and descriptive data analyses,
and R Studio (version 1.1.383) with lavaan package (version 0.6-5; Y. Rosseel) for SEM
analysis.”® Multiple imputation was performed with mice package (version 3.8.0; S.

van Buuren et al.) in R Studio,* and results from the imputed datasets were pooled
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with semTools package (version 0.5-2; T.D. Jorgensen et al.) in R Studio.*? Statistical

significance was considered if P value < 0.05.

Results
Descriptive Statistics

Among 68,649 participants (aged 35-80 years) included in the analysis, we identified
1124 type 2 diabetes cases (incidence 1.6%) after a median follow-up of 41 months.
Compared with participants who did not develop type 2 diabetes throughout the
study, those who developed type 2 diabetes tended to be older and male, have less
education and lower income at baseline, engage in negative lifestyle behaviors, and

have poorer clinical markers (Table 1).
Structural Equation Model

The best-fit model (Fig. 2; CFI 0.981, TLI 0.949, RMSEA 0.032, SRMR 0.023) was achieved
after we made adjustments to our original hypothesized model (Fig. 1; CFI 0.953, TLI
0.774, RMSEA 0.068, SRMR 0.039). The model fit indices of the best-fit model indicated
that the hypothesized model was well supported by the observed data (cut-offs
commonly considered for a good model fit: CFI>0.090, TLI >0.090, RMSEA < 0.080,
and SRMR < 0.060). In brief, we dropped paths that did not yield significant estimates.
Based on modification indices (mi), we further added two correlation paths between
smoking status and risk drinking (mi = 2444.854), and between non-occupational MVPA
and LLDS (mi = 869.306). Additionally, several paths (e.g., TV watching to incident type
2 diabetes) were dropped because results from sensitivity analyses showed substantial
changes in path coefficients, which suggested that these estimates were not robust.
We present details of stepwise adjustments and reasons for changes in Supplementary
Table 2.

Fig. 2 presents the best-fit hypothesized model with standardized path coefficients.
Paths related to age and sex are not shown in Fig. 2 but available in Supplementary Table

3. Among all modifiable risk factors included in the conceptual model (standardized
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B-coefficients are given in parentheses), waist circumference (0.214) had the strongest
direct effect on type 2 diabetes, followed by HDL-cholesterol (-0.134), triglycerides
(0.096), income (-0.074), blood pressure (0.055), diet quality (-0.045), and smoking
(0.035). Except for unhealthy sleep duration, education showed larger positive effects
than income on all lifestyle behaviors. All included lifestyle behaviors were significantly
associated with clinical markers, among which non-occupational MVPA, smoking, and
TV watching yielded larger effect sizes. Risk drinking and smoking showed mixed effects
on metabolic profiles. AlImost all factors received strong direct effects from age and sex.
In addition, correlations were found between BMI and waist circumference, between
education and income, between triglycerides and HDL-cholesterol, between smoking

status and risk drinking, and between diet quality and non-occupational MVPA.

For more information, please see Supplementary Table 3, which shows all standardized

and unstandardized coefficients with standard errors for all paths.

Supplementary Table 4 shows the results of logistic regression model as a
conventional approach for risk identification. The strongest effects were found for
income group > 3000 euro/month (-0.405), waist circumference (0.386), sex (women

compared with men, 0.355), and HDL-cholesterol (-0.339).

Results from sensitivity analyses showed consistent results, which indicated our
estimates are robust. Compared with the main analysis, some variations were found
when replacing incident type 2 diabetes by fasting glucose and HbA, measured at T4.

Detailed discussions of sensitivity analyses are presented in Supplementary Text 3.
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Table 1. Baseline characteristics by diabetes status®
Total Type 2 diabetes Non-diabetes

Characteristics (n = 68,649) (n=1124) (n =67,525)
Age, years 49.749.5 54.8+10.0 49.619.4
Sex, %

Women 58.4 49.1 58.6
Men 416 50.1 41.4
Fasting glucose, mmol/L 4.97+0.50 5.81+0.65 4.95+0.48
HbA, , mmol/mol 37.3143.27 41.55+3.49 37.2443.22
HbA , % 5.55+0.30 5.94+0.32 5.55+0.29
Triglycerides, mmol/L 1.19+0.80 1.77+1.54 1.18+0.78
HDL-cholesterol, mmol/L 1.53+0.41 1.30+0.37 1.53+0.41
BMI, kg/m? 26.2+4.0 29.6+4.7 26.1+4.0
Underweight (<18.5), % 0.4 0.1 0.4
Normal (18.5-24.9) 41.5 134 41.9
Overweight (25.0-29.9), % 43.0 45.6 43.0
Obese (>30.0), % 15.1 40.8 14.7
Waist circumference, cm 91.0+11.7 101.5#12.1 90.8+11.6
Large waist circumference®, % 34.2 66.6 33.6
Hypertension, % 28.8 594 28.3
Systolic blood pressure, mmHg 126.4+15.5 134.7+16.0 126.3+15.4
Diastolic blood pressure, mmHg 74.949.4 77.8+10.0 74.849.4
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Table 1. Continued.

Total Type 2 diabetes Non-diabetes

Characteristics (n = 68,649) (n=1124) (n=67,525)
Lowest tertile of Lifelines diet 28.6 32.1 28.6
score, %

Alcohol intake, grams/day 4.57(0.89,11.11) 3.79(0.52,12.25) 4.64(0.89, 11.09)
Risk drinking 16.7 20.3 16.6
(>15 grams/day), %

Non-occupational MVPA, 190 (65, 370) 160 (30, 360) 190 (70, 370)
minutes/week*

Smoking status, %

Never 44.6 33.7 44.8
Former 38.5 46.7 38.3
Current 16.9 19.6 16.8
TV watching time, hours/day 2.5+1.3 3.0+1.5 2.5+1.3
Sleep duration, hours/day 7.42+0.85 7.42+0.96 7.42+0.85
Having unhealthy sleep duration 2.97 5.42 2.93

(<6 or >9 hours/day), %

Education, %

Low 31.2 46.9 30.9
Middle 38.7 33.1 38.7
High 30.2 20.0 304
Income (euro/month), %¢

<1000 3.0 5.0 3.0
1000-2000 18.5 26.2 183
2000-3000 30.2 30.3 30.2

> 3000 33.0 24.0 33.2

? Data are expressed as unadjusted mean + standard deviation for age, fasting glucose, HbA , triglycerides,
HDL-cholesterol, BMI, waist circumference, systolic blood pressure, diastolic blood pressure, TV
watching time, and sleep duration; Data are expressed as median (interquartile) for non-occupational
MVPA and alcohol intake; Data are expressed as observed percentage for sex, obesity status, large waist
circumference, hypertension, lowest tertile of Lifelines diet score, risk drinking, smoking status, having
unhealthy sleep duration, education, and income.

® Large waist circumference is defined as waist circumference >102 cm (40 inches) in men and >88 cm
(35 inches) in women.

¢ Non-occupational MVPA denotes non-occupational moderate-to-vigorous physical activity level. The
percentages of missing data were: total 6.4%, type 2 diabetes cases 8.8% and non-diabetes cases 6.4%.
4 For income level, the percentages of missing data were: total 15.3%, type 2 diabetes cases 14.6% and
non-diabetes cases 15.3%.
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Discussion

This study is the first that examined a broad range of key modifiable risk factors
simultaneously in relation to incident type 2 diabetes using SEM. Our analysis quantified
the complex pathways of these concomitant risk factors on the subsequent risk of
developing type 2 diabetes, which provides valuable insights into the identification of
priority prevention targets. Our results further extend knowledge of previous similar
studies on prevalent prediabetes and prevalent type 2 diabetes by incorporating four
important lifestyle behavioral factors, i.e., smoking, TV watching, risk drinking, and

unhealthy sleep duration.*®
Interrelationships of Risk Factors

There are several key findings. First, of the two obesity indicators examined, large waist
circumference was found to have a strong direct effect on type 2 diabetes. Our results
highlight the importance of waist management, in addition to BMI control, for diabetes
prevention in both clinical practice and public health interventions.? Second, blood
lipids, assessed as a higher level of HDL-cholesterol and a lower level of triglycerides,
had critical direct effects on lowering diabetes risk. Additionally, healthier lifestyle
behaviors, especially watching less TV and engaging in more non-occupational MVPA,
indirectly and favorably affected diabetes risk through the mediation of clinical markers
(i.e., blood lipids and obesity status), indicating their equal importance in diabetes

prevention.

For socioeconomic status, our analysis dissected the differential effects between
education and income, showing that low education, rather than insufficient income, is
the major upstream determinant of unhealthy lifestyle behaviors. In the context of The
Netherlands, where the level of income inequality is relatively low, the effect of lower
income on lifestyle behaviors may not predominantly be due to less access to healthy
lifestyle resources. Instead, it is suggested that self-perceived control, attitudes, and
social norms towards adopting a healthier lifestyle are more restrained among those
with lower education.*® Programs promoting healthy lifestyle should be complemented

by additional elements to help people with lower education.****
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It is noteworthy that we observed direct effects of education on obesity status, as well
as of income, diet quality, and smoking on type 2 diabetes. A cautious interpretation
is warranted, as it cannot be excluded that the observed direct effects are in fact due
to other, but unobserved, existing mediators or confounders, such as neighborhood
deprivation (distal environmental factors) and chronic inflammation (proximal clinical

biomarkers).24647
Identification of Priority Prevention Targets

In terms of primary prevention, this simultaneous quantification of multiple risk
factors and their intersecting pathways puts scattered evidence together and enables
the identification of key upstream prevention targets for type 2 diabetes. Public
health programs on these targets may have the potential to address as much of the
broader risk profile as possible, particularly for those proximal clinical markers, for
which pharmacological interventions may often be needed. Based on our results,
(1) reducing large waist circumference may be prioritized as a main clinical target for
diabetes prevention; (2) less TV watching time and more physical activity may be the
main behavioral targets; and (3) better education may be the main societal target.

Future studies are encouraged to examine the conceptual model in other populations.

It should be noted that the prevalence of type 2 diabetes at baseline in our population
from the northern Netherlands (4.5%) is comparable to the average of upper-middle-
income countries (5.6%), but lower than the average of high-income countries
(7.9%).%® Regarding incidence, 1.6% of our study sample developed type 2 diabetes
after a median follow-up of 41 months (230,259 person-years), which is translated
into an incidence rate of 4.9 per 1000 person-years. In the literature, we found a wide
range of incidence across different countries and cohorts, ranging from 2.6 per 1000
person-years in the UK Biobank study to 11.4 per 1000 person-years in the American
Multi-Ethnic Study of Atherosclerosis.***° Despite the differences in cohort design and
methodology that preclude direct comparisons, this high prevalence and incidence of
type 2 diabetes worldwide call for us researchers to further work on curbing this global

pandemic, especially by adopting innovative approaches to further build the evidence
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base for the design of more effective public health programs (for detailed data, please

see Supplementary Table 5).
Strengths and Limitations

Conventional approaches for risk identification commonly estimate the total net
effects of risk factors, but leave their interrelationships masked. We further illustrated
this by comparing the results between using SEM and logistic regression model
(Supplementary Table 4). More specifically, SEM clearly elucidated the extent to
which education impacted on risk of type 2 diabetes through the mediation of lifestyle
behaviors, while such information is unavailable in results from logistic regression
models. Using SEM also avoids possible multiple testing of significance if each mediation

pathway was modelled separately.

In our conceptual model, we did not develop latent variables as in previous similar
studies. Instead, we used single aggregate measures for diet and physical activity,
and additionally added a correlation term between income and education. For diet
and physical activity, our selected indicators are evidence-based and easy to apply to
evaluation at population level.3*** However, for latent variables, indicators were usually
arbitrarily selected that were specific to the study population, which may limit their
generalizability. Nevertheless, we acknowledge that constructing a latent variable for
lifestyle factors may help reduce measurement errors. For effects of socioeconomic
status, we clearly illustrated that the effects of income and education were different

along the pathways to type 2 diabetes.

Our study also has some limitations. Even though we constructed the model in a
prospective setting, the hypothesized pathways from socioeconomic status to clinical
biomarkers are still of cross-sectional nature, although the lifestyle questionnaires were
collected before the clinical measurements, and socioeconomic status was unlikely to
change throughout the study period. An alternative conceptual model is also possible,
even if model fit indices and sensitivity analyses indicate that our final model was well
supported by the data observed. In addition, as the Lifelines cohort mainly consists

of local Dutch participants, it may not be possible to extrapolate our results to other
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populations. Another limitation of this study is that misclassification could occur in the
ascertainment of type 2 diabetes cases, since at T2 and T3 only self-reported data was
available. We also regrettably do not have data on medication use during follow-ups
to validate self-reported diagnosis of type 2 diabetes. However, as most cases were
identified by objective laboratory measurements at T4, this limitation is unlikely to have
introduced severe bias in our results. A final concern is that we regrettably could not
analyze the potential impacts of lost to follow-up (23.2%) among eligible participants.
Such attrition could affect our estimation, specifically for the pathways directly linked
to type 2 diabetes status. Nonetheless, the baseline characteristics of those who had
no follow-up data were comparable with the study population, except for some minor
differences in education level (Supplementary Table 6). Simulation studies have shown
that such attrition bias may only have limited influences on estimates of associations

in regression analysis.>*?

Conclusions

This prospective study examined modifiable risk factors as a system in relation to
incident type 2 diabetes through integrated pathways in a large population-based
cohort. Quantifying the pathways of those modifiable risk factors using SEM may be
a useful tool for the prioritization of prevention targets. Primary prevention strategies
targeting proximal clinical risk factors should be complemented with public health
initiatives that simultaneously address their corresponding upstream determinants.
Regarding the current guideline for diabetes prevention, waist management in
addition to BMI control (clinical level), as well as less TV watching in addition to more
physical activity (behavioral level), may provide additional public health benefits.

Better education would be the main societal goal for the prevention of type 2 diabetes.
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ABSTRACT
Background

Education and income, as two primary socioeconomic indicators, are often used
interchangeably in health research. However, there is a lack of clear distinction between

these two indicators concerning their associations with health.
Objective

This study aimed to investigate the separate and combined effects of education and
income in relation to incident type 2 diabetes and cardiovascular diseases in the

general population.
Design and Participants

Participants aged between 30 and 65 years from the prospective Dutch Lifelines cohort
study were included. Two sub-cohorts were subsequently created, including 83,759
and 91,083 participants for a type 2 diabetes cohort and a cardiovascular diseases

cohort, respectively.
Main Measures

Education and income level were assessed by self-report questionnaires. The outcomes
were incident type 2 diabetes and cardiovascular diseases (defined as the earliest non-

fatal cardiovascular event).
Key Results

A total of 1228 new cases of type 2 diabetes (incidence 1.5%) and 3286 (incidence
3.6%) new cases of cardiovascular diseases were identified, after a median follow-
up of 43 and 44 months, respectively. Low education and low income (<1000 euro/
month) were both positively associated with a higher risk of incident type 2 diabetes
(OR 1.24 [95%CI 1.04-1.48] and OR 1.71 [95%CI 1.30-2.26], respectively); and with
a higher risk of incident cardiovascular diseases (OR 1.15 [95%Cl 1.04-1.28] and OR
1.24 [95%Cl 1.02-1.52], respectively); independent of age, sex, lifestyle factors, BMI,

clinical biomarkers, comorbid conditions at baseline, and each other. Results from the
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combined associations of education and income showed that within each education
group, a higher income was associated with better health; and similarly, a higher
education was associated with better health within each income group, except for the

low-income group.
Conclusions

Educationandincome were bothindependently associated with incident type 2 diabetes
and cardiovascular diseases. The combined associations of these two socioeconomic
indicators revealed that within each education or income level, substantial health
disparities existed across strata of the other socioeconomic indicator. Education and
income are two equally important socioeconomic indicators in health, and should be

considered simultaneously in health research and policymaking.

Abbreviations

BMI — Body mass index

FFQ - Food frequency questionnaire

LLDS - Lifelines diet score

MVPA - Moderate-to-vigorous physical activity

SES — Socioeconomic status
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Introduction

Health disparities related to non-communicable diseases persist across socioeconomic
strata. Abundant evidence has demonstrated that people with low socioeconomic
status (SES) are disproportionately affected by higher risks of all-cause mortality,
the metabolic syndrome, type 2 diabetes, and cardiovascular diseases.** It has been
suggested that limited access to health and health-care resources, chronic stress,
unhealthy lifestyle, and exposure to pollutants were found to play an important role in

explaining the adverse health outcomes associated with low SES.5

Education and income are two primary components of SES. However, a clear distinction
between these two socioeconomic indicators is often lacking.*®*’ Many studies on
health disparities only considered one of them,” while some other studies focused
on an aggregate measure of SES derived from multivariate statistics.®® Research often
made references to one indicator to corroborate findings into the other. There is
increasing awareness that education and income should not be used interchangeably,
since they capture different dimensions of health-related resources and may impact
on health through different pathways.®” As the main upstream determinants of health
outcomes, research is needed to clarify the differences between education and income

concerning their associations with health outcomes.

In public health practice, the inconsistent use of education and income may result in
inaccurate identification of socioeconomically vulnerable groups, since people do not
always hold a matching socioeconomic position.® It has been suggested that having
such status inconsistency carries its own health risks. However, to date, only a few
studies have explored such health disparities within different socioeconomic strata.'**?
It is therefore also important to assess how different combinations of education and

income levels are associated with health outcomes.

Therefore, using a large Dutch population cohort, this study aimed to evaluate the
effects of education and income — separately and jointly using a combined indicator —
on incident type 2 diabetes and cardiovascular diseases. Specifically, this study aimed

to address how education and income may contribute to the short-term inequities in
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these two health outcomes.

Methods
Cohort Design

The Lifelines cohort is a multidisciplinary prospective population-based cohort study
that uses a unique three-generation design to study the health and health-related
behaviors of 167,729 persons living in the north of The Netherlands. It employs a broad
range of investigative procedures in assessing the biomedical, socio-demographic,
behavioral, and physical factors, which contribute to health and disease of the general
population. Before study entry, a signed informed consent form was obtained from
each participant. The Lifelines study is conducted according to the principles of the
Declaration of Helsinki and approved by the Medical Ethics Committee of the University
Medical Center Groningen, The Netherlands. The overall design and rationale of the

study have been described in detail elsewhere.'**

After the baseline assessment (T1, years 2007 to 2013), all participants were invited
for new rounds of assessments approximately every 5 years. In between assessments,
follow-up questionnaires were completed approximately once every 1.5-2.5 years
(Supplementary Figure S1). The current analysis used data from the baseline
assessment T1 and the second assessment T4, as well as the two follow-ups (T2 and
T3) in between. Currently, the third round of assessment is on-going. Comprehensive
physical examinations, biobanking of blood and urine, and questionnaires were
conducted at T1 and T4. Follow-up questionnaires for status of type 2 diabetes and

cardiovascular diseases were issued to participants at T2, T3, and T4.
Study Population

For this study, we included all participants aged between 30 and 65 years. We
subsequently created two sub-cohorts from those included participants, with one for
type 2 diabetes and the other for cardiovascular diseases. For the diabetes cohort,

we included participants who were free of diabetes at baseline, and further excluded
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participants who had no follow-up data to determine status of diabetes. We also
excluded participants who reported the development of type 1 diabetes or gestational
diabetes during the follow-ups. For the cardiovascular diseases cohort, we included
participants who were free of cardiovascular diseases at baseline, and further excluded
participants who had no follow-up data to determine status of cardiovascular diseases.
Participants who had less than 1 year of follow-up after baseline were also excluded.
In order to avoid massive imputation, we additionally excluded participants who had
no available data on education level and BMI at baseline for both sub-cohorts. This led
to an additional exclusion of approximately 0.5% of the study population, which was
not expected to influence our results. In total, 83,759 and 91,083 participants were
included and analyzed in the diabetes cohort and the cardiovascular diseases cohort,

respectively. Supplementary Figure S2 shows the study flow chart.
Data Collection
Ascertainment of Incident Type 2 Diabetes and Cardiovascular Diseases

Incident type 2 diabetes and cardiovascular diseases were assessed by self-report
questionnaires at the two follow-ups (T2 and T3) and the second assessment (T4).
Additionally, we assessed incident cases based on blood measurements and pathology
on electrocardiograms, which were available at the second assessment (T4). For type
2 diabetes, an incident case was considered as fasting blood glucose > 7.0 mmol/L
or HbA, > 6.5%." For cardiovascular diseases, the primary outcome was defined
as the earliest non-fatal major cardiovascular event, including stroke (ischemic and
hemorrhagic), myocardial infarction, heart failure, percutaneous transluminal coronary
angioplasty surgery, and coronary artery bypass grafting surgery.’” Secondary outcome
was a composite of death from any cause and non-fatal major cardiovascular event as
described above. However, data on prescribed medication was not available during
follow-ups. Data of medical records, causes of death, and the precise time of diagnosis

were also not available.
Assessment of Education and Income Levels

Education and income levels were assessed by self-report questionnaires
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(Supplementary Table S1). Highest education level was categorized according to the
International Standard Classification of Education (ISCED): (1) low (level O, 1, or 2); (2)
middle (level 3 or 4); and (3) high (level 5 or 6).1® Income level was based on monthly
household net income and was categorized as (1) low (<1000 euro/month); (2) lower-
middle (1000-2000 euro/month); (3) upper-middle (2000-3000 euro/month); (3) high

(>3000 euro/month); and (4) do not know/prefer not to answer.
Clinical Measurements

Blood samples were collected by venipuncture in a fasting state and serum levels of
glucose, HbA, , HDL-cholesterol, total cholesterol, and triglycerides were analyzed.
Measurements of blood pressure, 12-lead electrocardiograms, and anthropometry
were made by trained research staff following standardized protocols. These
measurements were performed without shoes and heavy clothing. Body mass index
(BMI) was calculated as weight in kilograms divided by the square of height in meters.
Hypertension status was defined as (1) hypertensive medication use (ATC codes C02,
C03, C07, C08, C09); (2) systolic blood pressure > 140 mmHg; or (3) diastolic blood

pressure > 90 mmHg.%°
Assessment of Other Baseline Covariates

Age, smoking status (never, former, and current), and TV watching time were assessed
by self-administered questionnaires. Physical activity level was assessed by the
validated Short QUestionnaire to ASsess Health-enhancing physical activity (SQUASH),
from which non-occupational moderate-to-vigorous physical activities (MVPA) were
calculated in minutes per week.?® Dietary intake was assessed by a validated 110-item
semi-quantitative self-administered food frequency questionnaire (FFQ).2* Macro- and
micro-nutrients intake was calculated from the FFQ data according to the 2011 Dutch
Food Composition Table (NEVO).?2 The Lifelines Diet Score (LLDS) was calculated to
evaluate the relative diet quality of each participant. The development of the LLDS has

been described in detail elsewhere.?
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Statistical Analysis

Associations of income and education with incident type 2 diabetes and cardiovascular
diseases were estimated by logistic regression models, and results were shown as odds
ratios (ORs) with 95% confidence intervals. For evaluation of the separate effects of
education and income, these two socioeconomic indicators were singly and mutually
adjusted in the models. An interaction term between education and income was also
fit into the model to test possible effect modification. For evaluation of the combined
effects of education and income, these two socioeconomic indicators were combined
into twelve groups, e.g., a group of participants had high education and lower-middle
income. The associations of these combined groups of education and income with
incident type 2 diabetes and cardiovascular diseases were subsequently estimated.
For all estimations, models were adjusted in a two-step manner: (1) basic model: age
and sex; (2) multivariate model: age and sex from basic model, plus lifestyle behaviors
(smoking status, TV watching time, non-occupational MVPA, total energy intake, LLDS,
and alcohol intake), BMI, and clinical biomarkers (HDL-cholesterol, triglycerides, and
blood pressure). For cardiovascular diseases, in the multivariate model, we additionally
adjusted total cholesterol level and comorbid conditions at baseline (atrial fibrillation
and diabetes). In all models, age was adjusted as a categorical variable, i.e., 30-39, 40-
49, 50-59, and 60-65 years. Before estimation, values of HDL-cholesterol, triglycerides,
BMI, total energy intake, total cholesterol, and blood pressure were log-transformed
to improve normality. We also assessed the associations with adjustments for
different domains of modifiable risk factors separately. Additionally, we determined
the contribution of each modifiable risk factor in explaining the associations of
income and education with incident type 2 diabetes and cardiovascular diseases by
calculating the percentage of attenuation in the ORs after additional adjustment for
another modifiable risk factor, in comparison to the previous reference model, namely
100%x(ORref-ORnew)/ORref.

Multiple imputation by chained equations was performed (creating 25 imputed
datasets) to deal with missing data for income level (including both missing values

and participants who responded “do not know” or “prefer not to answer”), LLDS, total
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energy intake, alcohol intake, non-occupational MVPA, and smoking status.?* These
variables all had missing data more than 1%. All statistical analyses were conducted

using Stata (version 13.1; StataCorp, College Station, TX).
Sensitivity Analysis

First, we repeated our analysis without imputation of income level for those who
responded “do not know” or “prefer not to answer”. Instead, we recoded them as
a single category in the income variable. Second, we evaluated the potential effect
modifications by sex, age, unemployment status, comorbid conditions at baseline
(cancer and cardiovascular diseases), and diabetes status at baseline and during follow-
ups (for cardiovascular diseases), by additionally including an interaction term with
education or income in the model. Third, for cardiovascular diseases, we performed
a separate analysis, in which we adjusted the SCORE2 risk prediction algorithms
according to the European Society of Cardiology.? For type 2 diabetes, we additionally
analyzed a composite outcome of incident type 2 diabetes and death from any cause,

to gain insights into how death events during follow-ups may influence the results.

Results

Baseline characteristics are shown in Table 1 and Supplementary Table S2.
Approximately 28%, 40%, and 32% of participants reported having low, middle, and
high education, respectively. For household net income, approximately 3%, 18%, 30%,
and 33% of participants reported having low (<1000 euro), lower-middle (1000-2000
euro), upper-middle (2000—-3000 euro), and high (>3000 euro) level of income per
month, respectively; approximately 15% of participants did not disclose their income
level. These numbers were comparable with the national-level data in The Netherlands,
e.g., approximately 10% low-income households, and approximately 28% and 30% of
the population had high and low education, respectively.??” With increasing education
level, participants tended to be younger and have higher income. In general, lifestyle
behaviors, BMI, and clinical biomarkers were also socioeconomically patterned with

more favorable conditions among people who had higher education level. Baseline
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characteristics across income levels showed similar socioeconomic patterns.

Frequency measures of incidences of type 2 diabetes and cardiovascular diseases across
education and income levels are shown in Table 2. Among 83,759 participants included
in the type 2 diabetes cohort, we identified 1228 cases of type 2 diabetes (incidence
1.5%) during a median follow-up of 43 months. Among 91,083 participants included in
the cardiovascular diseases cohort, we identified 3286 cases of cardiovascular diseases
(non-fatal cardiovascular events) during a median follow-up of 44 months. Additionally,
atotal of 1127 deaths were recorded during the follow-up in the cardiovascular diseases
cohort. With decreasing education or income levels, incidences of type 2 diabetes
and cardiovascular diseases increased. Supplementary Table S3 shows the frequency
measures of incidences of type 2 diabetes and cardiovascular diseases among different

combinations of education and income levels.

Separate associations of education and income with incident type 2 diabetes and
cardiovascular diseases are shown in Tables 3, Table 4 and Supplementary Table S4. Low
education and low income were both positively associated with higher risks of type 2
diabetesand cardiovascular diseases after adjustment for age and sex (basic model). The
mutual adjustment between education and income only moderately attenuated those
associations. Additional adjustment for other covariates attenuated those associations
as well. In the mutually adjusted multivariate model, participants with low education
had 24% (OR 1.24 [95%Cl 1.04-1.48]) and 15% (OR 1.15 [95%CI 1.04-1.28]) higher odds
of incident type 2 diabetes and cardiovascular diseases, respectively; participants with
low income had 71% (OR 1.71 [95%Cl 1.30-2.26]) and 24% (OR 1.24 [95%Cl 1.02-1.52])
higher odds of incident type 2 diabetes and cardiovascular diseases, respectively, using
high education and high income as reference group as appropriate. Multiplicative
interactive effects between education and income were absent: OR-interaction 1.01
(95%Cl1 0.91-1.12) and OR-interaction 0.97 (95%Cl 0.91-1.04) in multivariate models for
type 2 diabetes and cardiovascular diseases, respectively. For cardiovascular diseases,
similar associations were observed for the secondary composite outcome, including
both non-fatal cardiovascular event and death from any cause (Supplementary Table
S5).
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Joint associations of education and income with incident type 2 diabetes and
cardiovascular diseases are shown in Fig. 1 and Supplementary Table S6. In general,
gradients of associations across education and income levels were observed after
adjustment for age and sex. Further adjustment for other covariates substantially
attenuated these associations. For cardiovascular diseases, gradients of associations
were weakened after adjustments for these risk factors. In the multivariate model,
participants who had high education and low income had the highest risks for incident
type 2 diabetes (OR 3.04 [95%Cl 1.52-6.05]) and cardiovascular diseases (OR 1.85
[95%Cl 1.18-2.91]), followed by participants who had low education and low income,
i.e., OR 2.24 [95%Cl 1.54-3.25] for type 2 diabetes and OR 1.46 [95%CI 1.11-1.92] for
cardiovascular diseases, using participants who had high education and high income

as reference.

Percentages of attenuation in ORs across each education and income group are
shown in Supplementary Table S4. When education and income were simultaneously
controlled, adjustment for modifiable risk factors at baseline in total explained 33.1%
and 15.2% of the associations of education with type 2 diabetes and cardiovascular
diseases, respectively; for income, in total 23.5% and 7.7% of the associations were
explained for type 2 diabetes and cardiovascular diseases, respectively. Adjustment
for lifestyle behaviors explained more socioeconomic variations than other modifiable
risk factors. Additional adjustments for clinical biomarkers and comorbid conditions
at baseline (for cardiovascular diseases) showed no clear effects on explaining these

socioeconomic variations.

Sensitivity analyses in general yielded similar results compared with the main
analyses. Supplementary Table S7 presents the results of the analysis by including the
responses of “do not know” or “prefer not to answer” for income as a single category.
Large variations in the risks of incident type 2 diabetes and cardiovascular diseases
were found in this income group across education levels. Furthermore, no significant
multiplicative interactive effects were found for sex, age, unemployment status,
comorbid conditions at baseline, and diabetes status at baseline and during the follow-

up (for cardiovascular diseases), with education and income (Supplementary Table
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$8). For cardiovascular diseases, results were basically unchanged when adjusting for

the SCORE2 risk prediction algorithms according to the European Society of Cardiology

(Supplementary Table S9). For type 2 diabetes, using a composite outcome of incident

type 2 diabetes and death from any cause yielded a smaller effect size for education

(low education: OR 1.11 [95%Cl 0.98-1.25]) but a stronger effect size for income (low

income: OR 1.85 [95%Cl 1.51-2.27]), compared with the main results (Supplementary

Table S10).

Table 1. Baseline characteristics of study participants®

Type 2 diabetes cohort Cardiovascular diseases cohort

Population 83,759 91,083
Cases 1228 3286
Incidence, % 1.5 3.6
Follow-up time, months

Median 43 44

Interquartile 31-53 34-54

Range 13-123 13-131
Education, %

Low 28.3 28.1

Middle 40.0 39.9

High 31.7 31.9
Household net income, %

Low 3.1 3.2

Lower-middle 18.3 18.3

Upper-middle 30.1 29.6

High 332 333

No response or missing 154 15.6
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Table 1. Continued.

Type 2 diabetes cohort

Cardiovascular diseases cohort

Age, years

Women, %

Lifelines diet score

Total energy intake, kcal/day
Total alcohol intake, grams/day
TV watching time, hours/day

Non-occupational MVPA,
minutes/week

Smoking status, %:

Never

Former

Current
BMI, kg/m?
Fasting glucose, mmol/L
HbA , %
Triglycerides, mmol/L
HDL-cholesterol, mmol/L
Total cholesterol, mmol/L
Hypertension, %
Systolic blood pressure, mmHg

Diastolic blood pressure,
mmHg

Diabetes at baseline, %

Atrial fibrillation at baseline, %

46.28.8
58.7
24.045.9
2081604
4.1(0.9,10.5)
24413
180 (60, 360)

45.0
353
18.5
26.1+4.1
4.94+0.50
5.52+0.30
1.1840.80
1.51+0.40
5.17+0.97
24.6
125.3+£14.8
74.5%9.3

46.118.8
59.0
24.045.9
20784605
4.0(0.9,10.4)
24413
180 (60, 360)

44.9
34.8
18.6
26.2+4.2
5.01+0.80
5.55+0.42
1.1940.82
1.50£0.40
5.16+0.98
24.2
125.2+14.9
74.419.4

3.2
0.6

? Data are expressed as unadjusted mean + standard deviation for age, Lifelines diet score (no unit,
ranging from O to 48), total energy intake, TV watching time, BMI, fasting glucose, HbA
blood pressure, diastolic blood pressure, triglycerides, HDL-cholesterol, and total cholesterol; Data
are expressed as median (interquartile) for total alcohol intake and non-occupational MVPA; Data
are expressed as observed percentage for education level, household net income level, sex (women),
smoking status, hypertension, diabetes at baseline, and atrial fibrillation at baseline.

systolic

1c’
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(a) Type 2 diabetes, basic model®
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(a) Type 2 diabetes, multivariate model°
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Fig. 1. Joint associations of education and income with incident type 2 diabetes (a) and
cardiovascular diseases (b)?

2 Figures are shown according to each education and income level, using high education and high income
(>3000 euro/month) group as low risk reference (OR = 1.00).

® Basic model: OR derived from multivariate logistic regression models adjusted for age and sex, n =
83,381 and n =90,531 for type 2 diabetes and cardiovascular diseases, respectively.
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(b) Cardiovascular diseases, basic model®

2.00

1.80 1.54

1.60
1.40

1.20

Low
Middle
High

Education

(b) Cardiovascular diseases, multivariate model®
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¢ Multivariate model: OR derived from multivariate logistic regression models adjusted for basic model
covariates plus BMI, smoking status, TV watching time, non-occupational MVPA, total energy intake,
LLDS, alcohol intake, HDL-cholesterol, triglycerides, blood pressure, n=82,722 and n = 89,251 for type 2
diabetes and cardiovascular diseases, respectively; for cardiovascular diseases, total cholesterol, diabetes
at baseline, atrial fibrillation at baseline were additionally adjusted in the multivariate model.
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Discussion

The primary objective of this study was to investigate the effects of education and
income simultaneously on incident type 2 diabetes and cardiovascular diseases.
Specifically, this study was directed at assessing the short-term inequities in incident
type 2 diabetes and cardiovascular diseases. Using this large population-based cohort
sample, we found that low education and low income were both independently but also
differentially associated with higher risks of these two health outcomes. In addition,
results from the combined associations of education and income revealed substantial

health disparities in these two health outcomes across education and income levels.

In general, our results are consistent with previous similar studies on prevalent type
2 diabetes in a German cohort and incident type 2 diabetes in a US community-
based cohort.”?® Our results on cardiovascular diseases are also comparable with an
Italian cohort.® Our analyses thus provide the very important additional evidence
demonstrating the independent associations of education and income with incident
type 2 diabetes and cardiovascular diseases in a European setting. With a broader
perspective, we also found that our results were partly in line with studies conducted
in different geographical and socioeconomic settings, despite the differences in study
design and methodology that preclude direct comparisons. For example, a systematic
review reported that low or middle education and low income were associated with
higher risks of cardiovascular outcomes in US and European settings, while the effects
of education were absent in Asian settings.>® On the other hand, a global study found
that low education was a strong predictor for cardiovascular diseases in all 20 countries
analyzed, while wealth showed no or weak associations.?! For type 2 diabetes, results
seemed to be more consistent, as a meta-analysis found that both education and
income were associated with a higher risk of developing type 2 diabetes, irrespective
of different geographical settings.®? In brief, our study further underlines the broader
notion that it is important to consider and prioritize education and income as two
indispensable socioeconomic dimensions when addressing health disparities,

irrespective of geographical and socioeconomic settings.*
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The independent associations of education and income with health highlight that these
two socioeconomic indicators are of equal importance and should both be considered
in health research. Our findings support the hypothesis suggesting that education
and income may impact on health through different causal processes, as they provide
different dimensions of resources in relation to health.1*67283337 More specifically,
education determines one’s non-material resources such as knowledge, skills, and
self-efficacy that help individuals ease their barriers to be more receptive to health
messages and transfer those messages into health behaviors. Such improvements in
cognitive functioning associated with higher education level were argued to be the
major driver in delaying the onset of non-communicable diseases. On the other hand,
income reflects one’s material resources in regard to health, such as healthy food, health
services, and leisure time activities.®*** In line with these theoretical assumptions,
we did observe that lifestyle behaviors explained a considerable proportion of the

associations for both socioeconomic indicators.

Results of the combined associations of education and income indicated that their
effects on health were likely to be additive. As we observed within each education
or income level, substantial health disparities existed across strata of the other
socioeconomic indicator. More specifically, we showed that within different education
groups, a higher income was associated with a better health; similarly, within different
income groups, a higher education was associated with a better health. Differences in
modifiable risk factors did not fully annul these excessive risks. We further illustrate
this with status inconsistency, that is, people having discrepant socioeconomic
positions in two or more of these ranking indicators. For example, we observed that
participants who had high income but low education were worse off regarding their
health outcomes, compared with those who had a matching socioeconomic position
(i.e., high income and high education). And such status inconsistency-related health
disparities were prevalent across almost every education and income level in our study
sample. Previous studies have shown that status inconsistency between education and
occupational class carried higher health risks.>*34! Qur findings thus provide further

support of this in the dimensions of education and income. It should be noted that
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we observed some non-linear associations especially after adjustment for modifiable
risk factors. As these non-linear associations appeared gradually with the stepwise
adjustments, we were unable to clearly specify the causes of this counterintuitive

finding.

In our study sample, approximately 5% of the study population had extreme status
inconsistency; not surprisingly, education and income were only moderately correlated
(Spearman’s correlation coefficient = 0.34, Supplementary Table S3). We therefore
further emphasize the importance and necessity of considering both education and
income. Especially in public health programs (such as healthy eating campaigns or
diabetes screening) where the effectiveness and outreach are often compromised
among people who are socioeconomically disadvantaged, additional attention and
support should be given to those not only having low income, but also having low
education.*? Additionally, further understanding of such within-group differences may
lead the way towards the design of policies that do not require the adjustment of
socioeconomic characteristics that are generally fixed such as education. Indeed, in
our case, income supports individuals who had low education, which may contribute

to their health even after their education level has been attained.

Of all modifiable risk factors examined, lifestyle behaviors and BMI contributed the most
to the socioeconomic gradients, while additional adjustment for clinical biomarkers did
not further explain those health disparities. The higher risk for cardiovascular diseases
conferred by poor socioeconomic status also appeared to be independent of diabetes
status. It is noteworthy that after accounting for all modifiable risk factors, a large
proportion of the risks for type 2 diabetes and cardiovascular diseases were still left
unexplained. Previous studies have found that the most socioeconomically deprived
individuals had disproportionately higher risks for type 2 diabetes and cardiovascular
diseases, even if they practiced the healthiest lifestyle.?** These results indicate that
even though people who have low socioeconomic status may benefit from lifestyle
interventions and obesity control, their excessively higher risks of developing type
2 diabetes and cardiovascular diseases may still be preserved. Particularly, as our

study was based in the context of The Netherlands, a developed country with a high
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coverage of government-subsidized public education system and well-structured social
security system, the persistent socioeconomic patterning in health inequities observed
may not be addressed only by extensive public health interventions, but also through
institutional and structural changes with support in all socioeconomic dimensions

simultaneously.®

Strengths of this study include the large sample size, which allows the investigation of
joint associations of education and income with sufficient statistical power. Secondly,
we also conducted sensitivity analyses supporting the robustness of our findings. On
the other hand, several limitations should be noted. Because of the intrinsic limitation
of the Lifelines questionnaire, we are unable to translate household net income level
into individual equivalent disposable income level. Since the Lifelines cohort study was
established in The Netherlands, a country with a well-developed welfare system, it
may not be possible to extrapolate our results to other population groups in another
setting. We are also unable to assess the possible changes in participants’ education
and income level. However, education is considered to be very stable over the entire
adult life. Similarly, income in The Netherlands is also relatively stable because of
the organization of the Dutch labor market (e.g., wide-spread use of collective wage
bargaining as well as generous unemployment insurance). We therefore do not
expect dramatic changes in participants’ socioeconomic status during follow-up.*
Another limitation is that the resolution in time, regarding the time of diagnosis of
type 2 diabetes and cardiovascular diseases, was limited in the Lifelines dataset, hence
limiting the suitability of the data for survival analysis. Nevertheless, considering the
low event rate, moderate effect sizes, and the relatively short follow-up time, logistic
regression models may provide similar estimates for the effect sizes. We therefore
used logistic regression models instead.**¢ Furthermore, misclassification could
occur in the ascertainment of cases of type 2 diabetes and cardiovascular diseases,
as at T2 and T3 only self-reported data was available. Data on participants’ medical
records and causes of death were not available in the Lifelines study. Natriuretic
peptide measurements, echocardiography, and coronary imaging were not performed

in the Lifelines study. For type 2 diabetes, however, we consider this lack of medical
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records is not expected to substantially influence our results, since at T4 most new
cases were identified by objective laboratory measurements, which is a strength of
our study. For cardiovascular diseases, we cross-checked new self-reported cases at T4
with electrocardiographic results. Finally, approximately 18% of the study population
was excluded because of loss of follow-up. However, we do not expect this attrition
to substantially influence our results. We did not observe substantial differences in
the baseline characteristics between the included participants and those who had
no follow-up data (Supplementary Table S11), although there seemed to be fewer
participants having high education or high income among those who had no follow-up
information; participants who had no follow-up data also appeared to smoke more. A
simulation study found that loss to follow-up (<50%) may lead to minor underestimation
on the estimates of socioeconomic inequities in cohort studies.*” This suggests if full
information was available, our estimation would be even more pronounced, despite

the clear gradients of associations that have already been revealed in our results.

Conclusions

In conclusion, our results showed that education and income were both independently
and also differentially associated with incident type 2 diabetes and cardiovascular
diseases. Additionally, by analyzing the effects of education and income using a
combined indicator, substantial health disparities were observed within socioeconomic
groups. These findings suggest that education and income are two equally indispensable
socioeconomic indicators in health, and should both be considered in health research

and policymaking.
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ABSTRACT
Background

Socioeconomic disadvantage at both individual and neighborhood levels has been
found to be associated with single lifestyle risk factors. However, it is unknown to
what extent their combined effects contribute to a broad lifestyle profile. We aimed
to (i) investigate the associations of individual socioeconomic disadvantage (ISED) and
neighborhood socioeconomic disadvantage (NSED) in relation to an extended score
of health-related lifestyle risk factors (i.e., lifestyle risk index); and to (ii) investigate

whether NSED modified the association between ISED and the lifestyle risk index.
Methods

Of 77,244 participants [median age (interquartile): 46 (40-53) years] from the Lifelines
cohort study in the north of The Netherlands, we calculated a lifestyle risk index by
scoring the lifestyle risk factors including smoking status, alcohol consumption, diet
quality, physical activity, TV-watching time, and sleep time. A higher lifestyle risk index
was indicative of an unhealthier lifestyle. Composite scores of ISED and NSED based on
a variety of socioeconomic indicators were calculated separately. Linear mixed-effect
models were used to examine the association of ISED and NSED with the lifestyle risk
index and to investigate whether NSED modified the association between ISED and the

lifestyle risk index by including an interaction term between ISED and NSED.
Results

Both ISED and NSED were associated with an unhealthier lifestyle, because ISED and
NSED were both positively associated with the lifestyle risk index, i.e., ISED beta-
coefficient quartile 4 (Q4) versus Q1 0.64 (95%Cl 0.62-0.66), P <0.001, and NSED
beta-coefficient quintile 5 (Q5) versus Q1 0.17 (95%Cl 0.14-0.21), P<0.001, after
adjustment for age, sex, and body mass index (BMI). In addition, a positive interaction
was found between NSED and ISED on the lifestyle risk index (beta-coefficient 0.016
[95% CI 0.011-0.021], P-interaction<0.001), which indicated that NSED modified

the association between ISED and the lifestyle risk index, i.e., the gradient of the

174



Individual and neighborhood socioeconomic disadvantage

associations across all ISED quartiles (Q4 versus Q1) was steeper among participants
residing in the most disadvantaged neighborhoods compared with those who resided

in the less disadvantaged neighborhoods.

Conclusions

Our findings suggest that public health initiatives addressing lifestyle-related
socioeconomic health differences should not only target individuals, but also consider

neighborhood factors.

Abbreviations

BMI — Body mass index

ISED - Individual socioeconomic disadvantage
LLDS — Lifeline diet score

MVPA - Moderate-to-vigorous physical activity
NSED — Neighborhood socioeconomic disadvantage

PCA - Principal component analysis
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Introduction

Lifestyle risk factors are key to the prevention of non-communicable diseases.
Abundant epidemiological studies have demonstrated that socioeconomic differences
bear a considerable impact on lifestyle risk factors;*? i.e., individuals who are more
socioeconomically disadvantaged are more likely to have an unhealthy lifestyle (e.g.,
poor diet, smoking, less physical activity).>” However, variations within individual
socioeconomic strata remain. Meanwhile, studies have also suggested that
neighborhood socioeconomic disadvantage (NSED), as an important contextual factor,
has an independent effect on individual-level lifestyle risk factors.®° More insights into
the socioeconomic disadvantage from different ecological levels are needed at the
same time to better understand the mechanisms behind socioeconomically patterned

lifestyle and health inequalities.

Studies on both smoking and drinking habits have suggested an interaction between
individual socioeconomic disadvantage (ISED) and NSED,**° showing that NSED had
disproportionate effects across different ISED strata on lifestyle behaviors. More
precisely, the impact of NSED has been found to be greater for those who were more
socioeconomically disadvantaged.2>?! It has been suggested that less socioeconomically
disadvantaged individuals may be protected by their individual resources from NSED,
whereas more socioeconomically disadvantaged individuals may be more dependent
on neighborhood resources.?? However, those previous studies have only examined
single and traditional lifestyle risk factors; whereas a broader range of a combination
of lifestyle factors, including emerging lifestyle factors, has rarely been studied in this

context for their relationships with the combined effects of ISED and NSED.2*%

To our knowledge, it is still not clear whether NSED modifies the effect of ISED on a
broader lifestyle risk profile. Therefore, this study aimed to investigate (i) the separate
and combined effects of ISED and NSED on a combination of health-related lifestyle
risk factors (i.e., lifestyle risk index); and (ii) whether NSED modifies the association

between ISED and the lifestyle risk index.
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Methods
Study Design and Participants

The Lifelines cohort study is a multidisciplinary prospective population-based cohort
study that applies in a unique three-generation design, studying the health and health-
related behaviors of 167,729 persons living in The Netherlands. It employs a broad
range of investigative procedures in assessing the biomedical, sociodemographic,
behavioral, physical, and psychological factors that contribute to the health and
disease of the general population, with a special focus on multi-morbidity and complex
genetics. Before study entry, a signed informed consent form was obtained from
each participant. Adult participants (218 years old) were asked to complete several
self-administered questionnaires regarding various aspects, including demographics,
socioeconomic status, and lifestyle. A detailed description of the Lifelines cohort study
can be found elsewhere.?*?” For the current study, 77,244 participants from the Lifelines
cohort study aged between 31 and 69 years who had available and reliable data on
demographics, NSED, ISED, and lifestyle were included in the analysis (Supplementary
Fig. S1). The Lifelines study is conducted according to the principles of the Declaration
of Helsinki and approved by the Medical Ethics Committee of the University Medical

Center Groningen, The Netherlands.
NSED and ISED

A neighborhood socioeconomic disadvantage (NSED) score was derived from principal
component analysis (PCA) to summarize three NSED indicators. These indicators
included percentage of the population with the highest 20% income, percentage of the
population with the lowest 20% income, and percentage of the population receiving
social benefits. NSED data were obtained from the Neighborhood Statistics (year
2011) from the Statistics Netherlands (CBS), which is in accordance with the Lifelines
baseline assessment. Neighborhoods with <10 inhabitants were excluded and each
neighborhood was identified by a unique neighborhood code. The first component
from PCA was selected to form the NSED score (Supplementary Description). The

derived NSED score was subsequently divided into quintiles, with higher quintiles
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indicating more disadvantaged neighborhoods.

An individual socioeconomic disadvantage (ISED) score was calculated using factor
analysis of mixed data (FAMD) to summarize four ISED variables at baseline: education,
income, status of social benefits, and unemployment status. Since information on
educationandincome was not available for all participants (education 0.31% and income
14.7%), multiple imputation was conducted with FAMD analysis (Supplementary
Description). The highest education level achieved was categorized as: (1) low — junior
general secondary education or lower (International Standard Classification of Education
[ISCED] level 0, 1 or 2); (2) middle — secondary vocational education and senior general
secondary education (ISCED level 3 or 4); and (3) high — higher vocational education
or university (ISCED level 5 or 6).% Income level was categorized as: (1) <1000 euro/
month; (2) 1000-2000 euro/month; (3) 2000-3000 euro/month; and (4) >3000 euro/
month. Welfare and unemployment status were both binary variables obtained from
questions “l am on national assistance benefit” and “I am unemployed/looking for a
job”, respectively. The ISED score was subsequently categorized into quartiles, with

higher quartiles indicating more disadvantaged individuals.
Lifestyle Risk Index and Demographics

Six lifestyle factors (i.e., smoking status, alcohol consumption, diet quality, physical
activity, TV-watching time, and sleep time) were selected to form the lifestyle risk index.
Smoking status was categorized into never, former, and current smoker. Alcohol intake
and dietary consumption were derived from an externally validated 110-item semi-
guantitative food-frequency questionnaire (FFQ) that assessed food consumption
over the past month.? Heavy drinking was defined as >40 or >20 g per day alcohol
consumption for men and women, respectively.?® The Lifelines Diet Score (LLDS) was
calculated to assess the overall diet quality. This score ranks the relative intake of
nine food groups with positive health effects (vegetables, fruit, whole-grain products,
legumes/nuts, fish, oils/soft margarines, unsweetened dairy, coffee, and tea) and three
food groups with negative health effects (red/processed meat, butter/hard margarines,

and sugar-sweetened beverages). The development of this score is described in detail
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elsewhere.?' Non-occupational moderate-to-vigorous physical activity (MVPA) was
calculated in minutes per week from the validated Short QUestionnaire to ASsess
Health-enhancing physical activity (SQUASH) data, which incorporated leisure-time
and commuting physical activities, including sports, at moderate (4.0-6.4 metabolic
equivalent of task [MET]) to vigorous (6.5 MET) intensity.3> TV-watching time and

sleep time were recorded in hours per day.

The lifestyle risk index was based on former publications from the 45 and Up Study?®
and the UK Biobank cohort.? Each lifestyle factor was categorized into a dichotomized
variable (point 0 indicated healthy and point 1 indicated unhealthy). Participants were
assigned one point for each unhealthy lifestyle factor (current smoker, heavy drinker,
lowest two quintiles of LLDS, <75 min/week of vigorous physical activity or <150 min/
week of moderate physical activity or less than the equivalent combination of MVPA,
>4 h/day of TV-watching, and <7 or >9 h of sleep time per day). Points were summed
to create an unweighted index ranging from 0 to 6 for each participant, for which a
higher index indicated an unhealthier lifestyle. In sensitivity analyses, the lifestyle risk
index was further classified into three categories: participants who scored 0 or 1 were
classified as having the least unhealthy lifestyle; and those who scored 2 or 3 were
classified as having a moderately unhealthy lifestyle; and those who scored 4, 5 or 6

were classified as having the most unhealthy lifestyle (Supplementary Table S1).
Statistical Analysis

Nominal variables are presented as frequencies or percentage (%). Continuous

variables are shown as mean * standard deviation or median plus interquartile range.

We analyzed the associations of ISED and NSED with the lifestyle risk index using linear
mixed-effect models. Each neighborhood was treated as a single unit in our study (the
median number of participants per neighborhood was 101 [interquartile 39-213]) and
the corresponding neighborhood code was treated as a random intercept in all linear
mixed-effect models. First, we investigated the associations of ISED or NSED in relation
to the lifestyle risk index (0-6, ordinal variable). ISED and NSED were first entered

into the model separately (model 1) and then combined and adjusted for potential
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confounders (model 2 — model 1 plus age and sex; model 3 — model 2 plus BMI).
Second, we investigated whether NSED modified the association between ISED and the
lifestyle risk index (model 4). Interactions between ISED and NSED on the lifestyle risk
index were tested by treating ISED and NSED as continuous variables, and by fitting an
interaction term between the two variables (i.e., ISED by NSED). We further stratified
our analyses with participants in the least socioeconomically disadvantaged quartile
and who resided in the least socioeconomically disadvantaged neighborhoods as
the reference group. When an interaction was observed, additional linear-regression

analyses were performed stratified by NSED and ISED, respectively.

Sensitivity analyses included models with single measures of ISED (education or
income). Additional sensitivity analyses included treating the lifestyle risk index as a
categorical variable and using those six single lifestyle factors from the lifestyle risk
index as the outcome separately. Sensitivity analyses with additional adjustment
for neighborhood-level education (percentage of participants with low education)
collected from the Lifelines cohort was also conducted because the neighborhood-level
education information was unavailable in the CBS Neighborhood Statistics. All statistical
analyses were conducted using Stata (version 13.1, StataCorp, College Station, TX, USA)

or RStudio version 3.5.2 (version 3.5.2, RStudio, PBC, Boston, MA, USA).

Results

Of the 77,244 participants included in this study, 49,879 (64.6%) had the least unhealthy
lifestyle (O or 1 unhealthy lifestyle factor), 24,604 (31.9%) had a moderately unhealthy
lifestyle (2 or 3 unhealthy lifestyle factors), whereas only 2760 (3.6%) had the most
unhealthy lifestyle (4, 5, or 6 unhealthy lifestyle factors) (Supplementary Table S1).
With increasing ISED quartiles, participants were more likely to have a higher lifestyle
risk index (Supplementary Fig. $2), have a higher BMI, be female, and be older (Table
1). Moreover, the least socioeconomically disadvantaged individuals were more likely
to reside in the least disadvantaged neighborhoods (Table 1), although the correlation

coefficient was weak between ISED and NSED (r=0.19, P<0.001, Supplementary
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Table S2).

Multilevel modeling results are shown in Table 2. ISED (beta-coefficient Q4 versus
Q1 0.58 [95% CI 0.56-0.60], P <0.001) and NSED (beta-coefficient Q5 versus Q1 0.32
[95% Cl 0.28-0.36], P <0.001) were positively associated with the lifestyle risk index
(model 1, Table 2). According to the linear mixed-effect models, the magnitude of the
associations (beta-coefficient) for participants who were in Q4 and Q2 of ISED were
0.64 (95% Cl 0.62-0.66, P <0.001) and 0.27 (95% ClI 0.25-0.30, P <0.001), compared
with the reference Q1 ISED group, respectively. A positive interaction was found
between NSED and ISED on the lifestyle risk index (beta-coefficient 0.016 [95% ClI
0.011-0.021], P-interaction < 0.001) (Table 2); and the association between ISED and
the lifestyle risk index was steeper for those who resided in a more disadvantaged
neighborhood (Fig. 1). Because of the positive interaction between ISED and NSED,
analyses were repeated and stratified by NSED quintiles (Table 3). The results showed
that the strength of the adjusted associations between ISED and the lifestyle risk index
was stronger for the most disadvantaged neighborhood quintile (Q5). In this quintile of
NSED (Q5), the estimated beta-coefficient was 0.81 (95% Cl 0.76-0.87, P < 0.001, model
2) for those who were the most individually socioeconomically disadvantaged, which
was higher compared with individuals who were less individually socioeconomically
disadvantaged. In the least disadvantaged neighborhoods, the association magnitude
was 0.58 (95% Cl 0.54-0.63, P <0.001, model 2) for participants who were in the
highest ISED quartile (Table 3), compared with those in the lowest ISED quartile.
Additional adjustment for BMI (model 3) only slightly attenuated the associations at
all ISED or NSED levels. When treating participants in the lowest ISED quartile as well
as the lowest NSED quintile as the reference group, the likelihood of having a higher
lifestyle risk index was higher across all NSED levels among participants who were the
most individually socioeconomically disadvantaged, compared with those who were
the least socioeconomically disadvantaged (Fig. 1). Furthermore, the gradient of the
association across ISED levels (Q4 versus Q1) was larger for participants who resided
in the most disadvantaged neighborhood compared with those residing in the least

disadvantaged neighborhood (Fig. 1 and Supplementary Fig. S3).
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Supplementary analyses have shown that the relative risk ratio to be in the most
unhealthy lifestyle category (i.e., lifestyle risk index higher than 3) among the
participants from the highest quartile of ISED was 8.23 (95% Cl 7.13-9.49, P <0.001)
times higher than those in the lowest ISED quartile (Supplementary Table S3). The
neighborhood-disadvantage level was also positively associated with lifestyle risk index
categories, with participants residing in the most disadvantaged neighborhoods having
a1.84(95% Cl 1.62-2.10, P < 0.001) times higher relative risk ratio of being in the most
unhealthy lifestyle category compared with those who lived in the least disadvantaged
neighborhoods (Supplementary Table S3). Because of the positive interaction between
ISED and NSED, analyses were repeated and stratified by ISED quartiles (Supplementary
Table S4). The magnitude of the adjusted association between NSED and the lifestyle
risk index was the highest among participants who were the most individually
socioeconomically disadvantaged. Sensitivity analyses using only education or income
as an indicator for ISED (Supplementary Tables S5 and S6) as well as categorizing the
lifestyle risk index into three classes as the outcome (Supplementary Table $3) showed
the same pattern as our main results. Individuals who had the lowest income or
education and who resided in the most disadvantaged neighborhoods had the highest
likelihood of having a higher lifestyle risk index. Moreover, the patterns of interactions
between NSED and education or income were also similar to the patterns between
NSED and ISED (Supplementary Tables S5 and S6). However, some variations were
shown for alcohol intake and MVPA, when each lifestyle factor was tested separately in

the same model (Supplementary Tables S7 and S8).
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Table 2. Independent associations of individual socioeconomic disadvantage (ISED) and
neighborhood socioeconomic disadvantage (NSED) with the lifestyle risk index?

Model 1 Model 2
Beta-coefficients Beta-coefficients
(95% Cl) P-trend (95% CI) P-trend
ISED
Q4 0.58 (0.56-0.60)  <0.001  0.66(0.64-0.68)  <0.001
(most disadvantaged)
Q3 0.32(0.30-0.35) 0.35(0.33-0.38)
Q2 0.25(0.23-0.27) 0.28 (0.26-0.30)
Q1 Ref Ref
(least disadvantaged)
Random effect, estimate  0.018 (0.015-0.022)
ICC 0.015 (0.013-0.019)
NSED
Q5 0.32(0.28-0.36) <0.001 0.18(0.15-0.22)  <0.001

(most disadvantaged)
Q4
Q3
Q2
Ql

0.28 (0.24-0.33)

0.20(0.16-0.24)

0.13 (0.09-0.17)
Ref

0.16 (0.12-0.20)

0.10 (0.07-0.14)

0.06 (0.02-0.09)
Ref

(least disadvantaged)
Random effect, estimate ~ 0.020 (0.016-0.024)
ICC 0.016 (0.013-0.020)

0.010 (0.008-0.013)
0.009 (0.007-0.011)
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Table 2. Continued.
Model 3 Model 4
Beta-coefficients p-trend Beta-coefficients P value
(95% Cl) (95% Cl)

ISED

Q4 0.64 (0.62-0.66) <0.001

(most disadvantaged)

Q3 0.34 (0.32-0.36)

Q2 0.27 (0.25-0.30)

Q1 Ref

(least disadvantaged)
Random effect, estimate
ICC
NSED

Q5 0.17 (0.14-0.21) <0.001

(most disadvantaged)

Q4 0.15(0.11-0.18)

Q3 0.09 (0.06-0.13)

Q2 0.05 (0.02-0.08)

Q1 Ref

(least disadvantaged)
Random effect, estimate  0.009 (0.007-0.011) 0.008 (0.007-0.011)
ICC 0.008 (0.006-0.010) 0.008 (0.006-0.010)
Interaction: ISEDxNSED 0.016 (0.011-0.021) <0.001
@ Models were adjusted for: model 1, ISED or NSED singly adjusted; model 2, ISED, NSED, age, and sex;
model 3, model 2 covariates plus BMI; model 4, model 3 covariates plus ISEDxNSED; ICC, intraclass
correlation coefficient.
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Fig. 1. Mixed-model coefficients of the joint associations of individual socioeconomic
disadvantage (ISED) and neighborhood socioeconomic disadvantage (NSED) with the lifestyle
risk index®

2The models were adjusted for age, sex, and BMI; reference group: least socioeconomically disadvantaged
individuals and neighborhoods; random effect of neighborhood estimate (beta-coefficient 0.008 [95%ClI
0.006-0.011]); intraclass correlation coefficient 0.008 (95%Cl 0.006-0.010).
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Discussion

In this large population-based study, we found that both ISED and NSED were positively
associated with the lifestyle risk index. More importantly, the association between
ISED and the lifestyle risk index was positively modified by NSED. Subgroup analyses
revealed that the gradient of the association between ISED and the lifestyle risk index

was steeper for those living in the most disadvantaged neighborhoods.

To our knowledge, the current study is the first to simultaneously investigate the
relationship of ISED, NSED, and their interactive effects with an index of a broad range
of lifestyle risk factors. Our study extends previous knowledge by demonstrating that
the higher vulnerability of practicing an unhealthy lifestyle for individuals residing in
socioeconomically disadvantaged neighborhoods applies to a wider range of lifestyle
factors than previously understood, including both traditional and emerging lifestyle
factors such as TV-watching time and sleep time. Our findings are partly consistent
with previous studies showing that NSED was associated with a higher chance of
having more unhealthy lifestyle factors net of ISED.* The only systematic review of 22
studies found that a higher level of NSED was consistently associated with smoking and
physical inactivity independently of ISED, whereas evidence of fruit/vegetable intake
and excessive alcohol consumption was ambiguous.® In the present study, we focused
on a composite lifestyle risk index, rather than studying a single lifestyle factor. There
are two major considerations for that. First, previous evidence suggests that lifestyle
risk factors tended to cluster in different patterns within the population.? Studying
the effects of NSED on a single lifestyle factor could lead to inaccurate estimates, as
their coexisting lifestyle risk factors are not simultaneously accounted for. Second,
single lifestyle risk factor cannot fully capture one’s overall lifestyle risk profile, as
those lifestyle factors were found to have synergistic risk contributions to one’s health

outcomes. %

The underpinning mechanisms of the steeper gradient associations between ISED and
the lifestyle risk index across NSED strata may be explained by several socio-health

theoretical models, i.e., the double-jeopardy model, fundamental-cause theory, and
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collective-resources model.?*3 |n general, those three models all emphasize that
individuals who are more socioeconomically disadvantaged will be particularly worse
off if they live in a disadvantaged neighborhood, because (i) they originally have fewer
individual health resources, and (ii) when living in a neighborhood with fewer health
resources, their health is expected to be worsened more if one is already disadvantaged,
compared with their less disadvantaged neighbors. On the contrary, individuals who
are less disadvantaged will be less affected by neighborhood disadvantage, as they
are always able to get access to health resources and depend less on their residing
neighborhoods. From another point of view, in addition to unfavorable resources,
previous evidence also suggests that the neighborhood may serve as a social platform
for the spread of certain health beliefs and social norms.3*%* For those facing an
unfavorable social environment as well as limited resources, individuals who are less
disadvantaged may be more resilient and resistant to such negative factors because of
their higher level of self-perceived control and knowledge that enables them to avoid

such unhealthy lifestyle behaviors.33”

Our findings of the steeper gradient association between ISED and the unhealthy
lifestyle risk index for individuals living in disadvantaged neighborhoods provide two
important public health implications. First, while conducting lifestyle interventions
with a focus on addressing individual-level socioeconomic inequalities, it is of equal
importance to consider the socioeconomic inequalities originating from the living
neighborhood, particularly with additional support for those who are of low individual
socioeconomic status. As the basic single census unit, neighborhoods also provide a
geographically tangible platform for conducting such public health interventions, which
thus may help to improve the reach of health programs for those vulnerable groups.*®
Second, given the concrete evidence that lifestyle factors are the most important
modifiable behavioral risk factors for the prevention of non-communicable diseases,*
public health initiatives directed towards disadvantaged neighborhoods, in terms of
both physical and social resources, may have the potential to achieve substantial public

health benefits and ameliorate the persistent health inequalities within society.*

The strengths of this study include the relatively immobile physical and social
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environment of the study population, thus limiting the potential influences of the fast-
changing environment and population mobility on individual lifestyle factors. In fact,
we only observed approximately 10% of the total participants who moved between
2011 (baseline) and 2016 (second follow-up). Furthermore, our study is the first to
thoroughly investigate the extent to which NSED modified the association between
ISED and a spectrum of unhealthy lifestyle factors. We also conducted numerous
sensitivity analyses supporting the robustness of our findings. Nevertheless, there
are also limitations. First, neighborhood-level education data were not available from
the CBS Neighborhood Statistics used for the construction of the NSED score. Thus,
our estimated neighborhood effects might have missed the potential influences
of neighborhood educational level. However, sensitivity analysis with additional
adjustment for neighborhood-level education (percentage of participants with low
education) did not materially change the results (Supplementary Table S9). Second,
there might be some misclassifications of the unweighted lifestyle risk index in
more disadvantaged groups because of social desirability bias. Thus, the proportion
of individuals with high lifestyle risk index might be underestimated; although
the distribution of the lifestyle risk index is comparable to a previous study.® In
fact, misclassification of lifestyle in a more disadvantaged group would flatten the
association between ISED and the lifestyle risk index, indicating that the associations
would be even more pronounced with an accurate classification. In addition, we
are not able to provide more detailed information about smoking status such as the
period of cessation and the number of cigarettes, because the quality of the data
in this part of the questionnaire was unfortunately insufficient due to missing data.
Third, the Lifelines cohort is a single cohort study from a region with a population of
predominantly European descent (>99%). The Netherlands is a country with a well-
developed social-security system. This may limit the generalizability of the results to
populations of another ethnicity and in a different social context. Fourth, participants
with missing lifestyle factors (25.4%) and NSED (13.7%) were excluded from the current
study, which could possibly introduce selection bias. However, the characteristics of the
excluded participants did not differ substantially from those of the study population;

still, participants with missing lifestyle or NSED data were more likely to report low or

193




Chapter 7

missing income data (Supplementary Table S10). Finally, no causal inferences should
be drawn from our findings given the cross-sectional nature of our study, although
additional adjustment for BMI may to some extent help to reduce the potential bias
caused by reverse causation, as individuals with high BMI might alter their lifestyle

factors before the entry of the study.

Conclusions

In conclusion, this study illustrates that NSED, in addition to ISED, was associated with a
higher likelihood of practicing an unhealthy lifestyle. More importantly, the association
between ISED and the lifestyle risk index was positively modified by NSED. In other
words, the gradient of the association between ISED and the lifestyle risk index was
steeper for individuals living in the most disadvantaged neighborhoods. These findings
suggest that public health initiatives addressing lifestyle-related socioeconomic health
differences should not only target individual lifestyles, but also consider neighborhood
factors, in particular providing more health resources and social opportunities for

those socioeconomically disadvantaged neighborhoods.
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Chapter 8

Aims of This Thesis

The aim of this thesis is to provide an empirical evidence base for better type 2
diabetes prevention in the general population. Specifically, this thesis focuses on

lifestyle patterns (part 1) and underlying factors of lifestyle factors (part 2):

Part 1 — Lifestyle Patterns describes dietary and lifestyle patterns — how multiple
co-occurring dietary or lifestyle factors cluster — in the general population, and
investigates the associations between these dietary and lifestyle patterns with risk
of incident type 2 diabetes. The relevance of dietary and lifestyle patterns in the

development and prevention of type 2 diabetes is extensively discussed.

Part 2 — Underlying Factors investigates the relationships of lifestyle factors with
their underlying factors, with a special focus on individual socioeconomic status and
neighborhood socioeconomic status. How these factors collectively affect type 2

diabetes risk is subsequently investigated.

The following parts in the General Discussion include a summary of scientific
findings, methodological considerations, implications for public health practice and

policymaking, and the overall conclusions of this thesis.
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Summary of Main Findings

Part 1 - Lifestyle Patterns and Type 2 Diabetes Risk
Main Findings

¢ Lifestyle and dietary factors cluster in the population, in the form of lifestyle and
dietary patterns (chapter 2, 3, and 4).

¢ Different dietary patterns are differentially associated with risk of incident type 2
diabetes (chapter 2 and 3).

¢ Different combinations of lifestyle factors, as manifested in lifestyle patterns, are
differentially associated with risk of incident type 2 diabetes. The collective effects

of different lifestyle factors may not be simply additive (chapter 4).

Implications for Research

e Consider dietary and lifestyle patterns in lifestyle research: (1) the development
of type 2 diabetes is not due to single dietary and lifestyle factors; (2) there
are interdependent effects among different dietary and lifestyle factors in the

development of type 2 diabetes.

Implications for Public Health and Policymaking

¢ Focus on lifestyle and dietary patterns as intervention targets:

(1) enable assessing the overall lifestyle risk profiles of the target population —
targeting multiple co-occurring lifestyle factors;

(2) allow personalized lifestyle interventions at the aggregate level in the general
population — tailored intervention strategies based on the lifestyle features of
lifestyle pattern groups;

(3) allow identifying priority lifestyle intervention targets for different lifestyle

pattern groups.
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Part 2 — Underlying Factors of Lifestyle Factors
Main Findings

4 Education and income are independently and differentially associated with incident
type 2 diabetes (chapter 6).

¢ Education has bigger positive effects on healthy lifestyle factors compared with
income (chapter 5).

4 Within each education or income level, substantial health disparities exist across
strata of the other indicator (chapter 6).

¢ After adjustment for age, sex, lifestyle factors, obesity status, clinical biomarkers, and
family history of diabetes, a large proportion of the associations (more than 60%)
of education and income with incident type 2 diabetes is unexplained (chapter 6).

4 Individual and neighborhood socioeconomic disadvantage is associated with a
higher chance of having unhealthy lifestyle factors (chapter 7).

4 Neighborhood socioeconomic disadvantage positively modifies the association
between individual socioeconomic disadvantage and the lifestyle risk index.
This indicates that disadvantaged individuals are disproportionately affected by
neighborhood socioeconomic disadvantage, as they have a disproportionately
higher chance of having unhealthy lifestyle if they live in disadvantaged
neighborhoods. Neighborhood socioeconomic disadvantage is an amplifier of the
detrimental effects of individual socioeconomic disadvantage on unhealthy lifestyle

factors (chapter 7).
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Implications for Research

e Consider both education and income in research on health inequalities.

e Study the potential mechanisms of unexplained individual socioeconomic
inequalities in health.

e Study the mechanisms of how contextual (neighborhood) factors affect health.

e Consider the interplay among lifestyle factors, individual socioeconomic status,

contextual (neighborhood) factors, and their collective effects on health.

Implications for Public Health and Policymaking

¢ Tackling socioeconomic inequalities in lifestyle and health:

(1) targeting and improving underlying factors of lifestyle factors, including (but not
limited to the ones investigated in this thesis) education, income, and contextual
(neighborhood) factors;

(2) additional support for socioeconomically-disadvantaged groups;

(3) improving education level of the general population and ameliorating income

inequalities using generic measures are the two fundamental strategies.
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Chapter-specific Findings
Chapter 2: Blood lipids-related dietary patterns and incident type 2 diabetes

Findings: dietary patterns that explain the variation in blood lipids are associated with
higher risk of incident type 2 diabetes. These dietary patterns are characterized by
a high intake of sugary beverages, added sugar, and juice; and a low intake of fruits,

vegetables, nuts/seeds, cereals, and tea.

Implications: it is possible to optimize blood lipid profiles to lower the risk of type 2

diabetes through changes in dietary patterns.

Chapter 3: Ultra-processed food and incident type 2 diabetes: studying the

underlying consumption patterns
Findings:

(1) a higher overall intake of ultra-processed food is associated with higher risk of type
2 diabetes, independent of the overall background diet quality. This indicates that
eating an otherwise healthy diet may not fully compensate for the detrimental effects

of ultra-processed food.

(2) discrepancies in the associations are found for different ultra-processed food
consumption patterns. Ultra-processed food consumption patterns characterized by
high consumption of cold savory snacks and warm savory snacks are associated with
higher risk of incident type 2 diabetes. The traditional Dutch cuisine pattern is not
associated with type 2 diabetes risk. The pattern characterized by high consumption
of sweet snacks is inversely associated with type 2 diabetes risk. The counterintuitive
finding of the sweet snack pattern may be due to reverse causation, as adherence to

this pattern is lower for people with a high risk of diabetes at baseline.

Implications: in addition to promoting the consumption of healthy food, food-based
dietary guidelines and dietary interventions are recommended to limit the consumption

of unhealthy ultra-processed food products, specifically savory snacks.
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Chapter 5: Using structural equation modeling to untangle pathways of risk

factors associated with incident type 2 diabetes

Findings: Interrelationships of modifiable risk factors related to type 2 diabetes can be
quantified by analyzing a conceptual model including multiple intersecting pathways
of these risk factors. Among all modifiable risk factors analyzed, waist circumference
has the biggest direct effect on the development of type 2 diabetes, followed by HDL-
cholesterol, and triglycerides. Less TV watching (as an emerging lifestyle factor) and
more physical activity play an important role in improving clinical markers that are
directly associated with type 2 diabetes. Education has the biggest positive effects on
lifestyle factors. Income shows direct effects on type 2 diabetes status that are not
explained by lifestyle factors, obesity status, and clinical biomarkers, suggesting that

health inequalities are influenced by other uncaptured factors such as social insecurity.

Implications: Analyzing a conceptual model including multiple pathways of risk factors
related to type 2 diabetes allows to compare the relative contribution of these risk
factors, which can support the prioritization of prevention targets at the population
level. Regarding the current guidelines for diabetes prevention, waist management
in addition to BMI control (clinical level), as well as less TV watching in addition to
more physical activity (lifestyle level), may provide additional public health benefits.
Better education may improve lifestyle and would be the main societal goal for the
prevention of type 2 diabetes. Focusing on these priority prevention targets may have
the potential to address as much of the broader risk profiles as possible. The effects of
income that are not explained by the broad array of lifestyle factors documented here
suggest that ameliorating income inequalities and improving social security stability

and coverage may have the potential to reduce health inequalities.
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Methodological Considerations and Research Limitations
General Design — The Lifelines Cohort Study

Studies in this thesis are based on the Lifelines cohort study. The Lifelines cohort study is
a multi-disciplinary prospective general population-based cohort study, which applies
a unique three-generation design to study the health and health-related behaviors
of 167,729 people living in the north of The Netherlands. The Lifelines cohort study
employs a broad range of investigative procedures in collecting and assessing the
biomedical, socio-demographic, behavioral, and physical factors, which contribute to
the health and disease of the general population.’® For this thesis, the large sample
size, prospective design, and the wide spectrum of factors collected enable detailed
and comprehensive investigations into the relationships among lifestyle factors,

underlying factors of lifestyle factors, and health outcomes.
Operationalization of Socioeconomic Indicators

This thesis studies two primary socioeconomic indicators, i.e., education and income.
For the former, the highest education level achieved is used and is further categorized
according to the International Standard Classification of Education (ISCED): (1) low
(level O, 1, or 2) — junior general secondary education or lower; (2) middle (level 3
or 4) — secondary vocational education and senior general secondary education; and
(3) high (level 5 or 6) — higher vocational education or university.* For the latter, the
monthly household net income level and the categorization (original choices) from the
questionnaire are used: (1) low (<1000 euro/month); (2) lower-middle (1000—-2000
euro/month); (3) upper-middle (2000-3000 euro/month); (3) high (>3000 euro/

month); and (4) do not know/prefer not to answer.!

With the aforementioned definitions of education and income, the results of this
thesis show a clear picture of the socioeconomic gradients in health. The choice of
investigating these two definitions is partly due to pragmatic reasons, as they were
directly asked by the Lifelines questionnaires and thus easily available. The clear cut-

offs for categorization may facilitate the interpretation of the findings.
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However, it is not difficult to notice that education and income have been
operationalized in various ways in research, which may also be largely attributed
to pragmatic reasons such as data availability. Education and income can both be
measured and defined as continuous variables. A more complex situation may arise
when income needs to be distinguished between individual and household levels.
While this thesis underscores that education and income should be simultaneously
considered when studying socioeconomic inequalities in health, it is likewise worth
considering different definitions of each socioeconomic indicator. A limitation of this
thesis is that the potential impacts of different definitions of socioeconomic indicators

on health are not considered.

Different definitions of education and income may reflect different theoretical links
between socioeconomic status and health inequalities, and may therefore inform
substantially different public health practice and policies.> For example, household
income may better capture actual family material conditions than individual income.
People — approximately 60% of women in the Dutch labor market — working part-
time,® although they may have a lower individual income, may still have adequate
economic resources to invest in health. When further analyzing such situations, it is
also necessary to consider other socio-demographic indicators, such as partnership
status, occupational class, and family power discrepancies, which are also not included
in this thesis. In addition, socioeconomic status may change over the life course, with
income peaks at middle age and valleys during young adulthood and after retirement.®
The potential influences of cohort effects could also affect the results, as early-acquired
educationin older generations may devaluate over time with longer education received

in younger generations.’

There is much less knowledge about how different definitions of education and income
may affect the estimation of health inequalities. Empirical evidence from the Finnish
national administrative data shows that different definitions of income substantially
influenced the level of mortality inequality, and the period trends of mortality inequality
across income definitions differed between men and women.® Such empirical evidence

on healthy lifestyle inequalities appears to be a sleepy backwater that needs substantial
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research development.

From a broader perspective, when interpreting results based on different definitions
of education and income, it is also necessary to consider the geographical and
socioeconomic settings of the study. The Lifelines cohort study is established in The
Netherlands — a high-income country with well-developed infrastructure. People who
have been categorized in our studies as having low socioeconomic status in general
still have living conditions that are better than many people in middle- or low-income
countries. Hence, using the same definition of education or income across different
countries may vyield different results, and may also provide substantially different

public health implications.

In our studies, income has not been categorized further for analysis. This may
prevent introducing more uncertainties in statistical analysis, especially considering
that income was asked in categories in the Lifelines questionnaire based on a rather
wide thousand euro unit. Another study investigating socioeconomic inequalities in
metabolic syndrome in the Lifelines cohort categorizes education and income into
years of education and household equivalent income, respectively. Results from that
study show that more education and higher occupational prestige, but not higher
income, are associated with lower risk of incident metabolic syndrome, with lifestyle
factors being the strongest mediators of these associations; while lifestyle factors
do not mediate the association between income and incident metabolic syndrome.®
Despite different health outcomes focused that preclude direct comparisons, different
definitions of income may affect the estimation of health inequalities. However, the
public health implications of comparing different definitions used among studies in the

Lifelines cohort are not self-evident.

Substantial work has been done on revealing socioeconomicinequalities in health. Most
studies (including the ones in this thesis) are explorative and hypothesis-generating.
Hence, they may not require a hypothesis on the suitability of certain definitions of
a socioeconomic indicator, as the main merit of this type of study is to pave the way

towards hypothesis-driven studies.>® Accordingly, for future research, it is important
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to formulate research questions and hypotheses in advance, including the relevance
of certain definitions of a socioeconomic indicator. This will not only allow testing
potential mechanisms of socioeconomic inequalities in health, but will also provide
guidance on the pros and cons of specific indicators for research and practice in public
health.

Changes in Lifestyle Patterns and Socioeconomic Status

Using the Lifelines cohort, this thesis studies the prospective relationships of lifestyle
factors and socioeconomic status with incident type 2 diabetes. The longitudinal
design aids in studying the potential causal associations among these factors. Despite
this prospective design, all lifestyle factors and socioeconomic status were measured at
baseline. Potential changes of these factors during follow-up are not considered in this
thesis but they may influence clinical outcomes. It has been reported that dietary pattern
trajectories are longitudinally associated with changes in HbA ' risk of obesity,'* and
mortality,'> whereas evidence on trajectories of overall lifestyle patterns is substantially
lacking. Lifestyle factors can vary over time and the life course. Changes of lifestyle
factors may also be influenced by interdependent changes in individual socioeconomic
status and contextual factors, that collectively shape health outcomes.?* Other issues
concerning such changes include the cumulative exposures to different lifestyle factors
and socioeconomic positions and the sequence of these exposures over the life course.
Until 2022, participants from the Lifelines cohort study have been followed up for 16
years, and there will still be at least 14 years of follow-up. Questions related to changes
in lifestyle patterns and socioeconomic status may be investigated in the near future

with new data being available.
Representativeness of the Study Population and Generalizability of Results

Research from this thesis is conducted in the Dutch Lifelines cohort study.
Notwithstandingalarge samplesize, resultsfromasingle cohort may notbe generalizable
to other populations. Differences in socio-demographic and lifestyle factors have been
identified by comparing the Lifelines participants with the population of the north

of The Netherlands. For example, the Lifelines participants were more often female,
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middle-aged, and married. Immigrants and individuals with low education or without
a paid job were also underrepresented in the Lifelines cohort at baseline. Despite
these differences, the Lifelines population is found to be broadly representative of
the population of the north of The Netherlands, especially for lifestyle factors and the

prevalence of chronic diseases.?

For the associations between lifestyle factors and type 2 diabetes studied in this thesis,
the risk of selection bias is low. However, over-reporting of healthy lifestyle factors due
to social desirability could flatten the associations, especially among socioeconomically-
disadvantaged populations.’* Validation against lifestyle questionnaires using
objective measurements (such as accelerometer for physical activity level, or 24-h
urine collections for specific dietary factors) may provide insights into the level of
misreporting.*® For the associations of socioeconomic status with health outcomes,
the underrepresentation of socioeconomically-disadvantaged populations could lead
to underestimation of socioeconomic inequalities. It is generally unclear about the
mechanisms of such underrepresentation, while qualitative conclusions about the

direction and the approximate magnitude of health inequalities may hold the same.'’

For lifestyle pattern analysis, the issue of reproducibility and generalizability has been
frequently questioned, since patternsidentified in one population and their associations
with disease outcomes may not necessarily be able to be replicated in other population
groups.’®2 This issue is however not further studied in this thesis. Using data from the
InterConnect project — a data-sharing platform including data from 25 cohorts that
enables cross-cohort analyses without pooling data, researchers have found that none
of the associations between type 2 diabetes and healthy dietary patterns identified
in one cohort can be replicated in the others, but this does not apply to unhealthy
dietary patterns.?® No study has investigated the generalizability of the overall lifestyle
pattern. Inter-cohort differences in socio-demographic backgrounds, lifestyle factors,
confounders adjusted, and definitions in lifestyle factors may all compromise the
generalizability of lifestyle patterns. Some additional methodological considerations
of lifestyle patterns have been discussed in chapter 4. For dietary patterns, it may be

more relevant to focus on major contributors among food groups to a pattern and
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allow descriptive comparisons across patterns identified in different cohorts.

As illustrated in this thesis, one of the core objectives of lifestyle pattern analysis is to
describe the clustering of multiple co-occurring lifestyle factors, which facilitates the
design of better-targeted interventions as opposed to the one-size-fits-all approaches.
True differences in lifestyle patterns may exist between different populations because
of different cultures, geographical locations, and social environments. Accordingly,
seeking unified lifestyle patterns across different populations is less relevant to be a
goal in public health prevention. However, the generalizability of lifestyle patterns does
remain relevant at a higher level of abstraction. More precisely, if interventions based
on lifestyle patterns for type 2 diabetes prevention are found to be more effective, it is
expected that this approach can also work effectively in different populations, although

the contents of lifestyle patterns may be different across different populations.
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Implications for Public Health Practice and Policymaking
Lifestyle Patterns as Intervention Target
Personalized Intervention at Intermediate Population Level

For type 2 diabetes prevention, current evidence supports the relevance of targeting
multiple lifestyle risk factors simultaneously through a personalized approach.?**” This
poses a very ambitious challenge for the design of lifestyle intervention programs at
the population level. First, it underscores the need to assess the overall lifestyle profiles
of the target populations, rather than a single lifestyle factor. Although certain efforts
have been made on improving physical activity level and increasing fruit and vegetable
intake, little attention in public health practice has been given to other lifestyle factors
and the distribution of lifestyle factors within the target populations.?®** Second, it
is questionable whether a fully personalized approach is feasible at the population
level. In the context of primary prevention, full personalization, with tailor-made
lifestyle interventions for each individual, can be highly effective; but this strategy
may not be feasible for the broader general population due to its high-cost and
extensive labor in need. The generic approach, on the other hand, usually performs
poorly on discriminating personal habits and needs, which thereby compromises the

effectiveness of lifestyle intervention programs.

Findings from this thesis suggest that lifestyle patterns may be the intervention target,
that have the potential to reconcile the aforementioned “conflicts of interests” between
the generic (one-size-fits-all) approach and the strictly personalized approach. Lifestyle
pattern analysis provides a way to segment the population into several sub-group
populations by analyzing multiple lifestyle factors at the aggregate level. As illustrated
in chapter 2, 3, and 4, various dietary and lifestyle patterns have been identified,
varying according to specific dietary and lifestyle factors concerned.?*** Within each
pattern, people have similar dietary or lifestyle habits. These lifestyle patterns are
differentially associated with type 2 diabetes risk, demonstrating each of their clinical
relevance. Based on the lifestyle behavioral features, tailored lifestyle interventions

can be designed and concentrated for each lifestyle pattern group, where the largest
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health gains can be achieved (improved effectiveness) with less labor and cost. Through
this approach, personalized intervention at an intermediate population level can be

enabled.

Interestingly, such a strategy, that targets people at an intermediate population level,
has been successfully applied in marketing during the past decades, referred to as
targeting “personas”. A persona refers to a group of people with similar habits, needs,
values, and perspectives, covering the whole spectrum of consumer behaviors.?®
Some personas have been identified in marketing practice such as “young hedonists”,
“traditional elderly”, and “multicultural diversifier”.?”* Tailored novel products
and marketing messages have been designed and provided to different sub-group
populations, which allows personalized marketing in the general population. Likewise,
focusing on dietary and lifestyle patterns as intervention targets may also help translate
the needs, habits, and preferences into the evidence base and new opportunities for
the design of lifestyle intervention programs, as these factors are often the “blind
spots” that are not directly visible and comprehensible for policymakers, researchers,

and public health workers.

However, it needs to be acknowledged that lifestyle patterns may not fully capture the
population-level variation in lifestyle factors. Population-level heterogeneity in lifestyle
factors naturally exists, as every single person is unique in their lifestyle choices. Lifestyle
pattern analysis (especially approaches used in this thesis) therefore aims to identify
sub-group populations in which people have lifestyle behaviors that are most similar to
each other. Population-level heterogeneity in lifestyle factors has been explained and
reduced to an intermediate level that is feasible for public health interventions within
reach and with current technology. Uncaptured lifestyle patterns are possible, but
major lifestyle patterns that have the biggest population-wide public health relevance

and benefit are retained.
Potential Intervention Strategies Based on Lifestyle Patterns Identified in This Thesis

The findings from chapter 4 support the feasibility of designing targeted approaches for

groups with different lifestyle patterns. Specifically, efforts can be made on improving
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diet quality and physical activity level for the “poor diet and low physical activity group”;
reducing alcohol intake should be prioritized for the “risk drinker group”; people from
the “couch potato group” may benefit from limiting TV watching (sedentary time); for
the “unhealthy lifestyle group”, accounting for approximately 20% of the population,
extensive lifestyle interventions may be implemented with prioritization on smoking
cessation and increasing physical activity level. Lifestyle interventions on smoking
cessation, however, would not meet the lifestyle intervention needs of the “poor diet
and low physical activity group” and the “couch potato group”. Similar approaches
can also be applied to ultra-processed food consumption patterns (chapter 3), such as
limiting savory ultra-processed food intake for people with the highest adherence to
the two savory snack patterns. In chapter 2, the identified dietary patterns reflect the
variation in blood lipid profiles in the population. Based on the features of the identified
dietary patterns (such as high consumption of sugary beverages and added sugar, and
low consumption of vegetables and nuts/seeds), tailored dietary interventions can be
designed focusing on people with the highest adherence to these dietary patterns,
which may optimize the blood lipid profiles of the target population. Conspicuously,
the validity of such a targeted approach requires empirical evaluation, which should
include both the effectiveness and efficacy of the lifestyle modification, as well as the

evaluation of its possible health benefits.
Facilitating Cooperation with Target Groups

Another merit of focusing on lifestyle and dietary patterns as intervention targets is
that it allows flexibility and personal preferences in making choices of lifestyle and
dietary changes. To encourage healthy lifestyle and dietary choices, it is not necessary
for individuals to make drastic changes, such as removing whole food groups from their
diet or strictly following another dietary pattern. Instead, within lifestyle and dietary
patterns, people can combine small changes in a variety of flexible ways that meet
their preferences, health needs, habits, and cultural traditions. Lifestyle intervention
programs work effectively with cooperation with the target groups.*® Nutrition and
lifestyle interventions can thus facilitate collective decision making and prioritization in

achieving lifestyle changes based on their lifestyle features, which in turn may increase
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the compliance and effectiveness of lifestyle interventions.***! As the majority of the
lifestyle factors have been found to follow a dose-response relationship as to the risk
of developing type 2 diabetes,’**** it is conceivable that such small changes across
lifestyle or dietary patterns may have the potential to achieve substantial public health
benefits,*® although further studies are warranted. As shown in chapter 2 and 3, the
estimates of associations between some dietary pattern scores and type 2 diabetes risk

suggest dose-response relationships.
Ultra-processed Food Consumption Patterns

The public health relevance of ultra-processed food consumption patterns is worth a
discussion. As an emerging risk factor, ultra-processed food (at least the concept) is not
yetincluded in most of the dietary guidelines worldwide and has rarely been considered
in public health interventions.* Although ultra-processed food has often been studied
as a single risk factor, the results from chapter 3 show that different consumption
patterns of ultra-processed food may have different health consequences. This finding
raises the important question for the development of dietary guidelines: what kinds
of ultra-processed food should be restricted? Industrially-produced brown bread? Or
fruit yogurt? Or “bitterballen”? Based on the results from chapter 3, particularly, ultra-
processed savory snacks should be limited. Furthermore, the associations between
ultra-processed food consumption patterns and incident type 2 diabetes may also be
influenced by people’s diabetes risk at baseline as well as other socio-demographic
features such as age and education. Possible reverse causation is noted for the “sweet
snack pattern”. For public health interventions for ultra-processed food, it is important
to consider different aspects of nutrition using an integrated approach. Future studies

are encouraged to further explore this topic.
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Box 2. Describing dietary and lifestyle patterns according to research and prevention

objectives

One interesting fact from the findings of part 1 is that lifestyle patterns can be derived in
various ways, with different definitions and statistical methods, which largely depend on
the research questions. This shows an exceptional merit of lifestyle pattern analysis, as
it is highly flexible, that can be tailored to the needs of specific research and prevention
objectives whilst preserving real-world insights into the clustering of lifestyle factors. In
this thesis, the ultra-processed food consumption patterns show a case of dissecting
one risk factor into several “pattern-based” risk profiles (chapter 2). The overall lifestyle
pattern approach (chapter 4) combines different co-occurring lifestyle factors, which
enables the description of the overall lifestyle risk profiles of the target populations that
cannot be directly measured. While the former explores the internal heterogeneity of
a single lifestyle factor, the latter aims to provide a stronger observational base for the
clustering of several lifestyle factors within the population. On the other hand, the blood
lipids-related dietary patterns are integrated with a hypothesis (chapter 3), which tests
a specific diet-disease pathway. There are also supporting examples from other studies.
For instance, by including co-occurring risk factors that may be related to lifestyle
factors, such as psychosocial problems, joint lifestyle-risk factor patterns have been
identified in some studies.*”*® These joint lifestyle-risk factor patterns may guide the
design of lifestyle interventions, that can be strengthened by additional pharmacological

treatments when necessa ry.
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Underlying Factors as Key to Boost Changes

Health education on lifestyle and type 2 diabetes prevention does not automatically
lead to individual lifestyle behavior changes.***® To boost changes towards healthy
lifestyle for all, findings from this thesis highlight the importance of considering
and targeting underlying factors of lifestyle factors in public health practice and
policymaking. These underlying factors (as investigated in this thesis) include not only
individual socioeconomic status (education and income), but also neighborhood

socioeconomic status (contextual factors).

The effects of individual socioeconomic status on health have been well acknowledged.
However, it often remains equivocal in public health practice and policy documents on
which indicator should be focused.>**** It has been clearly shown in this thesis (chapter
5 and 6) that low education and low income affect health differentially and they are
represented (to some extent overlapping) by different population groups.>**> This is
further illustrated in chapter 5 that education is found to have stronger direct effects
on lifestyle factors compared with income. To boost changes towards healthy lifestyle,
additional support should be provided for people with low education, while improving
the education level of the general population should be prioritized as the long-term

societal goal.

Equally important as improving individual socioeconomic status, neighborhood
socioeconomic status (as an important contextual factor) is another piece of the puzzle
to boost changes in lifestyle behaviors.***¢% Chapter 7 shows that neighborhood is
associated with the lifestyle risk index, independent of individual socioeconomic
disadvantage. When conducting lifestyle interventions, it is important to focus on
disadvantaged neighborhoods with additional support for people with low individual

socioeconomic status.

Furthermore, the findings from chapter 7 support the importance and relevance of
improving contextual factors to boost changes towards healthy lifestyle. Contextual
factors include factors at regional/local level, such as neighborhood socioeconomic

status (investigated in chapter 7), neighborhood walkability, safety, availability of

219




Chapter 8

healthy food, fast food stands, sport clubs, and reducing air pollution. From a broader
perspective, contextual factors also include generic factors, such as price measures
(tobacco and sugar tax), cultural and social norms, commercial and marketing

regulations, and health values and opinions from governments.

These contextual factors are closely related to individual lifestyle behaviors. Improving
these contextual factors can create opportunities to promote mass lifestyle changes.®7¢
There is empirical evidence suggesting that changes in lifestyle related to changes
in contextual factors are not selective but generic for the whole population.*® Dutch
people are proud of their bike tradition and vast network of cycle paths. This integral
part of lifestyle is enabled by culture, social attitude, tradition, and the flat landscape,
but also changes in contextual factors such as social movements in the 1970s, oil

shortage, and later governments investment.”’

It is conspicuous that healthy lifestyle cannot be simply realized by health education
and interventions focusing on individual’s lifestyle behaviors. Strategies to improve
lifestyle at the population level should prioritize targeting and improving underlying
factors of lifestyle factors using collective measures, which go beyond measures that
focus on individual behavior changes. Individuals are indeed responsible for their own
lifestyle and health. However, such responsibility is based on the prerequisite that
relevant factors and opportunities are affordable, abundantly available, and accessible,

which can enable people to achieve changes for healthy lifestyle.
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Tackling Health Inequalities

In mainstream research and policies, improving individual lifestyle has been considered
and practiced as the primary strategy to reduce health inequalities.” Such strategies
are based on the large body of empirical evidence that unhealthy lifestyle is common
in people with low socioeconomic status, which subsequently leads to the linear
reasoning: the corollary of healthier lifestyle for socioeconomically-disadvantaged

people is improved health, and thus reduction in health inequalities.

However, despite innumerable public health programs that have embraced nearly
every aspect of lifestyle interventions over the past decades, we never hear the good

news. On the contrary, health inequalities persist and even increase.®’7°

Our observations and the empirical evidence did not lie. It is the misunderstanding and
selective interpretation of the evidence that perpetuate myths about the root causes
of health inequalities and how to address them. In both chapter 5 and 6, a substantial
proportion of the socioeconomic gradients in type 2 diabetes (as high as 67%) and
cardiovascular diseases (as high as 77%) is left unexplained, after taking into account
a wide spectrum of risk factors including lifestyle, clinical biomarkers, obesity status,
age, sex, and family history of diabetes. In the Whitehall Il cohort study (a population
of British civil servants), up to 55% of the socioeconomic gradients in type 2 diabetes
(based on occupational class) remained unexplained, even if the long-term exposures
(mean follow-up of 14.2 years) to major risk factors have been accounted for.2® Such
a substantial proportion of the unexplained socioeconomic gradients is prevalent
in research but has rarely been discussed and studied further. It is highly unlikely to
identify novel modifiable risk factors that may have a bigger contribution to type 2

diabetes risk than lifestyle factors and obesity.

This substantial proportion of the unexplained socioeconomic gradients in health is the
quantified, irreparable health inequalities for socioeconomically-disadvantaged people
compared with their least disadvantaged counterparts, of which the root cause lies
in the fundamental inequities in the distribution of socioeconomic resources. Studies

have shown that improving lifestyle is not a priority for people living below the poverty
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line, unless economic resources become available.”?282 This also helps explain the lack
of effectiveness of lifestyle interventions focusing on disadvantaged people, since they

failed to tackle socioeconomic factors.”

More strikingly, socioeconomic inequalities exist in the relationships between lifestyle
and health, which further potently refutes the aforementioned linear reasoning that
improving lifestyle may narrow health inequalities. In the Lifelines population, people
with low education, adhering to high-quality diets, have on average 2 times higher
risk of developing type 2 diabetes compared with their highly-educated counterparts.
Although eliminating poor diet quality may improve health in all education groups, only
14.8% of cases may be preventable in the low education group, which clearly contrasts
to 40.1% and 37.3% of preventable cases in the middle and high education groups,
respectively.®* Similar results have also been observed between lifestyle risk scores
and mortality across socioeconomic groups in the UK Biobank cohort.® All the growing
evidence highlights the disproportionate harms that are associated with lifestyle
factors in socioeconomically-disadvantaged populations. The relative health benefit of
lifestyle improvements is smaller in disadvantaged people compared with their less

disadvantaged counterparts. Disadvantaged people do not choose to be unhealthy.

To tackle health inequalities, findings from this thesis highlight the importance of
improving education of the general population and ameliorating societal income
inequality to be the two fundamental strategies. These two fundamental strategies
should be applied using generic measures rather than measures that focus on
individuals. It has been shown that income instability, poor living condition, and lack
of social and human capital are the top three contributors to ill health in European
countries.®> These factors are closely related to socioeconomic factors. Although they
are not studied in this thesis, improving these factors, albeit generally not part of health
policies but rather part of the broader societal picture, may nevertheless be a strategy

with a substantial potential to reduce socioeconomic inequalities in health.

Importantly, chapter 6 reveals that within each education or income level, substantial

health disparities exist across strata of the other socioeconomic indicator. For the

222



General discussion

current population, such within-group socioeconomic differences in health may
lead the way towards the design of policies that do not require the adjustment of
socioeconomic factors that are generally fixed such as education. Income supports
individuals irrespective of their education level, which may contribute to their health

even after their education has been attained.

Furthermore, chapter 7 convincingly shows that neighborhood socioeconomic
disadvantage positively modifies the association between individual socioeconomic
disadvantage and the lifestyle risk index. This indicates that socioeconomically-
disadvantaged individuals are disproportionately affected by neighborhood
socioeconomic disadvantage, as they have a disproportionately higher chance
of having unhealthy lifestyle if they live in disadvantaged neighborhoods. Hence,
neighborhood socioeconomic disadvantage is an amplifier of the detrimental effects of
individual socioeconomic disadvantage. This “amplifier effect” renders neighborhood-
level factors well-suited intervention targets in addressing socioeconomic inequalities
in lifestyle. For public health policies, while addressing individual socioeconomic
inequalities, it is equally important to improve neighborhood-level factors where

individual socioeconomic inequalities in health can develop and thrive.

The previous section discusses the relevance and importance of targeting contextual
factors (including but not limited to neighborhood socioeconomic disadvantage
investigated in chapter 7) forimproving lifestyle in the general population. Nevertheless,
the mechanisms of how contextual factors and their interplay with individual
socioeconomic status affect health inequalities remain poorly understood. Future
studies are warranted to explore and better understand the nature and mechanisms
of these contextual factors — to better identify the non-individual contextual factors in
health risk.2

This thesis focuses on education and income-related health inequalities. From a
broader perspective, health inequalities should also be addressed as a consequence
of the unequal distribution of various forms of resources, such as social capital (social

contacts), cultural capital (participation in clubs), and attractiveness and personality
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capital. These resources are intertwined with each other and are related to even
broader contextual factors such as economic growth and climate change, which are
much beyond individual lifestyle behavioral choices.”®# It is important to acknowledge
the complexity of health inequalities and the fundamental inequities in the distribution
of resources. Imputing bad health purely to individual responsibility is the ignorance

and arrogant disregard for fundamental societal inequities.

In the context of The Netherlands, a developed country with a high coverage of
government-subsidized public education system and a well-structured social security
system, the persistent socioeconomic patterning in health inequalities observed
cannot be addressed only by extensive public health lifestyle interventions that focus
on individual behavior changes. Tackling health inequalities requires critical thinking,
innovative methods, integrated and generic approaches, and deeper insights into the
underlying mechanisms. Fig. 1 presents the contribution of this thesis findings to the
understanding of health inequalities, as well as the knowledge and evidence gaps on
the mechanisms of health inequalities identified in this thesis. There is also a need for
a better translation of available evidence into public health practice, such as targeting
lifestyle patterns studied in this thesis and regulating fast food outlets.®?%78798852
Governments and policymakers should clearly acknowledge the root causes of health
inequalities, and reconceptualize health as the outcome of fundamental inequities in
resources. Tackling health inequalities should be institutionalized and actions should

be taken by all sectors, with science, with determination, and without hesitation.
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Health
I Inequalities
Chapter 5 and 6: a large
proportion of the associations is
not explained by individual-level
risk factors (i.e., lifestyle, clinical
biomarkers, obesity).

ISES modifies the associations
between lifestyle and health, see
legend of the figure (note 1).

Chapter 7: low ISES and low NSES
are both independently
associated with a higher chance
of having unhealthy lifestyle.

Chapter 7: NSES modifies the
association between ISES and
the lifestyle risk index. Low

Individual NSES is an amplifier of the NEIgthI‘hOOd
Socioeconomic effects of low ISES on Socioeconomic
Status (ISES) unhealthy lifestyle factors. Status (NSES)
Chapter 5 and 6: education
and income impact on health
through different pathways. Other Contextual The mechanisms of how
Education has bigger positive Factors other individual resources
effects on healthy lifestyle. and contextual factors, as
well as their interplay with
Other Individual individual socioeconomic
| Education | | Income | Resources status, lifestyle, and other

factors affect health
inequalities remain poorly
understood, which require
further exploration.

Fig. 1. lllustration of the contribution of this thesis findings to the understanding of health
inequalities, as well as the knowledge and evidence gaps on the mechanisms of health
inequalities identified in this thesis. Solid lines indicate findings of this thesis and other studies
in the Lifelines cohort study. Dotted lines indicate knowledge and evidence gaps that warrant
further investigation. The arrowheads indicates the direction of the effects.

Note 1: in this study, socioeconomic inequalities are found to exist in the relationships between
diet quality and health. In the Lifelines population, people with low education, adhering to
high-quality diets, have on average 2 times higher risk of developing type 2 diabetes compared
with their highly-educated counterparts. Although eliminating poor diet quality may improve
health in all education groups, only 14.8% of cases may be preventable in the low education
group, which clearly contrasts to 40.1% and 37.3% of preventable cases in the middle and high
education groups, respectively.®
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Future Perspectives
Underlying Factors of Lifestyle Patterns

Inthis thesis we shed new light on underlying factors of lifestyle factors, and support their
relevance for health outcomes. Yet, to translate these insights into better prevention
strategies, several issues require further exploration. In chapter 3, the adherence
to ultra-processed food consumption patterns depends not only on diabetes risk at
baseline, but also on age and education.*® While the assessment of robust lifestyle
patterns provides strategies to map lifestyle habits at the aggregate level, further
analysis of the relevant underlying factors can assist in characterizing lifestyle pattern

groups, which can provide guidance on better targeting strategies.
Regional Approaches in Lifestyle Promotion

The prospect of a regional approach for lifestyle promotion is promising. So far,
however, the empirical evidence for such approaches in public health practice is sparse.
Monitoring and evaluation of previous programs are necessary. How are lifestyle
factors related to geographical factors requires further exploration. It has been clearly
shown in chapter 7 that neighborhood-level factors are related to unhealthy lifestyle.>®
Spatial clustering (based on neighborhoods) has been identified for dietary patterns
and ultra-processed food consumption using the Lifelines data in the north of The
Netherlands.**** These findings provide interesting leads for the design of innovative
approaches for lifestyle interventions, hinting at the role of place as an important
underlying factor for lifestyle patterns (which is in line with this thesis) and also the

role of place as a tangible platform to implement policies and public health programs.
Advanced Techniques for Health Research

Advanced quantitative techniques may aid in better understanding the relationships
among lifestyle, underlying factors, and health. This includes not only emerging
techniques such as machine learning, but also methods that are often applied in other
fields but are less familiar to researchers in the field of nutrition, public health, and

epidemiology. For example, social network analysis reveals that obesity and smoking
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behavior seem to spread through social ties.*# In addition, current technologies (such
as digital e-health) and emerging lifestyle factors (such as social media use) create new
opportunities and challenges for improving lifestyle and health.?¢*® Interdisciplinary
research is therefore encouraged and also highly relevant for creating evidence that

can guide innovative strategies for public health prevention.
Healthy and Sustainable Lifestyle

Our lifestyle is not only related to health, but also has a substantial environmental
impact. This is especially prominent for some dietary factors such as meat and
dairy products, that are estimated to contribute to 50% of dietary greenhouse gas
emissions.®®1% Future research is needed to define sustainable lifestyle and investigate
its health potential. For public health practice and policymaking, it is important to

consider sustainability components in lifestyle interventions.
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Overall Conclusions

Part 1 of this thesis describes several dietary and lifestyle patterns, which contributes
to new knowledge about how different dietary and lifestyle factors cluster within the
population. These dietary and lifestyle patterns are found to be differentially associated
with risk of type 2 diabetes. Better-targeted lifestyle interventions can be designed and

enabled by targeting dietary and lifestyle patterns at the population level.

Part 2 of this thesis shows that low individual socioeconomic status (education and
income), and low neighborhood socioeconomic status are persistently associated with
unhealthy lifestyle factors. Substantial socioeconomic inequalities in health (type 2
diabetes) have been identified, which can only be partly explained by a wide spectrum
of factors, including socio-demographic factors, lifestyle factors, obesity status, clinical
biomarkers, and family history of diabetes. To tackle inequalities in lifestyle and health,
additional support should be provided to socioeconomically-disadvantaged people.
Contextual factors — including regional/local factors (such as neighborhood-level
factors) and generic factors (such as sugar and tobacco tax) — should be targeted to
enable healthy lifestyle changes. Improving education level of the general population
and ameliorating income inequalities using generic measures are the two fundamental

strategies.
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ENGLISH SUMMARY
What is type 2 diabetes? How does it harm our health and society?

Type 2 diabetes is a chronic disease characterized by long-term high blood sugar.
Prolonged periods of abnormal high blood sugar can result in damages to circulatory,
nervous, and immune systems, as well as multiple organs such as the heart, kidneys,
and eyes. These damages make individuals with type 2 diabetes more susceptible
to developing cardiovascular diseases (such as atherosclerosis), kidney disease, eye
diseases (such as retinopathy), and skin infections. For type 2 diabetes patients, these
diseases compromise the quality of life, increase the risk of death, and substantially
decrease their life expectancy. The prevalence of type 2 diabetes is high, resulting in
significant health problems and imposing a heavy socioeconomic burden on society. It
is estimated that there were approximately 480 million people having type 2 diabetes
globally in 2021. How to prevent type 2 diabetes — curbing its pandemic — in the

population is one of the most critical and urgent issues for public health and society.

Unhealthy lifestyle is one of the most important causes (often referred to as risk
factors) of type 2 diabetes. Unhealthy lifestyle includes, among other factors, poor diet,
smoking, binge drinking, lack of physical activity, and poor sleep quality. Substantial
evidence has demonstrated that improving lifestyle can substantially lower the risk
of type 2 diabetes. Lifestyle interventions have been prioritized as one of the most
important primary prevention strategies for type 2 diabetes in public health practice
and policy.

What problems and challenges do we face in the prevention of type 2 diabetes?

However, over the past few decades, large-scale lifestyle intervention programs
targeting the general population have achieved limited success. In the general
population, lifestyle interventions for type 2 diabetes prevention primarily face the

following problems and challenges:

(1) Type 2 diabetes is not solely caused by a single unhealthy lifestyle factor, yet
current large-scale lifestyle programs primarily focus on a single one. There is a lack of

attention on the combination of multiple unhealthy lifestyle factors — lifestyle patterns.
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Additionally, the relationship between lifestyle patterns and the risk of developing

diabetes is not yet well understood.

(2) Current lifestyle intervention programs mainly apply a “one-size-fits-all” approach,
in which everyone receives the same intervention measures. However, in real life,
lifestyle is different between different individuals. A “one-size-fits-all” strategy,
therefore, fails to effectively differentiate the needs of different groups for improving
lifestyle within the population, which may compromise the effectiveness of lifestyle

intervention programs.

(3) Population-level lifestyle programs rarely take into account factors that influence
lifestyle (referred to as underlying factors of lifestyle in this thesis), such as socioeconomic
status and contextual factors. How these factors collectively affect type 2 diabetes risk

are also largely unknown.

In light of these issues and challenges, what research have | conducted?

Part 1 of this thesis described several dietary and lifestyle patterns in the general
population. The relationships of these dietary and lifestyle patterns with type 2 diabetes
risk were studied. Part 2 of this thesis investigated the relationships of lifestyle factors
with their underlying factors, with a special focus on individual socioeconomic status
and neighborhood socioeconomic status. How these factors collectively affect type 2
diabetes risk was subsequently investigated. These studies are based on the Lifelines

Cohort, which is a large population cohort in the northern part of the Netherlands.

What are the findings of each chapter?

Chapter 2 describes a dietary pattern. A closer adherence to this dietary pattern is
related to a higher risk of type 2 diabetes. This dietary pattern is associated with blood
lipids, meaning it may affect the risk of type 2 diabetes by altering blood lipid levels.
This dietary pattern is characterized by high consumption of added sugar, sugary
beverages, and juice, and low consumption of fruits, vegetables, nuts/seeds, whole

grains, and tea.
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Chapter 3 shows that eating more ultra-processed food is related to a higher risk of
type 2 diabetes. Eating a healthy diet may not compensate for the detrimental effects
of ultra-processed food on health. However, it should be noted that not all types of
ultra-processed food are related to type 2 diabetes risk. By studying consumption
patterns of ultra-processed food, we found that a pattern high in consumption of cold
savory snacks (such as cheese, deli meat, and savory spreads for crackers and French
bread) and a pattern high in consumption of warm savory snacks (such as fried snacks,
fries, and snack sauce) are associated with higher type 2 diabetes risk. However, a
pattern high in traditional Dutch cuisine (such as sliced bread, lunch meat, and gravy) is
not associated with type 2 diabetes risk, while a pattern high in sweet snacks (such as
cookies, cakes, and chocolate) is associated with lower type 2 diabetes risk. This lower
risk of the sweet snack pattern may be due to the “reverse causation” in epidemiology.
To provide a specific explanation, people with a high risk of diabetes at the start of the
study (such as those with a family history of the disease) may try to minimize their
consumption of sweet-tasting foods with high sugar content in their daily diet. We have

also found evidence that supports the existence of this reverse causation.

Chapter 4 describes several lifestyle patterns in the population and has found
differential associations of these lifestyle patterns with risk of type 2 diabetes. Using
the “healthy lifestyle pattern” as the reference, the “unhealthy lifestyle pattern” and
the “poor diet and low physical activity pattern” are associated with higher risk of type
2 diabetes, whereas the “couch potato pattern” and the “risk drinking pattern” were
not associated with type 2 diabetes risk. Interestingly, people from the “couch potato
pattern”, despite having the longest TV watching time among the entire population, had
the highest weekly physical activity level and were mainly non-smokers. People from
the “risk drinking pattern” had the lowest TV watching time among the population.
These findings suggest that lifestyle factors tend to cluster in unique behavioral
patterns within the population. Furthermore, while previous research has shown
that each individual unhealthy lifestyle factor is associated with a higher risk of type 2
diabetes when studied separately, the combination of these different lifestyle factors —
in the form of lifestyle pattern — may not always correlate with risk of type 2 diabetes.
Therefore, it is important to consider the combined effects of different lifestyle factors

on health.
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Chapter 5 examines a conceptual model that encompasses key risk factors for type 2
diabetes. This model not only incorporates risk factors from various domains, such as
socioeconomic status, blood lipids, obesity, and lifestyle factors, but also includes their
interrelationships. The findings of this study indicate that larger waist circumference,
rather than higher BMI, and poor blood lipids have the biggest impact on increasing
type 2 diabetes risk. Among lifestyle factors, reducing TV watching time and increasing
physical activity level may vyield significant benefits in improving blood lipids and
reducing waist circumference. It is worth noting that a higher education level, as
opposed to a higher income, is associated with better lifestyle. However, a lower
income is directly linked to higher risk of type 2 diabetes, which cannot be accounted
for by the aforementioned risk factors. Through the analysis of this conceptual model,
we have quantified the interrelationships among the major risk factors for type 2
diabetes within the population. Focusing on the most influential risk factors identified
within each domain as priority prevention targets may have the potential to enhance

the effectiveness of type 2 diabetes prevention at the population level.

Chapter 6 examines the relationships between two socioeconomic indicators, namely
education and income, and the risks of type 2 diabetes and cardiovascular diseases.
The results show that lower education and lower income are both associated with
higher disease risks, and these associations are independent of each other. Risk factors
such as blood lipids, blood pressure, BMI, lifestyle factors, and sex can only partially
explain these associations. Additionally, it is observed that individuals with lower
education are not necessarily those with lower income, and vice versa. This research
further confirms the substantial socioeconomic inequalities in health in the general
population. Improving personal lifestyle, blood pressure, and blood lipids alone may
not effectively address this health inequality. Furthermore, when conducting health
research and formulating health interventions and policies, it is crucial to consider
the separate impacts of education and income on health, rather than conflating them

together.

Chapter 7 investigates the influence of individual socioeconomic status and
neighborhood socioeconomic status on lifestyle. The study has found that lower
individual socioeconomic status and lower neighborhood socioeconomic status

are both independently associated with poorer lifestyle. Additionally, statistically,
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there is an interaction between the effects of individual socioeconomic status and
neighborhood socioeconomic status on lifestyle. This interaction suggests that
residents living in lower socioeconomic status neighborhoods, who also have lower
individual socioeconomic status themselves, are more susceptible to the adverse
influence from the disadvantaged neighborhood on their lifestyle, compared with
their more affluent neighbors. These findings highlight the need to not only consider
individual socioeconomic status, but also provide additional health resources and social
opportunities for socioeconomically disadvantaged neighborhoods when formulating

health programs and policies.

In summary, how do these research findings assist in the development of better

type 2 diabetes prevention strategies for the general population?

(1) Focusing on dietary and lifestyle patterns as intervention targets, rather than
the generic “one-size-fits-all” approach

Part 1 of this thesis describes several dietary and lifestyle patterns in the general
population, wherein each pattern represents individuals with similar dietary or lifestyle
habits. These lifestyle patterns are differentially associated with type 2 diabetes risk,
demonstrating each of their clinical relevance. The unique characteristics of these
dietary and lifestyle patterns make it possible to design tailored dietary and lifestyle
interventions for each dietary and lifestyle pattern group, which enable a “personalized”
lifestyle intervention approach at an intermediate level of the population. As opposed
to the generic “one-size-fits-all” approach, this approach allows a more effective
differentiation of lifestyle intervention needs among different groups and facilitates
combined interventions targeting multiple unhealthy lifestyle factors. Given these
advantages, this pattern-based strategy holds great potential in promoting healthy
lifestyle and preventing type 2 diabetes in the general population.

(2) Promoting healthy lifestyle needs to target underlying factors of lifestyle

Promoting healthy lifestyle for the general population cannot be simply achieved
through health education and interventions focusing on individuals. The findings in
Part 2 of this thesis emphasize the need to improve the underlying factors of lifestyle

factors in public health practice and policy-making. These underlying factors include
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not only individual socioeconomic status (such as education and income) but also
contextual factors (such as neighborhood socioeconomic status). Regarding individual
socioeconomic status, Chapter 5 indicates that education is a more important
underlying factor of lifestyle factors compared with income. Public health policies
need to not only provide support for people with low education but also prioritize
improving the education level of the general population as a long-term societal
goal. As for contextual factors, the results from Chapter 7 indicate that residing in
socioeconomically disadvantaged neighborhoods is unfavorable for residents in terms
of lifestyle. This highlights the importance of improving the overall neighborhood
environment to promote healthy lifestyle. Practical measures may include enhancing
the natural environment, making neighborhood safer, making healthy and fresh food
more accessible, adding public exercise and fitness facilities, and reducing noise
pollution. From a broader perspective, social norms, government health values, and
measures like taxing unhealthy food are also potential contextual factors that may
influence lifestyle. It is evident that improving these underlying factors goes beyond
individual responsibilities and capabilities. Promoting a healthy lifestyle requires robust

collective measures and policies at the public level to drive its realization.

(3) Reducing health inequalities requires addressing fundamental socioeconomic

inequalities

Persistent health inequalities exist between socioeconomically-disadvantaged groups
and more affluent ones. For type 2 diabetes, socioeconomically disadvantaged groups
have higher risk of developing the disease, as well as higher risk of mortality and
shorter life expectancy if they developed the disease, compared with the affluent
population. Conventionally, the source of this health inequality has been attributed
to differences in individual risk factors, with disadvantaged groups more likely to have
unhealthy lifestyle. Traditional public health policies and practices have often focused
on improving individual risk factors to enhance the health status of the disadvantaged
groups, aiming to reduce health inequalities. However, unfortunately, this traditional
approach overlooks the fact that health inequalities are not solely caused by
differences in individual risk factors. The roots of health inequalities lie in fundamental
inequalities between individuals, including the socioeconomic inequalities studied in

this thesis. In Part 2 of this thesis, our findings clearly demonstrate that people with
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low socioeconomic status still face higher risk of developing type 2 diabetes compared
with people with high socioeconomic status, even when accounting for differences in
a wide spectrum of individual risk factors. Empirical evidence from other studies has
suggested that people with higher socioeconomic status may obtain greater health
benefits than those with lower socioeconomic status from lifestyle improvements,
potentially leading to bigger health inequalities. My PhD research, along with these
other studies, emphasizes the disproportionate harm in health experienced by
socioeconomically disadvantaged people. Disadvantaged people do not choose to
be unhealthy. Based on these research findings, this thesis underscores the need for
two fundamental strategies to reduce health inequalities: improving overall education
level and reducing income inequalities in the population, which address the underlying
socioeconomic inequalities within the population. Reducing health inequalities cannot
be achieved solely by improving individual risk factors; it requires comprehensive and
collective social measures and strategies. Furthermore, the findings from Chapter 6
further highlight the enormous potential of improving income inequalities in reducing
health inequalities, especially considering the fact that the majority of the general
population whose highest education level have already been attained and are difficult

to change.
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NEDERLANDSE SAMENVATTING

Wat is diabetes type 2? Wat zijn de schadelijke effecten op onze gezondheid en op

de samenleving?

Diabetes type 2 is een chronische ziekte die gekenmerkt wordt door hoge
bloedsuikerwaardes voor langere tijd. Langdurige periodes van abnormaal hoge
bloedsuikerwaardes kunnen leiden tot schade aan de bloedsomloop, het zenuwstelsel
en het immuunsysteem, evenals aan meerdere organen zoals het hart, de nieren en de
ogen. Deze schade maakt mensen met diabetes type 2 vatbaarder voor het ontwikkelen
van hart- en vaatziekten (zoals atherosclerose), nieraandoeningen, oogziektes (zoals
retinopathie) en huidinfecties. Voor patiénten met diabetes type 2 gaat deze ziekte ten
koste van hun kwaliteit van leven, het verhoogt hun risico op overlijden en vermindert
hun levensverwachting aanzienlijk. De prevalentie van diabetes type 2 is hoog, met
aanzienlijke gezondheidsproblemen tot gevolg. Dit is een zware sociaaleconomische
last voor de samenleving. Naar schatting waren er in 2021 wereldwijd ongeveer 480
miljoen mensen met diabetes type 2. Hoe diabetes type 2 te voorkomen — en de
pandemie te beteugelen — is een van de meest cruciale en urgente kwesties voor de

volksgezondheid en de samenleving.

Een ongezonde leefstijl is een van de belangrijkste oorzaken (vaak risicofactoren
genoemd) van diabetes type 2. Een ongezonde leefstijl omvat onder andere slechte
voeding, roken, drankmisbruik, gebrek aan lichaamsbeweging en een slechte
slaapkwaliteit. Er is substantieel bewijs dat aantoont dat het verbeteren van leefstijl
het risico op diabetes type 2 aanzienlijk kan verlagen. Leefstijlinterventies hebben
dan ook prioriteit gekregen in de praktijk en in het gezondheidsbeleid, als een van de

belangrijkste primaire preventiestrategieén voor diabetes type 2.

Met welke problemen en uitdagingen worden we geconfronteerd bij de preventie
van diabetes?

In de afgelopen decennia hebben grootschalige leefstijlinterventieprogramma’s
gericht op de algemene bevolking echter beperkt succes geboekt. In de algemene
bevolking worden leefstijlinterventies, ter preventie van diabetes type 2, voornamelijk

geconfronteerd met de volgende problemen en uitdagingen:
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(1) Diabetes type 2 wordt niet veroorzaakt door één enkele ongezonde leefstijlfactor,
terwijl de huidige grootschalige leefstijlprogramma’s zich vooral op één enkele factor
richten. Er is onvoldoende aandacht voor de combinatie van meerdere ongezonde
leefstijifactoren (leefstijlpatronen). Bovendien is de relatie tussen leefstijlpatronen en

het risico op het ontwikkelen van diabetes nog niet goed begrepen.

(2) De huidige leefstijlinterventieprogramma’s passen voornamelijk een “one-size-fits-
all”-benadering toe, waarbij iedereen dezelfde interventiemaatregelen krijgt. In de
praktijk verschilt leefstijl echter tussen individuen. Een “one-size-fits-all”-strategie slaagt
er niet in om effectief onderscheid te maken tussen de behoeften van verschillende
groepen om de leefstijl binnen de bevolking te verbeteren, wat ten koste gaat van de

effectiviteit van deze leefstijlinterventieprogramma’s.

(3) Leefstijlprogramma’s op populatieniveau houden zelden rekening met factoren
die de leefstijl beinvloeden (in dit proefschrift de onderliggende factoren van leefstijl
genoemd), zoals sociaaleconomische status en contextuele factoren. Hoe deze factoren

gezamenlijk het risico op diabetes type 2 beinvlioeden is ook grotendeels onbekend.

Welk onderzoek heb ik uitgevoerd in het licht van deze kwesties en uitdagingen?

Deel 1 van dit proefschrift beschrijft verschillende voedings- en leefstijlpatronen in
de algemene bevolking. Onderzocht is wat de relaties zijn tussen deze voedings- en
leefstijlpatronen en het risico op diabetes type 2. In Deel 2 van dit proefschrift zijn de
relaties van leefstijlfactoren met hun onderliggende factoren onderzocht, met speciale
aandacht voor de individuele sociaaleconomische status en de sociaaleconomische
status in de buurt. Vervolgens is onderzocht hoe deze factoren gezamenlijk het risico
op diabetes type 2 beinvlioeden. Deze onderzoeken zijn gebaseerd op het Lifelines

Cohort, een groot bevolkingscohort in Noord-Nederland.

Wat zijn de bevindingen van elk hoofdstuk?

Hoofdstuk 2 beschrijft een voedingspatroon. Een nauwere navolging van dit
voedingspatroon hangt samen met een hoger risico op diabetes type 2. Dit

voedingspatroon wordt geassocieerd met bloedlipiden, wat betekent dat wisselende
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bloedlipideniveaus het risico op diabetes type 2 beinvloeden. Het voedingspatroon
wordtgekenmerktdooreenhoge consumptie vantoegevoegde suikers, suikerhoudende
dranken en sap, en een lage consumptie van fruit, groenten, noten/zaden, volle granen

en thee.

Hoofdstuk 3 laat zien dat het eten van meer ultrabewerkt voedsel gerelateerd is aan
een hoger risico op diabetes type 2. Het volgen van een gezond dieet compenseert
mogelijk niet voor de schadelijke effecten van ultrabewerkt voedsel op de gezondheid.
Er moet echter worden opgemerkt dat niet alle soorten ultrabewerkt voedsel verband
houden met het risico op diabetes type 2. Door consumptiepatronen van ultrabewerkt
voedsel te bestuderen, ontdekten we dat een patroon met veel consumptie van koude
hartige snacks (zoals kaas, vleeswaren en hartige spreads voor crackers en stokbrood) en
een patroon met veel consumptie van warme hartige snacks (zoals gefrituurde snacks,
frites en snacksaus) geassocieerd worden met een hoger risico op diabetes type 2. Een
veelvoorkomend eetpatroon in de traditionele Nederlandse keuken (zoals gesneden
brood, lunchvlees en jus) is echter niet geassocieerd met het risico op diabetes type
2, terwijl een patroon met veel zoete snacks (zoals koekjes, cake en chocolade) juist
geassocieerd is met lager risico op diabetes type 2. Dit lagere risico van het zoete
snackpatroon kan te wijten zijn aan de “reverse causation” in de epidemiologie. Om
een specifieke verklaring te geven: mensen met een hoog risico op diabetes type 2
aan het begin van het onderzoek (zoals mensen met een familiegeschiedenis van de
ziekte) kunnen proberen hun consumptie van zoet smakende voedingsmiddelen met
een hoog suikergehalte in hun dagelijkse voeding te minimaliseren. We hebben ook

bewijs gevonden dat het bestaan van deze omgekeerde oorzakelijkheid ondersteunt.

Hoofdstuk 4 beschrijft verschillende leefstijlpatronen in de bevolking en toont
differentiéle verbanden aan tussen deze leefstijlpatronen en het risico op diabetes type
2.Alswe het “gezonde leefstijlpatroon” als referentie gebruiken, worden het “ongezonde
leefstijlpatroon” en het “slechte voeding en weinig lichaamsbewegingspatroon”
in verband gebracht met een hoger risico op diabetes type 2, terwijl het “couch
potato-patroon” en het “risicodrinken-patroon” niet geassocieerd zijn met het risico
op diabetes type 2. Interessant is dat mensen met het “couch potato-patroon”,
ondanks dat ze de langste tv-kijktijd van de hele bevolking hebben, het hoogste

wekelijkse fysieke activiteitsniveau hebben en voornamelijk niet-rokers zijn. Mensen

249




Appendices

uit het “risicodrinken-patroon” hebben de laagste tv-kijktijd onder de bevolking. Deze
bevindingen suggereren dat leefstijlfactoren de neiging hebben om te clusteren in
unieke gedragspatronen binnen de bevolking. Eerder onderzoek heeft aangetoond
dat elke individuele ongezonde leefstijlfactor geassocieerd is met een hoger risico op
diabetes type 2 wanneer deze afzonderlijk onderzocht worden. De combinatie van deze
verschillende leefstijlfactoren - in de vorm van een leefstijlpatroon — correleert echter
niet altijd met het risico op diabetes type 2. Daarom is het belangrijk om rekening
te houden met de gecombineerde effecten van verschillende leefstijlfactoren op de

gezondheid.

Hoofdstuk 5 onderzoekt een conceptueel model dat de belangrijkste risicofactoren
voor diabetes type 2 omvat. Dit model omvat niet alleen risicofactoren uit verschillende
domeinen, zoals sociaaleconomische status, bloedlipiden, obesitas en leefstijlfactoren,
maar ook hun onderlinge relaties. De bevindingen van deze studie geven aan dat
een grotere tailleomtrek in plaats van een hogere BMI en slechte bloedlipiden de
grootste invloed hebben op het verhogen van het risico op diabetes type 2. Onder
leefstijlfactoren kunnen het verminderen van de tv-kijktijd en het verhogen van het
fysieke activiteitsniveau aanzienlijke voordelen opleveren bij het verbeteren van de
bloedlipiden en het verminderen van de middelomtrek. Het is vermeldenswaardig dat
een hoger opleidingsniveau, in tegenstelling tot een hoger inkomen, wordt geassocieerd
met een betere leefstijl. Een lager inkomen is echter direct gekoppeld aan een hoger
risico op diabetes type 2, wat niet kan worden verklaard door de bovengenoemde
risicofactoren. Door de analyse van dit conceptuele model hebben we de onderlinge
relaties tussen de belangrijkste risicofactoren voor diabetes type 2 binnen de bevolking
gekwantificeerd. Door te focussen op de meest invloedrijke risicofactoren die binnen
elk domein zijn geidentificeerd als prioritaire preventiedoelen, kan de effectiviteit van

diabetes type 2 preventie op populatieniveau worden verbeterd.

Hoofdstuk 6 onderzoekt de relaties tussen twee sociaaleconomische indicatoren,
namelijk opleiding en inkomen, en de risico’s op diabetes type 2 en hart- en vaatziekten.
De resultaten laten zien dat een lagere opleiding en een lager inkomen beide
geassocieerd zijn met hogere ziekterisico’s, en deze associaties zijn onafhankelijk van
elkaar. Risicofactoren zoals bloedlipiden, bloeddruk, BMI, leefstijifactoren en geslacht

kunnen deze associaties slechts gedeeltelijk verklaren. Bovendien valt op dat personen
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met een lagere opleiding niet noodzakelijkerwijs degenen met een lager inkomen zijn,
en vice versa. Dit onderzoek bevestigt verder de substantiéle sociaaleconomische
ongelijkheden op het gebied van gezondheid in de algemene bevolking. Het
alleen verbeteren van de persoonlijke leefstijl, bloeddruk en bloedlipiden kan deze
gezondheidsongelijkheid mogelijk niet effectief aanpakken. Bovendien is het bij het
uitvoeren van gezondheidsonderzoek en het formuleren van gezondheidsinterventies
en -beleid van cruciaal belang om rekening te houden met de afzonderlijke effecten

van onderwijs en inkomen op de gezondheid, in plaats van ze samen te voegen.

Hoofdstuk 7 onderzoekt de invloed van de individuele sociaaleconomische status en
de sociaaleconomische status van de buurt op leefstijl. Uit de studie is gebleken dat
een lagere individuele sociaaleconomische status en een lagere sociaaleconomische
status in de buurt beide onafhankelijk van elkaar samenhangen met een slechtere
leefstijl. Bovendien is er statistisch gezien een interactie tussen de effecten van de
individuele sociaaleconomische status en de sociaaleconomische status van de
buurt op de leefstijl. Deze interactie suggereert dat bewoners die in buurten met
een lagere sociaaleconomische status wonen en die ook zelf een lagere individuele
sociaaleconomische status hebben, vatbaarder zijn voor de nadelige invioed van de
achtergestelde buurt op hun leefstijl, in vergelijking met hun meer welvarende buren.
Deze bevindingen benadrukken de noodzaak om niet alleen rekening te houden met
de individuele sociaaleconomische status, maar ook om extra gezondheidsbronnen
en sociale kansen te bieden aan sociaaleconomisch achtergestelde buurten bij het

formuleren van gezondheidsprogramma’s en -beleid.

Samengevat, hoe helpen deze onderzoeksresultaten bij de ontwikkeling van betere
strategieén voor diabetes type 2 preventie voor de algemene bevolking?

(1) Focus op voedings- en leefstijlpatronen als interventiedoelen, in plaats van de

generieke “one-size-fits-all”’-benadering

Deel 1 van dit proefschrift beschrijft verschillende voedings- en leefstijlpatronen in de
algemene bevolking, waarbijelk patroonindividuen vertegenwoordigt met vergelijkbare
voedings- of leefstijlgewoonten. Deze leefstijlpatronen zijn op verschillende manieren

geassocieerd met het risico op diabetes type 2, wat elk hun klinische relevantie
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aantoont. De unieke kenmerken van deze voedings- en leefstijlpatronen maken het
mogelijk om voor elke voedings- en leefstijlpatroongroep op maat gemaakte voedings-
en leefstijlinterventies te ontwerpen, wat een “gepersonaliseerde” leefstijlinterventie
mogelijk maakt op een gemiddeld niveau van de bevolking. In tegenstelling tot de
generieke “one-size-fits-all”-benadering, maakt deze benadering een effectievere
differentiatie mogelijk van leefstijlinterventiebehoeften tussen verschillende groepen
en vergemakkelijkt het gecombineerde interventies gericht op meerdere ongezonde
leefstijifactoren. Gezien deze voordelen biedt deze op patronen gebaseerde strategie
een groot potentieel voor het bevorderen van een gezonde leefstijl en het voorkomen

van diabetes type 2 bij de algemene bevolking.

(2) Het bevorderen van een gezonde leefstijl moet gericht zijn op onderliggende

factoren van leefstijl

Hetbevorderenvan eengezonde leefstijl voor de algemene bevolking kan niet eenvoudig
worden bereikt door middel van gezondheidsvoorlichting en op individuen gerichte
interventies. De bevindingen in Deel 2 van dit proefschrift benadrukken de noodzaak
om de onderliggende factoren van leefstijlfactoren in de volksgezondheidspraktijk
en beleidsvorming te verbeteren. Deze onderliggende factoren omvatten niet
alleen de individuele sociaaleconomische status (zoals opleiding en inkomen), maar
ook contextuele factoren (zoals de sociaaleconomische status in de buurt). Met
betrekking tot de individuele sociaaleconomische status geeft Hoofdstuk 5 aan dat
opleiding een belangrijkere onderliggende factor is van leefstijlfactoren dan inkomen.
Volksgezondheidsbeleid moet niet alleen ondersteuning bieden aan mensen met een
lage opleiding, maar ook prioriteit geven aan het verbeteren van het opleidingsniveau
van de algemene bevolking als een maatschappelijk langetermijndoel. Wat
betreft omgevingsfactoren geven de resultaten van Hoofdstuk 7 aan dat wonen in
sociaaleconomisch achtergestelde buurten ongunstig is voor bewoners in termen van
leefstijl. Dit benadrukt het belang van het verbeteren van de algehele buurtomgeving
om een gezonde leefstijl te bevorderen. Praktische maatregelen kunnen zijn:
het versterken van de natuurlijke omgeving, het veiliger maken van buurten, het
toegankelijker maken van gezond en vers voedsel, het toevoegen van openbare
beweeg- en fitnessfaciliteiten en het verminderen van geluidsoverlast. Vanuit een

breder perspectief zijn sociale normen, gezondheidswaarden van de overheid en
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maatregelen zoals het belasten van ongezond voedsel ook potentiéle contextuele
factoren die de leefstijl kunnen beinvioeden. Het is duidelijk dat het verbeteren van
deze onderliggende factoren verder gaat dan individuele verantwoordelijkheden en
capaciteiten. Het bevorderen van een gezonde leefstijl vereist robuuste collectieve
maatregelen en beleidsmaatregelen op populatieniveau om de realisatie ervan te

stimuleren.

(3) Om ongelijkheden op gezondheidsgebied te verminderen, moeten fundamentele

sociaaleconomische ongelijkheden worden aangepakt

Er bestaan hardnekkige ongelijkheden op het gebied van gezondheid tussen
sociaaleconomisch achtergestelde groepen en meer welvarende groepen.
Sociaaleconomisch achtergestelde groepen hebben in vergelijking met de welvarende
bevolking een hoger risico om diabetes type 2 te ontwikkelen, evenals een hoger
risico op sterfte en een kortere levensverwachting als ze de ziekte ontwikkelen.
Traditioneel wordt de oorzaak van deze gezondheidsongelijkheid toegeschreven
aan verschillen in individuele risicofactoren, waarbij kansarme groepen vaker een
ongezonde leefstijl hebben. Traditioneel waren beleid en praktijk op het gebied
van volksgezondheid vaak gericht op het verbeteren van individuele risicofactoren
om de gezondheidstoestand van kansarme groepen te verbeteren, met als doel
ongelijkheden op gezondheidsgebied te verminderen. Helaas ziet deze traditionele
benadering over het hoofd dat ongelijkheden op gezondheidsgebied niet alleen
worden veroorzaakt door verschillen in individuele risicofactoren. De wortels van
ongelijkheden op gezondheidsgebied liggen in fundamentele ongelijkheden tussen
individuen, inclusief de sociaaleconomische ongelijkheden die in dit proefschrift
onderzocht zijn. In Deel 2 van dit proefschrift tonen onze bevindingen duidelijk aan
dat mensen met een lage sociaaleconomische status nog steeds een hoger risico
lopen op het ontwikkelen van diabetes type 2, in vergelijking met mensen met een
hoge sociaaleconomische status, zelfs wanneer rekening wordt gehouden met
verschillen in een breed spectrum van individuele risicofactoren. Empirisch bewijs
uit andere onderzoeken suggereert dat mensen met een hogere sociaaleconomische
status grotere gezondheidsvoordelen kunnen behalen door verbeteringen in leefstijl
dan mensen met een lagere sociaaleconomische status, wat mogelijk kan leiden tot

grotere ongelijkheden op gezondheidsgebied. Mijn promotieonderzoek benadrukt,
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samen met deze andere studies, de onevenredige gezondheidsschade die wordt
ervaren door sociaaleconomisch achtergestelde mensen. Kansarme mensen kiezen
er niet voor om ongezond te zijn. Op basis van deze onderzoeksresultaten benadrukt
dit proefschrift de noodzaak van twee fundamentele strategieén om ongelijkheden op
gezondheidsgebied te verminderen: verbetering van het algehele opleidingsniveau en
vermindering van inkomensongelijkheid in de bevolking. Die strategieén adresseren
de onderliggende sociaaleconomische ongelijkheden binnen de bevolking. Het
verminderen van ongelijkheden op gezondheidsgebied kan niet alleen worden bereikt
door individuele risicofactoren te verbeteren; het vereist alomvattende en collectieve
sociale maatregelen en strategieén. Bovendien benadrukken de bevindingen van
Hoofdstuk 6 het enorme potentieel van het verbeteren van inkomensongelijkheid
bij het verminderen van ongelijkheden op gezondheidsgebied, vooral gezien het feit
dat de meerderheid van de algemene bevolking, wiens hoogste opleidingsniveau al is

bereikt, moeilijk te veranderen is.
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YT Fuph2BERRE, FAiIEIGH A =EFNHE?

M, ESETED, S RARRNAREE SN TR B S/ DERISMTN. £—
RRABFR, $HXI2BERmIIE RS TR EEEIGLA T RIREFI b :

(1) 2BUERRIAANMNERHR—MAREELASEHR, MERNARTImEEE
HMBMAREESI, REHWSMAREF SRS TIuEME. Wit 4ES
&R (RREELSINES) SHERFABXBEAIXRER T2,

(2) BRINEESNTFIIEEERR —01" RERARE, S ARBEEZAE
BTFERE. ERTRIFENANEZTLAAR, WEESXFREEARRR
TR, XMMERY "—1)" RERELTEERX D AP AREES AR
X, MMHIES T 4ES T ERERIE.

(3) ABKFREEASNTRmBHROFEEMEETSNAEERESR, itts
ZFMAIIHMKERER. XERRSEFLZERIEE/ERN 2EWER B AR IX,
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PRI EARDRE S,

FIRXLERERFNb, BT T AHR?

EETIENRIE—RBD (Partl) , FEd T /IR ABKFRUBERMEEL TR,
FHRF T S2EEERE AmINIRRIR R, EELENRISE 3D (Part2) , i
RTEEANSPALSEFHN EHEIN) IHREERR (XSS5
) BIRR, LARAIAMAIHRSIE2ENERRRIARNXEL, XEAFFET LifelinesfA
Fl, XM =1 tEBRIARELAEEBAS Y,

s-88/812&m?

S$5=F (Chapter2) AT —FERERN, REBIRLXMESEANSKEHI25
FEPRHINBEARR, IXFEERENSIAEEX, RIEATsEET MR MAS N/ Im 25
FERRBEINPG, XFEREALENE. SEREFRTHEARRS, BKER.
TR, BRATF. 2EYIIERIRAERIE.

$B=F (Chapter3) RMNZEZHYENTRYAIBESESHI2EBNEIRBNETER, 7
BREREFAF AN TR ERTRIARTM. A, EEEEN
2, FREHAEEEIN T RES2EERmNIGER, BEHREN T e
BERE, FIIRILARIREIIT/NE (FCAmiskENz, ERMATRERNNZEYE
) FMLUSEIREBINT/NZ (FLangBEgiR, iR AR TR G T iR Rk
EH) BAESNEIASEN T RMERRINSRSHI2ENEREXEEX TLlE
8. AR (BTER) MRTRAERSHNESN=EEN T eEIEINS
2BUEERIBINBETT R LARHDR/MIZ (PEANTHT. E|HEAIISRD) BARKRSHGENT
BYIRE RN SRRAIELEERENLER. FHR/\Z SRRV ELEEREIXBLAER
AREERTRTRETR "REAER" K. BAERERR, ERRTREREHE
FRENXBZHIA (ELAIBZRIREESE) |, T ERIXRhREEFFHIRAISEE
RENRY. BAMRERRFEH AN TR AR RKEKFEINILE.

$BME (Chapterd) AT ABFHR/IVMARNEELSTUER, FEAKIIXLAETEST
B S2BRERENIE B A RRXREK. DURREELSIRINNSE, SHAREREES

256



Appendices

AR RERRERASRGEEES RN S RERI2EERBXGEX, T "
WREE" (couch potato, FISEBEMANENK) EEHTURTAITEINEEEST
BN S2BHEREXBE TR, BlEE, WREIE" EESIERAAREREE
ABPERUNERK, EISRRERENADRR, FEMEEZEMRE.
M EIXNBEEESTERN AR BB AZS AR PRI, XERIRBAEN
EELA AR AR AETE ST VEINERE. 71, RIESRIRARAIE
— I MERRVAEESVERBE—ARINESRE2ENERBXEERX, (BZXER
BEESRNUEELSTRRFRASE—RIRR, BNFARESEM2EERREX
BUtER, Bl MR EL eI sEAEE/FRXI RIS,

$AE (Chapterd) O 7 — M EE2EMERFEEXGERISEE, XM
RENMEETARSBIRNXEER (Fbattesmiteis. mAs. BMEreIEES
) | BEETXEARFIXEERZERNERIR. XIARAR, BAER
(MARKRSAIAEFHBMI) FBRERIMASREXT 2B EPRIE X B IS NG SR ARISS
;s> EEE AR B IR B BRI B E MASA AV NEE B SR AREAL SR
BKF (MARRESIN) SEFREFELIVEX. A, BRAMIN KT8
PEPREXPIESEERRIRER, FEREXMREATERAREESI. FEHAIMmASA
SRR, BUSITX MRS, BAIENT ABP2EUERRA RN E R
ZIARIXRER, BRI 2EHERBXBEAERI SIRAIANN, BA T LAEARREIZER]
MBEEZRZ P EEFBERARINSTIE R, MMRT BRI AR KRB
BRI,

SB7"E (Chapter6) MR TR MISEFMALER, BIHBEKFMRNKE, 528
FEPRIBXBEFI ORI EERBXBEAIR R, HRAIR, BIRAIEBEKFFBRIRAIMNKX
HEREMRBXEER, FRXMRERIGEERY. MAs. [E. KREEL
EES A RIS RILE R NEERB D R BTN SERXBLIARRER. LEoh, B
MR IRERERE K FHUARFAF—ERERIBRANRIAR, THREREIAKX
FRAFEHA—ERBRIEHERKTFRIAR, XIAFH—PIESE T —RRABHERE
RO EFEETENH A ATSE, FRXMMERA TSI A aeRauthiE
IHENAEESN. MENMESEMERGEINE. it EH TRERFMGIE
EERTIHERSEERE, HIFERREBHETNRNR N AR S5 AHER
XHEERAISAE, MAZEEITEA—%.

257




Appendices

$BtE (Chapter7) AR T NMAHLSEFHUMBEHSEFIANTEES AR
M, HARAIM, BENNALSEFUSRENSELSZFAYSRENER
HIVRMER, W5, EFE L, DPARSEFAAIMER SR SEES
HNRKREFEREER, XFXEFARE, WEEERRSELSZFALXA
BRI, WRMEIITALSETHAIBRR, BRARLBNEEES I AL
HAIRIBESRG, BB B RREPEINEIEEE SN HRAIARIE, XL
ERREHEBE N ANEES R TS EAMERECRAT, HAIMIFEZRDA
HLEFN, BAIEMMSRFSBH KRMESIIRER TSI,

BEMS, RERRERAFIEN—RRAR2BERFBIERIEE T A RE?

(1) IERMEFANEXABMMBIRETEFTIN TR, MAERN “—7]
" REp—BRTRHR

EXHE -0 KMEARPFEERRNERSEESIVEN, ARES528UE
RENEEERRIXIK. XEARNERIIEES VRSB RGBS
fiE, XEEEHNITLWRES I A RERMEESTUEIEHARITR, ] "B
K", BIEESIE MR BHAMEY BERMEESNTIUERE. HERN
—8)" ANERE—TFIUTE, XEARKFETRERRMEE S TR TS
e LI BRUMR D AERHARIE RSN TSR, FEITLENSMAREEST
PTG T, ETFXEMA, B—REBANARKFETIERIEMS, XETE
REEFEATVERRITIURISTREENER, ERHARRIFEE ST 25
FRIBAISEER B EEARIES.

(2) (RiHERERHAFEEMNEEENREERR

(EHeRIHERETS, MUEBTREREBSINTANTRENER. 1835
BRI REESREE ¥ AR DAL HABER I E P F R ENMNENEES R
BERR, XEBERRMIBRENALSEFMN (CLsEiieN) | 18Es
SER (FLNMELSEFTA) . T IARSLFHN, BARRAREPNE
REMRAETEBENEESVEEER. AHDEERMIBEENREEKFARFR
#1375, ERBEUIRSEREEKHENRPBIHSMERR. MYTERER, Ht
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BRARERRER L SE BB RAF T RERERERIEES, XER
T BT E XAV AIME AT LR R RAEREE DT, BISSEEaENE
HXERNE, BEitXREet. FEHRPRETSamESZIRG. BN s
ESZATIRMMNREE SRS, RILZIN, e, BUFRREEWS, LARXRE
RERIFRSERBEREIRERZ ERREESNEMNNEEERER. M
2N, HEXLEERFITTEL 7T MARETEE, EREELNEH TR
MENASE. (BHEREESNEEEE NN AHEMEEAIBER S HERNTI.

(3) R RRAESFEERRRTIHSETAES

HRRFEBHNERERNFHRCARPFEEEANIREER. T 28MERR
s, HEKFEEEHE (BILEREHF) FESNBRNG, TRREtEESH
S NRANERETERSm, —HE, XiMEREFIIRERIFSTNANEER
ER, MEERTEEREMERNEEL. ERAH AR B EETIN
ENAREERNSAEREDEFFRFENR, NmiBRDREATFE. &
M, BRR, XFMESRYERIR B T RN FSANMUBBET MIXEERE
STEME. BEAFFIORERETASAZERRAAN TS, XETANEXE
BRI SEF TS HIeNIB S, HIRTAREREMERENTTET
ST, BIEER T I SHHSESHAEHAZ AR AKBRRRES,
i 1B FE ESR2BERRRRNG. —LkEEMARNEGIEREDR,
B SEFFISHERHA, BRI ATT RN E B ETREESERT
b, XATRESSHETENREATE. RATAFTMXEEMATERRR TS5
SSBBHAERRPZRNIAAELBIRIGE. SRR AFEECEETMER. BT
XLHARER, HANCIGRE T MR TFEFERNR MR EREE, B
REEREEKFBDNEERFE, RO ARFIIRIMESZFAEE. #
DEFAFELERAEEINEN AXBREZRII, FTERB ZR SRR
%, LESh, SHAERARGERBH—LRE T RME T A —RARNS, 189
EEAEKFEELTABRRENE, MERNKFEEBYRMERNFFEEX
YA,
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I am about to graduate again!

As | wrote this, a subtle feeling of surprise came to me. In Chinese, a PhD is accompanied
by “graduation”, but not “promotion” in Dutch. And for this time the graduation, it is no
longer about saying goodbye to classmates around, nor is it about leaving a classroom
with things that remained habitually unchanged.

How | wish | could be as sharp as when | wrote papers. However, | know that thoughts
and feelings cannot be categorized smoothly like a cluster analysis. Alongside these
reflections are the memories of everything that has happened during my five-year-
long PhD journey, starting from 2018.

Although time is continuous, we seem to be used to pause at important points to look
back and summarize.

Five years may sound like a long time, but when compared to a lifetime, or to the
vastness of the universe, it is not even a mere instant. It makes me ponder — within this
vast universe, all the particles, and rocks, have persisted billions of years. While their
forms constantly change, carbon remains carbon, and silicon remains silicon. Have the
sands | walked on ever been touched by creatures from the Cambrian era?

Over the past five years, it feels as if time has frozen at a particular stage. | have spent
such a long time alone, sitting behind the screen, reading, learning, writing, and having
meetings online that has remained unchanged since then.

Over the past five years, | have witnessed a rapid condensation and acceleration of
things in my life —an overwhelming experience | had never encountered before.

Over the past five years, there have also been numerous choices, discussions,

resistance, as well as moments of anxiety and sadness.

However, despite all, | must emphasize, that over the past five years, | have conducted
research that | am passionate about, acquired knowledge, and have been able to
explore and travel the world. | so much enjoy my research and | am very proud of
myself. To attain this, it has not been an easy feat.

What an extraordinary and joyful journey to celebrate!
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Whether in the face of challenges or amidst idle hours, | always enjoy to take a walk in
the nature. | cannot help but wonder, how many years it took for those trees to grow
into their current form.

| bought this Schefflera two years ago. One day, as | was randomly browsing the photos,
| was delighted to see how much it had grown. Look at its beautiful leaves! (Although |
think some pruning is necessary... haha.)

SCHEFFLERA | 9

e
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Over the past 5 years, | have been fortunate to meet you, and along with the cherished
companionship with those | have known for many years. | have learned from you,
discussed with you. We drink coffee, eat, travel, and chat, creating countless joyful and
happy moments together. And this, is not a goodbye.

Dear Prof. Gerjan Navis and Dr. Louise Dekker, | am so lucky to have you as my PhD
supervisors. All of this is not only about your guidance for my research, but also your
encouragement for me to explore. You welcome and support my research ideas. We
discussed results and papers together. Your knowledge, experience, and wisdom have
greatly inspired me! | have learned a lot. Besides research, | also greatly appreciate
your care and support, especially during difficult times. You were always there by my
side. Thank you!

Dear Gerjan, thank you for all your knowledge and wisdom. | greatly appreciate and
have learned a lot from you, particularly your insights into healthy aging, primary
prevention strategies, health inequalities, and so on. Your enthusiasm and passion for
investigating better prevention strategies and strategies to tackle health inequalities
have been a significant inspiration to me. | am also confident that, | will continue my
research to make my contribution towards this field. Thank you!

Dear Louise, the simplest yet most powerful words | can find are: thank you for
everything! Our weekly meetings have been enjoyable, with discussions about
research where we have solved many big and small issues. We’ve also had pleasant
conversations about our daily lives. You are so kind, caring, and supportive. When |
mentioned my wish to do a research internship, you were very willing to help and
helped arrange everything, which provided me with a valuable opportunity! Thank
you!

During my PhD journey, | had the opportunity to work with Dr. Eva Corpeleijn, Prof.
Juan-Jesus Carrero, Prof. Jochen Mierau, and Prof. Stephan Bakker. | appreciate your
insightful comments, help, and encouragement in my research. Dear Eva, attending the
Lifestyle Unit Meeting is always a delight! There were always many interesting topics
and research. Your sharp insights into ultra-processed food add a fun yet important new
knowledge to the paper and the field. | also want to thank you for sharing knowledge
as well as information about conferences. Dear Juan-Jesus, in the final year of my PhD,

263




Appendices

| finally had the chance to visit you in Stockholm! The coffee at KI was very nice! | am
grateful for your guidance and suggestions that greatly helped improve my writing. |
can clearly see the progress and differences in my work over the past four years!

For my PhD thesis, | would like to thank the assessment committee, Prof. Edith Feskens,
Prof. Erik Buskens, and Prof. Karien Stronks, for your time and effort in reading and

reviewing my thesis.

In addition, | would like to thank my supervisors for my research internship at the
RIVM. Thank you, Dr. Henk Hilderink and Dr. René Poos, for providing me with the
opportunity to explore and study health inequalities in mortality among diabetes
patients, using the CBS and Nivel data (which | consider the best available data in
the country). Thank you for your guidance and help in this. | would also like to thank
Marjanne, Ellen, Marianne, and Joost for your willingness to help with many practical
questions.

Dear Qingging, Petra, Yinjie, Maryse, and other co-authors that | worked with. It’s so
nice that we had the chance to work together on research and we have achieved these
beautiful paper outcomes! Some of the papers were quite challenging, like with more
than 15 times of submission or rebuttal letters as long as 60 pages. But we made it! |
am proud of our beautiful papers.

My PhD research is mainly based on the Lifelines data. | sincerely acknowledge the
services of the Lifelines Cohort study, especially the data management team, that |
worked with throughout my PhD research. You helped solved a lot of practical issues.
| would also like to thank the contributing research centers delivering data to Lifelines,
and all the study participants!

Dear idil, Vicente, Qiming, and Li, thank you very much for being my paranymphs and
helping arrange things for my promotion!

Dear idil, Vika, Arianna, and Yasmina, | so much enjoy hanging out with all of you! It’s
so lucky to have you throughout my PhD journey. Expressing my affection in just a few
sentences is impossible. | will definitely miss all the spontaneous meet-ups for coffee,
drinks, and city trips. Arianna, you are the strong bond that keeps us connected! It was
always happy to have our weekly coffee and food meet-ups somewhere in the city.
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Vika, it is always pleasant to talk and share our love for plants, nature, coffee, and the
little cute details of life. | am very happy that we did a great job for the final symposium.
Yasmina, it was always so much fun to participate in various activities with you. Thank
you that | got to know about the nice events and activities of Gopher.

Dear idil, | can have so many personal, honorable titles for you, appreciating all the
beautiful, funny, lovely, happy, or occasionally sad moments during our PhD journey. You
are my best corona time dinner buddy, my best walking buddy, my best temperature-
feeling buddy, saying 10 degrees feels like summer, and so much more. You make my
PhD journey beautiful!

And also, thank you to all my PROMINENT fellow PhDs: Angelina, Anna, Faizan, idil,
Karla, Martina, Noura, Sajad, Sara, Sara, Sok Cin, Sonia, Vicente, Vika, and Zaid.
PROMINENT is a very unique project that brought 16 of us from different countries
together, starting our PhD at more or less the same time. We studied diabetes
together, but from diverse perspectives, sometimes struggling to understand lectures
from the field of some of us, but unfamiliar to the others. And of course, we also shared
our complaints about something haha. We attended many interesting courses and
successfully organized two symposiums! What an experience filled with so much fun!

Dear Vicente, it is very happy to know you! Although we didn’t meet each other often,
| enjoy attending courses and activities with you. You are a fun and cheerful person,
and | always enjoy talking with you! | admire your dedication to your work and your
perseverance. With effort from you, idil, and other PROMINENT colleagues, we were
able to have such a beautiful video. Also, thank you for inviting me to happy celebration
events!

Dear Sok Cin, no need to say more, but BE—fCin N HEBHEFOEIZE! And for a
period of time, we were neighbors. You are so caring and kind. We also shared many
interesting things that we experienced in our daily lives. And | also very much appreciate
your care and support, especially when | was sick. Thank you!

Dear Sara, it was nice to be colleague with you in Nephrology. | enjoyed our chats, and
| was happy that we attended the EASD conference together with Sok Cin in Stockholm
after covid.

And also, very importantly, thank you, dear Sieta. I'd like to say that without you,
PROMINENT wouldn’t run as smoothly as it does. | sincerely appreciate all the work
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and care you have put into supporting us for the past four years, especially with the
administrative matters behind the scenes. Additionally, thank you for your efforts in

organizing all the courses and events!

In addition, | would like to thank Prof. Hiddo Lambers Heerspink, and all other
professors within the PROMINENT. Thank you for creating this wonderful project!

And also, thank you to my colleagues from Nephrology: Arno, Amber, Anna-Sophie,
Camilo, José, Li, Lyanne, Maryse, Manuela, Qingqing, Sara, Stanley, Suzanne, Shuqi,
Yinjie, and many. Thank you for the nice moments we shared, like Sinterklaas and the
trip to somewhere in Noord Brabant.

| would also like to thank Winnie and Agnes. Thank you for helping solving practical
issues. | am deeply sorry to hear about Winnie’s passing, and | hope she may rest in
peace.

Dear Qingging, Yinjie, Shugqi, and Li, I'm happy that we celebrated many Chinese
festivals together. We made 2+ and shared many interesting things of life.

Dear Rumei, | remember what you wrote in your thesis. Indeed, it is hard to believe
how fast time flies! So many years have passed by! We started chatting before we
went to Groningen. We not only shared information about practical matters like
accommodations, but we also discussed academic topics. It was very happy to get to
know you.

Dear Guanzhi, | am very happy that you came to Groningen to study! You are beautiful,
smart, and kind. You have also been the best neighbor at Paddelpoel, and you helped
take very good care of my plants. Additionally, thank you for the delicious 4-%5.

Dear Iris and Qingging, it was such a joyful trip to Dublin in 2019 to attend the FENS
conference together!

And also, thank you Eva and colleagues from the Lifestyle Unit meeting: Elise, Lu,
Mian, Petra, Qihua, Tian, and many. Thank you for all the ideas, discussions, and for
sharing your research findings. | have learned a lot.

Also, thank you #BJulie, for nice coffee meet-ups and city trips.

Dear Marco, Arend, Pat, Yang, and friends of Ewoud, it is very happy to get to know all
of you. Although we did not know each other for long, every meet-up was happy and
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fun! Thank you, Pat, for always being cheerful and sharing your love for art and life.
Thank you, Lieve Marco, for you being loving and caring. It is always happy to chat with
you, whether about research or just anything fun. And also, | am sincerely happy for
you for lovely Isa. And also, very importantly, please stay together with Ewoud! Thank
you, Arend, for always being cheerful and kind. It is always a pleasure to talk to you!
And also, | am sincerely happy for you for joyful Tamar, as well as the little one who is
eagerly expecting to greet the world! And thank you, Yang, FE 3 E—LBEHIZA9AY
ML AFFORE,

Ik wil mijn Nederlandse familie bedanken! Bedankt dat jullie zo goed voor me hebben
gezorgd, bedankt voor de gezellige tijd, jullie hulp bij de verhuizing, het bowlen, de
koffie en het eten. Jullie hebben me hier erg thuis laten voelen. En ook, bedankt Suzan

voor alle mooie tekeningen™

BYTETICHR, RiXAZFREH—ERHIISREAM]. BAIRZAHIREE
FUAEBBIAER — M AR TR BLA T 2RISR ZEIER, ZRIIEA,
ZIBRAIBN, BAMMEL, Zek, BIOER...... BaEHR(], HIBXASTFO
RRRIENZ, JCEEEEEE, ERETEHRES. MESHE, FMAREHR
EXFESHERRIH,

BEA MBI R RIS !

HiHBZhilei, FAEKMNMBAEEZEEN, NHREERISIIR, HEER
R—RAEEAGRR, FTRHEE T RNEBET=ER. WRES, KA
Roosendaal, Z "fEMSAEERE" | FIEATLESSINIE, EEREHEEMN
K311, EENKREERAIMRANTEERN. TEHEEREELIHRE, BII~F
EXZIBENE, {BagEHoogCatharijne@EEZ NG, 12K, WWBEE, #
BFFORRRY!

BRERYini, MZxE—RKETIEEFFORKRIIYE. BEHEIRImFZIt £3002R
BUSNZINIKERBRRER., BIHE=FRtR7itn, AERIBXREED
BE, REEES, REREZT, RbitthEES, BEFMRARKILNEANES.
RS BHAEAZES T RAERIRT !
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FVEBAQiming, XHMRRIZRAZERT. MEMINBARAIR R, —i LEHRIE—0
RIS, EBRBPRIASHE—E, REUIBRNTU—BETXAR—ERFERYE!
M—ET, —ERZEFORFRIS, TRERINZIE FRIEREERNSFE. SR
RS KIS, BRI ERRER SRR EAIT AR

HEZBPMeng. KEiPenghan, EiEXiaoxi, XFOEAIXEL/NE, FIKKR—
e, RAZER—EFRFTOEmR! 8%, BiII—EUFORE, BEHLEINS
1B, (FIRIZENEINARERERFNEARZ ! B KEER, AiRksSHmER
ETBIERTHIEZESE. BEKBEEEAFNESSRSBEEF!

RiE. ([MEYao, HFIWZia, EE (ERWIEA) Xuan, {dE#&EEricChan, [EEE
E2 1K EREEMNEIEMIMAEAIER ! BRI —BEIARE L TRIRSE. 20155
A NEHR T HRIFIHomeGroningen, 1£20185FEAIZE T Groningen! BIfETZE/L
FHNEERENMTS, ERMKRTEHNBERT. TICRENFARNE, XM
ERREDRERIIRFIINE! UIRENE, ZENeER, —LEHNEERBEA
S, RIEe—EXENSRN, AERERRE!

ERIEE, BEEIBARETAFSRSIHIEE! wail, RIESE4F
HIET RIEREERLES, BANELGENALND, ERFE—RERST
REURHR, ERIER—E! ZRRREASEBIINE, KREERUZERFO
—¥7. ENEE—HBKETXR, SRXEES—MthHEzanE. BEREANRE
Y7, 1A —EEtRIEREIZ R,

vkik. BEEE. ERE, RUSHBRMRZLIRAIREH! AEHRKRRRE LTS, it
IATERZRSEINAVIEHSR., 853, IERAeRENNER, OABSETH, mtke
=89!

B83Qingqing. FT’iHSenshuang, EF#Yinjie. PEBZheng, ZFOERT T
WREMRIBH! BMN—EXATRSTH, 8TENAT, EMRTF, ETRLEERE
NERR, FERIBXESENTEFR, BERII—EXETENEERER—T
mojito, FAIIE—ERBEARMINIHIFEE T BESSAMIIIERER, RISk, &
RETRSBELELNIERE. XEAXIVMIERE, ERESPHRTFESHR
k! JUERGSTEE, RS RAERIHMRAISRIFISF!
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BE, BRI AN]. (RKMIRHREMEEFIREATEXES, 1EERATLAROARR
RIEBRIEE. RMIENEERRE—R—RNEEET .

BEIBE, BEHRINE, BEHRIIOFERMEAERR. RERFESHHEETNF
B, BCNEATARECGFREMER, EaERRH RN AR
THOANRSNRCHR. RHEMEERIBERER (RRhR) . BRIY—NMtiE! XLHE
FENIARRANARELRERET 7 N0 SFRIIMEX AZFIBFELE, ME
XE—METFERNIRIRERT, SERTOIIXRAIKE.

1848, (RREEMAVERZR! BTIRAIL, BSWEaIRE, HEERGRIMHR
R, HAERSTIESRIFE2020F2HAABIEXNER. EREAERIIEST T,
SRR — R R IRERH R

RS, ELEBRKARSHONE! RBEHMIAFENE 7 iFaRIRIIKIAE,
BAEE/VFRZREAS, EEREEHRERELZIAIRG, ILBREHR. Fo
FRAER, TEt, BEEECHAEE, BXKSLELS, BIRFORER, —BEX!

ROGIFSHMN, —8T8, FEETERIZRAL], FAERILIECE! !

Dear Ewoud, my bun. Thank you! Thank you for being there with me all the time. |
don’t have any more fancy words to express my love and gratitude for you. In Chinese,
there is a somewhat clichéd but genuinely sincere sentence that says, “Being with each
other together, is the most profound expression of love”. | am so happy for all the joyful
moments we have spent together. Whether big decisions or small details, together we
plan, and we move forward. We make our home beautiful and classy. We do our best
to make each other feel relaxed after a long day of work. We play and travel together.
Together, we do house chores, we complain some ridiculous things, we cook delicious
food and drink teatea. We will get old together, but we will still be each other’s bunbun.
Thank you for taking me on many local trips across the three northern provinces. Thank
you for taking me to the forest for walks when | was stressed. Thank you for making bun
decaf coffeeffee every night before sleep. Thank you for your gentle and tender care
and support during many difficult times. Thank you for your strong and unwavering
support in every aspect of my life, always being by my side. | count myself so lucky to
have you in my life. Ewoud, my bun. Thank you!
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Description of
the Artworks

It was just a simple thought at the beginning to design the thesis cover using artificial
intelligence (Al). | was very curious to see what this ‘much more advanced data-
driven’ technique would bring to me. And indeed, this thesis is the beautiful outcome.
Although there were some struggles (including the currently very vague legal and
copyright regulations for Al-generated contents), it is possible and good to use them

in this thesis.

When designing the artworks, | did some experiments. There are some painters that
| like, and | was curious to see what would happen if | used the title of my paper as an

instruction for the painting and requested a painting in the style of those painters.

The table on the right shows the examples of the instructions that led to the artworks

in this thesis.

It is not difficult to notice that, although these paintings are beautiful and unique, they
do not necessarily adhere to the given instructions or follow the style of the painter.
In fact, they often deviated substantially from the intended style. Nevertheless, it is
incredibly impressive to see how Al interpreted instructions in its own unique way and

generated paintings that align with the rather abstract title of the paper.

Some disclaimers:

All the artworks in this thesis, including the cover but excluding the figures for scientific
results, were created using DALL-E 2 (openai.com/dall-e-2) under my instruction. The

use of the images adheres to the Content Policies and Terms of DALL-E.

It should also be noted that DALL-E only generates square images, and there is an 80%
chance that the generated contents may not be entirely satisfactory, which therefore
require additional editing. Furthermore, it is important to note that the paintings of the

referenced artists currently belong to the public domain.
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Place Reference style Typed instructions: to illustrate a painting with
(of the painter)

Cover Robert Delaunay bikes, books, people with different lifestyle, some
fruits stands

Chapter 1 Abstractionism a sharp open door in the midnight, next to a big
tall tree

Part 1 Edvard Munch a mass chess board, lively colors

Chapter 2 Claude Monet blood lipids-related dietary patterns and diabetes

Chapter 3 Grant Wood ultra-processed food and incident type 2 diabetes

studying the underlying consumption patterns to
unravel the health effects of this heterogeneous
food category

Chapter 4 Edouard Manet lifestyle patterns

Part 2 Pieter Bruegel the Elder |a tip of an iceberg in a big ocean

Chapter 5 Sandro Botticelli using structural equation modeling to untangle
pathways of risk factors associated with incident
type 2 diabetes

Chapter 6 Camille Pissarro education, income, and health

Chapter 7 Robert Delaunay effects of individual and neighborhood socio-
economic disadvantage on health-related lifestyle
risk factors

Chapter 8 Joaquin Sorolla pine trees growing on black soil full of pine

needles; iris flower fields in a open ground and
blue sky; a Dutch tulip field, peaceful weather;
poplars in China; tropical jungle forests full of
exotic plants; and cactus growing on red deserts.
(Each was a separate request.)

Appendices | Frédéric Bazille an art studio with books

PhD Portfolio | Frédéric Bazille books in a delicate botanical garden
and List of

Publications
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&

PhD Portfolio

Courses and Workshops
Statistics

v %
e T

Mixed models for clustered data
Longitudinal and incomplete data (FLAMES summer school statistics, Gent)

Advanced (non)linear regression techniques in R

Public Health
Food environments and public health (KNAW, Amsterdam)

Research Skills
Publishing in English
Science writing for clinical and epidemiological research

Critical appraisal of literature

Transferrable Skills
Data visualization

Teacher training workshop

PhD Essential Courses

Ethics of research and scientific integrity
Research data awareness workshop
Managing your PhD

My future career

PROMINENT Training Schools and Activities in Personalized Medicine
Training Schools and Courses

- Personalized medicine in diabetes practice: tools to identify patient response

- Regulatory aspects of personalized medicine: drug registration experiences in oncology

- Personalized medicine and industry: models of drug development, cost-effectiveness
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- Mechanisms for response variations in personalized medicine
- Personalized lifestyle management and drug treatment in type 2 diabetes
- Personalized medicine and payers in diabetes care

- Future biomarker discovery for drug response variation

PROMINENT Symposiums and Meetings

Midterm symposium: Barriers and future directions of personalized medicine: From bench
to the patients, Online, 2020

Final symposium: Translating personalized medicine research from bench to bedside:
opportunities and challenges for diabetes, Forum, Groningen, 2022.

Member of the organization team.

PROMINENT monthly research meeting (2 presentations), 2018-2022

Research Internship

Socioeconomic inequalities in mortality among people with and without diabetes
in the Netherlands

In this study, | investigated the mortality rates and life expectancy among people with and
without diabetes across different income groups. This analysis is based on the data from
the Nivel Primary Care registry data in conjunction with the Dutch population data from the
CBS.

Supervision: Dr. HBM Hilderink, Dr. R Poos, Dr. LH Dekker, National Institute for Public Health
and the Environment (RIVM), 2022.

Research Meetings
Lifestyle unit meeting (2 presentations), 2020-2022
Kidney center meeting (1 presentation), 2019-2020

Other Activities

Attending PhD Day 2021

Supervision of 1 master research internship project
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Conferences and Presentations

European Nutrition Conference | Oral presentation Dublin, Ireland | 2019
FENS

World Congress on Public Oral presentation x 2 Online 2020
Health / European Public Health

Conference (joint conference)

Annual Dutch Diabetes Research | Oral presentation Online 2020
Meeting

European Diabetes Oral presentation x 2 Online 2021
Epidemiology Group Conference

Nutrition Live Online American | Poster presentation Online 2021
Society for Nutrition

European Association for the Short oral presentation Stockholm, 2022
Study of Diabetes Annual Sweden

Meeting
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List of
Publications

Publications included in this thesis

Duan MJ, Dekker LH, Carrero JJ, Navis G. Blood lipids-related dietary patterns derived from

reduced rank regression are associated with incident type 2 diabetes. Clinical Nutrition. 2021;

40(7): 4712-4719. doi: 10.1016/j.clnu.2021.04.046.

Zhu Y*, Duan MJ*, Riphagen 1J, Minovic |, Mierau JO, Carrero JJ, Bakker SIL, Navis GJ, Dekker

LH. Separate and combined effects of individual and neighbourhood socio-economic

disadvantage on health-related lifestyle risk factors: a multilevel analysis. International

Journal of Epidemiology. 2021; 50(6): 1959-1969. doi: 10.1093/ije/dyab079.

Duan MJ*, Vinke PC*, Navis G, Corpeleijn E, Dekker LH. Ultra-processed food and incident

type 2 diabetes: studying the underlying consumption patterns to unravel the health effects

of this heterogeneous food category in the prospective Lifelines cohort. BMC Medicine. 2022;
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Other publications

Zhu Y, Duan MJ, Dijk HH, Freriks RD, Dekker LH, Mierau JO; Lifelines Corona Research

Initiative. Association between socioeconomic status and self-reported, tested and

diagnosed COVID-19 status during the first wave in the Northern Netherlands: a general

population-based cohort from 49 474 adults. BMJ Open. 2021; 11(3):e048020. doi: 10.1136/
bmjopen-2020-048020.

Osté MCJ, Duan MJ, Gomes-Neto AW, Vinke PC, Carrero JJ, Avesani C, Cai Q, Dekker LH,

Navis GJ, Bakker SIL, Corpeleijn E. Ultra-processed foods and risk of all-cause mortality in

renal transplant recipients. The American Journal of Clinical Nutrition. 2022; 115(6):1646-1657.
doi: 10.1093/ajcn/ngac053.

Cai Q, Duan MJ, Dekker LH, Carrero JJ, Avesani CM, Bakker SIL, de Borst MH, Navis GJ.

Ultraprocessed food consumption and kidney function decline in a population-based cohort

in the Netherlands. The American Journal of Clinical Nutrition. 2022; 116(1): 263-273. doi:
10.1093/ajcn/nqac073.

*Indicating joint first authorship
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About the Author

Ming-Jie (Frederick) Duan was born on May 12th, 1992, in Beijing Haidian, China. After
completing his secondary education at the High School Affiliated to Beijing Institute
of Technology, he began his undergraduate studies, majoring in Food Science and
Engineering at China Agricultural University. He conducted experimental research for
his bachelor thesis on the topic “Research and development of lupin-based functional
foods”.

In 2015, Frederick was admitted to the master program in Human Nutrition and Rural
Development at Ghent University in Belgium and was awarded a full scholarship
from the Flemish government. The multidisciplinary master courses broadened his
perspectives and sparked his scientific interest in public health nutrition. For his master
thesis, he analyzed the effects of unconditional cash transfers on improving household
WaSH (water, sanitation, and hygiene) conditions in Burkina Faso. This research was
conducted as part of the project MAM’OUT, which aimed to evaluate the effects of
unconditional cash transfers for the prevention of childhood moderate and acute

malnutrition. Frederick graduated with cum laude in 2017.

His strong interest in public health nutrition made him move further and in 2018 he
was selected as one of the PhD candidates for the PROMINENT project at the University
Medical Center Groningen. Frederick focused his studies on analyzing lifestyle patterns
and the underlying factors for better type 2 diabetes prevention, under the supervision
of Prof. GJ Navis and Dr. LH Dekker. This thesis is the beautiful outcome. During his PhD
studies, he presented his research at various scientific conferences and also participated
in multidisciplinary training programs. In 2022, he did his research internship at the
RIVM, focusing on socioeconomic inequalities in mortality among people with and
without diabetes in the Netherlands.

Frederick is currently working as a postdoctoral researcher at Wageningen University
& Research in the Department of Human Nutrition and Health. His research primarily
focuses on assessing the population non-communicable diseases burden due to
suboptimal diets, as well as the socioeconomic inequalities in sustainable diet

transitions.
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