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General introduction
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1The prevalence of obesity, defined as a body mass index (BMI) > 30 kg/m2, is increasing to 

epidemic proportions. In 2014, 11% of men and 15% of women worldwide were obese. 

Thus, more than half a billion adults worldwide are classed as obese1. The fundamental 

cause of obesity is an imbalance between energy intake (excessive intake of energy-dense 

foods) and energy expenditure (reduced physical activity). People with obesity are at risk for 

a range of chronic conditions including cardiovascular disease (CVD) and nonalcoholic fatty 

liver disease (NAFLD)2. Furthermore, obesity is a major risk factor for the development of 

type 2 diabetes, which is one of the most common chronic diseases in nearly all countries. 

According to the World Health Organization, the global prevalence of diabetes in 2014 was 

estimated to be 9%1, of which 90% was comprised of type 2 diabetes3.

Left ventricular (LV) function, central arterial stiffness, and subclinical atherosclerosis are im-

portant markers for CVD. NAFLD, or fatty liver, is recognized as an amplifier of inflammatory 

processes which could contribute to the development of CVD. These processes originate 

in expanded and inflamed visceral adipose tissue (VAT). In addition, increased intrahepatic 

cytokine expression is suggested to play a key role in the progression of CVD4. However, the 

interrelationships between obesity, markers for CVD, and NAFLD are complex and associa-

tions could in part be confounded by the manifestation of multiple metabolic impairments 

known as the metabolic syndrome.

CVD is one of the major adverse consequences of type 2 diabetes, and chronically elevated 

plasma nonesterified fatty acid (NEFA) levels in patients with type 2 diabetes are associated 

with altered myocardial high-energy phosphate metabolism5. When evaluating cardiac 

function most studies focus on the LV, but the right ventricle (RV) is largely overlooked. RV 

function is an important determinant of outcome in several cardiopulmonary conditions 

and has proven to be useful for patient risk stratification in heart failure and for prediction 

of developing atrial fibrillation6-8. However, RV anatomy and function have not yet been 

studied in patients with type 2 diabetes.

The metabolic pathways involved in the pathogenesis of insulin resistance and cardiovas-

cular diseases in patients with type 2 diabetes are complex. Increased lipolysis from adipose 

tissue causes triglycerides to be stored in different organs outside adipose tissue, known 

as ectopic fat accumulation. Ectopic fat accumulation in muscle and liver are involved in 

pathophysiologic insulin resistance9-11. Theoretically, limiting organ-specific fat accumula-

tion by exercise training could improve glucose homeostasis and reduce cardiovascular risk.

The brain is another important organ involved in obesity and type 2 diabetes. The hypothal-

amus plays a key role in the regulation of feeding and the control of glucose metabolism12. 

Moreover, various hypothalamic neuronal circuits are involved in the control of glucose me-

tabolism13. It has been shown that the hypothalamic neuronal activity is altered in patients 

with type 2 diabetes, which may indicate that the hypothalamus inappropriately perceives 
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Figure. Schematic overview of the organs and ectopic fat depots studied in this thesis. Expanded visceral adi-
pose tissue is a hallmark of obesity and type 2 diabetes. Several proinflammatory cytokines originate from vis-
ceral adipose tissue which may promote aortic stiffness, decreased cardiac function, and microstructural brain 
damage. The liver is not an innocent bystander, but is recognized as an amplifier of inflammatory processes 
which could contribute to the development of cardiovascular disease in obesity and type 2 diabetes.
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1and/or processes signals in response to a nutrient load, reflecting an abnormal perception 

of the current metabolic status14. Caloric restriction is an important therapeutic strategy in 

type 2 diabetes, but its effect on hypothalamic responsiveness is yet unknown.

Obesity has been associated with structural brain changes, such as brain atrophy15. The 

relationship between obesity and the anatomy of subcortical structures that play a role 

in human food regulation have not been investigated previously. Such brain structures 

include the basal ganglia, hippocampus, and thalamus. Furthermore, it can be hypothesized 

that the inflammatory processes originating from VAT do not only lead to the development 

of CVD, but could also induce microstructural brain damage.

Magnetic resonance imaging (MRI) is a noninvasive imaging modality that allows for analyz-

ing structural and functional information of the human body. ECG gated cardiac magnetic 

resonance provides a valuable assessment of cardiac morphology and function16, 17. MRI 

assessment of aortic pulse wave velocity, defined as the velocity of the systolic wave front 

propagating through the aorta, is a measure for aortic stiffness. It has good agreement with 

the gold-standard as derived by invasive pressure measurements and can be determined 

with high reproducibility18. Proton (1H) magnetic resonance spectroscopy is the most 

commonly used magnetic resonance-based method to noninvasively evaluate metabolic 

changes in the human body. 1H magnetic resonance spectroscopy helps to characterize 

tissues by assessing biochemistry in vivo. The technique identifies metabolites by observing 

differences in the resonance frequencies of the 1H signal. Localized 1H magnetic resonance 

spectroscopy is a sensitive and quantitative method to measure hepatic triglyceride con-

tent19. Blood oxygen level-dependent (BOLD) functional MRI (fMRI) has been widely applied 

in spatiotemporal mapping of the human brain function and measuring neuronal activity. 

The main advantage of BOLD fMRI is its noninvasive nature and local sensitivity combined 

with a good spatial resolution20. Magnetization transfer imaging (MTI) is an MRI technique 

that is more sensitive to subtle microstructural changes in the brain than conventional tech-

niques21. Accordingly, magnetic resonance imaging and spectroscopy are the methods of 

choice to study the complex interrelationships between visceral obesity, NAFLD, and mark-

ers of cardiovascular disease, and to investigate cerebral changes in people with obesity and 

type 2 diabetes (Figure).

OuTliNE Of ThiS ThESiS

This thesis focuses on cardiovascular and cerebral dimensions and function in people with 

obesity and type 2 diabetes. State-of-the-art imaging techniques are used to investigate 

links between the heart, liver, abdominal fat, and brain to elucidate parts of the complex 

relationships between these organs.
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Previous studies have shown a relationship between NAFLD and subclinical cardiovas-

cular measures, but the possible confounding effect of the metabolic syndrome is so far 

unknown. The association between hepatic triglyceride content and LV diastolic function 

is evaluated in Chapter 2 by taking various covariates, including components of the meta-

bolic syndrome, into account. In Chapter 3 the association between liver fat, the stiffness of 

the aorta and carotid intima-media thickness is evaluated using a similar approach.

It is known that subclinical LV dysfunction presents in type 2 diabetes, even in the absence 

of significant coronary artery disease and hypertension. Despite its importance in patient 

outcome in heart failure, the RV is largely overlooked. Chapter 4 focuses on the differences 

of the dimensions and function of the RV between healthy subjects and type 2 diabetes 

patients. To better understand the changes in RV function, nutritional interventions were 

applied in a group of healthy subjects to create a physiological and a pathophysiological 

model of increased plasma NEFA levels. The effects on RV function in these two conditions 

are evaluated in Chapter 5.

Strategies to limit ectopic fat accumulation are rational approaches to improve glucose 

homeostasis and potentially reduce cardiovascular risk. Most intervention studies have fo-

cused on visceral and subcutaneous fat; however, little is known about the effect of exercise 

alone without diet on ectopic fat accumulation in type 2 diabetes. In Chapter 6 the effects 

of an exercise intervention on organ-specific fat accumulation and cardiac function in type 

2 diabetes patients is described.

The hypothalamus is critically involved in the regulation of feeding. Type 2 diabetes is a 

disease of impaired glucose homeostasis and insulin action, with energy imbalance and 

anomalous fuel flux as metabolic hallmarks. Restoration of the energy balance by reduction 

of the caloric intake and subsequent weight loss are important therapeutic strategies in 

type 2 diabetes. The effect of caloric restriction on the hypothalamic neuronal response to 

glucose ingestion in type 2 diabetic patients is evaluated in Chapter 7.

Other brain structures involved in the regulation of human feeding behavior include 

the basal ganglia, hippocampus, and thalamus. Chapter 8 focuses on the relationship of 

the morphometric changes of these structures in obesity. Finally, it has been shown that 

obesity is associated with brain atrophy, and different fat compartments demonstrate differ-

ent metabolic and endocrine behaviors. Therefore, Chapter 9 describes the association of 

individual associations between abdominal visceral and subcutaneous adipose tissue with 

microstructural brain tissue damage.

Results of this thesis are summarized in Chapter 10.
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