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GENERAL INTRODUCTION

There is a global epidemic of overweight and obesity in many parts of the world. Body mass 
index (BMI, defined as bodyweight in kilograms divided by the square height in meters (kg/
m2)) is a commonly used measure to classify overweight and obesity in adults. According to 
the World Health Organization (WHO), a BMI greater than or equal to 25 is overweight; a 
BMI greater than or equal to 30 is obesity. In 2014, more than 1.8 billion adults were over-
weight, and 600 million were obese. Worldwide obesity has more than doubled since 1980 (1).  
Parallel to the increasing prevalence of obesity and physical inactivity, metabolic syndrome has 
become a major public health problem (2). In most countries throughout the world between 20% 
and 30% of the adult population can be characterized as having metabolic syndrome (3-9). 
Patients with metabolic syndrome are at essentially twice the risk for cardiovascular disease com-
pared to those without the syndrome. Furthermore, it raises the risk for type 2 diabetes by approx-
imately 5-fold (10,11). Metabolic syndrome is a systemic disease with a multifactorial pathogen-
esis and consists of abdominal obesity, hyperglycemia, dyslipidemia (decreased high-density 
lipoprotein cholesterol and/or increased plasma triglycerides), and elevated blood pressure (9). 
Presence of three of any of these factors suffices for the diagnosis of metabolic syndrome (12). Pa-
tients with metabolic syndrome are a heterogeneous population with varying risk. Early identifi-
cation of those patients with subclinical cardiovascular or cerebrovascular disease manifestation 
is highly relevant as organ damage might still be reversible (13-15). Imaging can be used for risk 
stratification and optimizing individual prevention and treatment strategies in patients with met-
abolic syndrome. This thesis evaluates MR and CT imaging techniques for identifying risk factors 
and subclinical disease in metabolic syndrome, as is summarized in the following paragraphs. 

Visceral adiposity and fatty liver

Abdominal obesity is the most prevalent feature of metabolic syndrome. It is generally accepted 
that excess intra-abdominal fat accumulation is a key correlate and perhaps driver of the health 
risk associated with overweight and obesity (16). Waist circumference is a simple and inex-
pensive yet effective clinical measure of abdominal obesity (17). However, waist circumference 
cannot distinguish between abdominal subcutaneous (SAT) and visceral adipose tissue (VAT). 
It is known that these fat depots are morphologically and functionally different, and metabolic 
disturbances are considered greater in visceral adiposity than in subcutaneous obesity (16-18). 
In addition, it is increasingly recognized that excess visceral adiposity may be a marker of dys-
functional SAT leading to fat accumulation at undesired sites including the liver (16). Increasing 
evidence suggests that accumulation of fat in the liver is another important determinant of the 
cardiometabolic complications of obesity (19). For example, it has been shown that fatty liver is 
associated with dyslipidemia and dysglycemia, also after adjusting for the amount of abdominal 
visceral fat (20). It is crucial to assess body fat distribution to understand the adverse effects of 
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obesity as specific fat depots may predispose certain individuals to developing obesity related 
illnesses. MRI and computed tomography (CT) are commonly used methods for distinguishing 
and quantifying abdominal fat compartments as well as assessing fatty liver. These imaging bio-
markers may help in advanced risk stratification.

Aortic stiffness

Aortic stiffness is an independent cardiovascular risk factor (21). It has been shown that individ-
uals with obesity are likely to have an increase in aortic stiffness, independent of blood pres-
sure, age, and other potential confounding factors (22,23). Aortic stiffness may be an important 
phenomenon linking obesity to increased cardiovascular risk. Increased aortic stiffness results in 
deficient absorption of the pulse waves traveling through the vascular system (24). The resultant 
excessive pulsatile flow is transmitted to the periphery where it may cause damage in end organs 
such as the brain and kidney, because these organs have low-resistance vascular beds and are 
passively perfused at high flow throughout the cardiac cycle (24). Pulse wave velocity (PWV), a 
commonly used surrogate marker of aortic stiffness (25), is defined as the velocity of the systolic 
wave front propagating through the aorta. Velocity-encoded magnetic resonance imaging (VE-
MRI) is a noninvasive and accurate technique for measuring PWV that has been well-validated 
against invasive pressure measurements (26). Of note, VE-MRI allows for the measurement of 
regional PWV, also in the aortic arch, whereas ultrasound measurements merely provide and es-
timation of global aortic PWV (27). Evaluation of the aortic arch may be of particular importance 
as it has a distinct association with cerebral microvascular disease (28). Increased aortic arch 
stiffness integrates and reflects the long-term effects of all identified and currently unknown car-
diovascular risk factors, and can be assessed at a stage when organ damage may be reversible 
(25). MRI of aortic arch stiffness provides functional information about vessel compliance that 
may help determine risk for cardiovascular or cerebrovascular disease (29).

 
Brain damage

Risk factors associated with metabolic syndrome may accelerate brain disease. MRI can be used 
to assess imaging evidence of cerebral small vessel disease including white matter hyperintensi-
ties and brain atrophy, which in turn have been related to cognitive decline (30). In addition to 
these overt structural brain abnormalities, novel MRI techniques including magnetization transfer 
imaging (MTI) and diffusion tensor imaging (DTI) have been used to detect microstructural brain 
tissue damage that is not visible on conventional structural MRI (31,32). By using these novel 
imaging techniques, recent studies have shown that changes in brain tissue integrity can be de-
tected in association with risk factors associated with metabolic syndrome (33-35). However, 
evidence of metabolic syndrome as a risk factor per se is limited (30). In addition, it is unknown 
whether brain tissue decline is present before MRI evidence of cerebral small vessel disease may 
become overt. To formulate treatment and prevention strategies, it is crucial to understand the 
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mechanisms underlying cerebral microvascular disease (29). Using an advanced MRI protocol 
for combined assessment of aortic arch stiffness and brain tissue integrity may provide insight in 
the mechanisms underlying subclinical brain disease.

MR and CT imaging techniques

Imaging techniques are available for identifying risk factors and subclinical dis-
ease in metabolic syndrome. As mentioned before, it is crucial to assess body fat dis-
tribution to understand the adverse effects of obesity. MR and CT can be used to dis-
tinguish and quantify abdominal fat compartments as well as assessing fatty liver.  
VE-MRI has been used as a noninvasive and accurate method for measuring PWV, which is a 
surrogate marker of arterial stiffness. MRI of aortic stiffness may help determine risk for cardio-
vascular or cerebrovascular disease. DTI and MTI are relatively new imaging techniques that 
enable subclinical brain disease to be explored in more detail. DTI probes the direction and 
magnitude of water diffusion along the axons (36), whereas MTI probes the protons bound to 
large molecules such as myelin lipids and proteins (37,38). Both DTI and MTI have been used to 
investigate brain tissue microstructure in normal aging, different disease states, and in association 
with cardiovascular and metabolic risk factors (39-42).

OUTLINE OF THE THESIS

The studies in this thesis focus on MRI and CT evaluation of cardiovascular risk in metabolic syn-
drome.

In chapter 2, we evaluate whether regional body fat distribution assessed by CT is different in 
association with longevity, which in turn has been related to an exceptionally healthy metabolic 
profile and low prevalence of cardiovascular disease. Chapter 3 describes the extent of liver 
steatosis in non-diabetic offspring of long-lived siblings and controls by evaluating liver enzymes 
in plasma and liver to spleen CT attenuation ratio as a measure of liver fat. Chapter 4 reports 
the association between liver steatosis assessed by CT and brain tissue integrity assessed by MTI 
in middle-aged to elderly persons. In chapter 5 the relation between aortic arch PWV assessed 
by VE-MRI and DTI measures of brain tissue integrity is investigated in hypertension patients. 
Chapter 6 investigates the association between metabolic syndrome and brain tissue integrity 
assessed by MTI and DTI. In addition, independent associations between the individual meta-
bolic syndrome factors and brain tissue integrity are reported. Chapter 7 shows the association 
between MTI measures of brain tissue integrity and cognitive test performance in older persons 
at increased risk for vascular disease.  Chapter 8 describes the effect of temporal resolution on 
the accuracy of aortic arch PWV assessed by VE-MRI in healthy volunteers and patients referred 
for cardiac MRI.



C
ha

pt
er

 1

13 |

General introduction and outline of thesis

REFERENCE LIST

1.  World Health Organization. ‘Obesity and overweight’ fact sheet number 311.  1-1-2015. 

2.   Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, Eval-
uation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel III) final report. 
Circulation 106:3143-3421, 2002

3.  Ford ES, Giles WH, Dietz WH: Prevalence of the metabolic syndrome among US adults: findings from 
the third National Health and Nutrition Examination Survey. JAMA 287:356-359, 2002

4.  Bataille V, Perret B, Dallongeville J, Arveiler D, Yarnell J, Ducimetiere P, Ferrieres J: Metabolic syn-
drome and coronary heart disease risk in a population-based study of middle-aged men from France 
and Northern Ireland. A nested case-control study from the PRIME cohort. Diabetes Metab 32:475-
479, 2006

5.  Assmann G, Guerra R, Fox G, Cullen P, Schulte H, Willett D, Grundy SM: Harmonizing the definition 
of the metabolic syndrome: comparison of the criteria of the Adult Treatment Panel III and the Inter-
national Diabetes Federation in United States American and European populations. Am J Cardiol 
99:541-548, 2007

6.  Dekker JM, Girman C, Rhodes T, Nijpels G, Stehouwer CD, Bouter LM, Heine RJ: Metabolic syn-
drome and 10-year cardiovascular disease risk in the Hoorn Study. Circulation 112:666-673, 2005

7.  Li ZY, Xu GB, Xia TA: Prevalence rate of metabolic syndrome and dyslipidemia in a large professional 
population in Beijing. Atherosclerosis 184:188-192, 2006

8.  Feng Y, Hong X, Li Z, Zhang W, Jin D, Liu X, Zhang Y, Hu FB, Wei LJ, Zang T, Xu X, Xu X: Prevalence 
of metabolic syndrome and its relation to body composition in a Chinese rural population. Obesity 
(Silver Spring) 14:2089-2098, 2006

9.  Grundy SM: Metabolic syndrome pandemic. Arterioscler Thromb Vasc Biol 28:629-636, 2008

10.  Gami AS, Witt BJ, Howard DE, Erwin PJ, Gami LA, Somers VK, Montori VM: Metabolic syndrome and 
risk of incident cardiovascular events and death: a systematic review and meta-analysis of longitudinal 
studies. J Am Coll Cardiol 49:403-414, 2007

11.  Despres JP, Lemieux I: Abdominal obesity and metabolic syndrome. Nature 444:881-887, 2006

12.  Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, Fruchart JC, James WP, Loria 
CM, Smith SC, Jr.: Harmonizing the metabolic syndrome: a joint interim statement of the International 
Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood 
Institute; American Heart Association; World Heart Federation; International Atherosclerosis Society; 
and International Association for the Study of Obesity. Circulation 120:1640-1645, 2009

13.  Diamant M, Lamb HJ, Groeneveld Y, Endert EL, Smit JW, Bax JJ, Romijn JA, de RA, Radder JK: Di-
astolic dysfunction is associated with altered myocardial metabolism in asymptomatic normotensive 
patients with well-controlled type 2 diabetes mellitus. J Am Coll Cardiol 42:328-335, 2003



| 14

| Chapter 1

14.  Hammer S, Snel M, Lamb HJ, Jazet IM, van der Meer RW, Pijl H, Meinders EA, Romijn JA, de RA, 
Smit JW: Prolonged caloric restriction in obese patients with type 2 diabetes mellitus decreases myo-
cardial triglyceride content and improves myocardial function. J Am Coll Cardiol 52:1006-1012, 
2008

15.  van der Meer RW, Rijzewijk LJ, de Jong HW, Lamb HJ, Lubberink M, Romijn JA, Bax JJ, de RA, Kamp 
O, Paulus WJ, Heine RJ, Lammertsma AA, Smit JW, Diamant M: Pioglitazone improves cardiac func-
tion and alters myocardial substrate metabolism without affecting cardiac triglyceride accumulation 
and high-energy phosphate metabolism in patients with well-controlled type 2 diabetes mellitus. Cir-
culation 119:2069-2077, 2009

16.  Tchernof A, Despres JP: Pathophysiology of human visceral obesity: an update. Physiol Rev 93:359-
404, 2013

17.  Cornier MA, Despres JP, Davis N, Grossniklaus DA, Klein S, Lamarche B, Lopez-Jimenez F, Rao G, 
St-Onge MP, Towfighi A, Poirier P: Assessing adiposity: a scientific statement from the American Heart 
Association. Circulation 124:1996-2019, 2011

18.  Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-Horvat P, Liu CY, Vasan RS, Murabito JM, 
Meigs JB, Cupples LA, D’Agostino RB, Sr., O’Donnell CJ: Abdominal visceral and subcutaneous ad-
ipose tissue compartments: association with metabolic risk factors in the Framingham Heart Study. 
Circulation 116:39-48, 2007

19.  Targher G, Day CP, Bonora E: Risk of cardiovascular disease in patients with nonalcoholic fatty liver 
disease. N Engl J Med 363:1341-1350, 2010

20.  Speliotes EK, Massaro JM, Hoffmann U, Vasan RS, Meigs JB, Sahani DV, Hirschhorn JN, O’Donnell 
CJ, Fox CS: Fatty liver is associated with dyslipidemia and dysglycemia independent of visceral fat: 
the Framingham Heart Study. Hepatology 51:1979-1987, 2010

21.  Mitchell GF, Hwang SJ, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, Vita JA, Levy D, Benjamin 
EJ: Arterial stiffness and cardiovascular events: the Framingham Heart Study. Circulation 121:505-511, 
2010

22.  Sutton-Tyrrell K, Newman A, Simonsick EM, Havlik R, Pahor M, Lakatta E, Spurgeon H, Vaitkevicius 
P: Aortic stiffness is associated with visceral adiposity in older adults enrolled in the study of health, 
aging, and body composition. Hypertension 38:429-433, 2001

23.  Wildman RP, Mackey RH, Bostom A, Thompson T, Sutton-Tyrrell K: Measures of obesity are associat-
ed with vascular stiffness in young and older adults. Hypertension 42:468-473, 2003

24.  O’Rourke MF, Safar ME: Relationship between aortic stiffening and microvascular disease in brain 
and kidney: cause and logic of therapy. Hypertension 46:200-204, 2005

25.  Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, Christiaens T, Cifkova R, De BG, 
Dominiczak A, Galderisi M, Grobbee DE, Jaarsma T, Kirchhof P, Kjeldsen SE, Laurent S, Manolis AJ, 
Nilsson PM, Ruilope LM, Schmieder RE, Sirnes PA, Sleight P, Viigimaa M, Waeber B, Zannad F: 2013 
ESH/ESC Guidelines for the management of arterial hypertension: the Task Force for the management 
of arterial hypertension of the European Society of Hypertension (ESH) and of the European Society 
of Cardiology (ESC). J Hypertens 31:1281-1357, 2013



C
ha

pt
er

 1

15 |

General introduction and outline of thesis

26.  Grotenhuis HB, Westenberg JJ, Steendijk P, van der Geest RJ, Ottenkamp J, Bax JJ, Jukema JW, de 
RA: Validation and reproducibility of aortic pulse wave velocity as assessed with velocity-encoded 
MRI. J Magn Reson Imaging 30:521-526, 2009

27.  Metafratzi ZM, Efremidis SC, Skopelitou AS, de RA: The clinical significance of aortic compliance and 
its assessment with magnetic resonance imaging. J Cardiovasc Magn Reson 4:481-491, 2002

28.  Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, Kjartansson O, Garcia M, As-
pelund T, Harris TB, Gudnason V, Launer LJ: Arterial stiffness, pressure and flow pulsatility and brain 
structure and function: the Age, Gene/Environment Susceptibility--Reykjavik study. Brain 134:3398-
3407, 2011

29.  King KS, Chen KX, Hulsey KM, McColl RW, Weiner MF, Nakonezny PA, Peshock RM: White matter 
hyperintensities: use of aortic arch pulse wave velocity to predict volume independent of other cardio-
vascular risk factors. Radiology 267:709-717, 2013

30.  Yates KF, Sweat V, Yau PL, Turchiano MM, Convit A: Impact of metabolic syndrome on cognition and 
brain: a selected review of the literature. Arterioscler Thromb Vasc Biol 32:2060-2067, 2012

31.  Symms M, Jager HR, Schmierer K, Yousry TA: A review of structural magnetic resonance neuroimag-
ing. J Neurol Neurosurg Psychiatry 75:1235-1244, 2004

32.  Seiler S, Cavalieri M, Schmidt R: Vascular cognitive impairment - an ill-defined concept with the need 
to define its vascular component. J Neurol Sci 322:11-16, 2012

33.  Ropele S, Enzinger C, Sollinger M, Langkammer C, Wallner-Blazek M, Schmidt R, Fazekas F: The 
impact of sex and vascular risk factors on brain tissue changes with aging: magnetization transfer 
imaging results of the Austrian stroke prevention study. AJNR Am J Neuroradiol 31:1297-1301, 2010

34.  Segura B, Jurado MA, Freixenet N, Falcon C, Junque C, Arboix A: Microstructural white matter 
changes in metabolic syndrome: a diffusion tensor imaging study. Neurology 73:438-444, 2009

35.  Shimoji K, Abe O, Uka T, Yasmin H, Kamagata K, Asahi K, Hori M, Nakanishi A, Tamura Y, Watada 
H, Kawamori R, Aoki S: White matter alteration in metabolic syndrome: diffusion tensor analysis. Dia-
betes Care 36:696-700, 2013

36.  Mori S, Zhang J: Principles of diffusion tensor imaging and its applications to basic neuroscience 
research. Neuron 51:527-539, 2006

37.  van Buchem MA, McGowan JC, Grossman RI: Magnetization transfer histogram methodology: its 
clinical and neuropsychological correlates. Neurology 53:S23-S28, 1999

38.  Henkelman RM, Stanisz GJ, Graham SJ: Magnetization transfer in MRI: a review. NMR Biomed 
14:57-64, 2001

39.  Rovaris M, Iannucci G, Cercignani M, Sormani MP, De SN, Gerevini S, Comi G, Filippi M: Age-relat-
ed changes in conventional, magnetization transfer, and diffusion-tensor MR imaging findings: study 
with whole-brain tissue histogram analysis. Radiology 227:731-738, 2003

40.  Yang S, Ajilore O, Wu M, Lamar M, Kumar A: Impaired macromolecular protein pools in fronto-stria-
to-thalamic circuits in type 2 diabetes revealed by magnetization transfer imaging. Diabetes 64:183-
192, 2015



| 16

| Chapter 1

41.  Widya RL, Kroft LJ, Altmann-Schneider I, van den Berg-Huysmans AA, van der Bijl N, de RA, Lamb 
HJ, van Buchem MA, Slagboom PE, van HD, van der Grond J: Visceral adipose tissue is associated 
with microstructural brain tissue damage. Obesity (Silver Spring) 23:1092-1096, 2015

42.  Kodl CT, Franc DT, Rao JP, Anderson FS, Thomas W, Mueller BA, Lim KO, Seaquist ER: Diffusion tensor 
imaging identifies deficits in white matter microstructure in subjects with type 1 diabetes that correlate 
with reduced neurocognitive function. Diabetes 57:3083-3089, 2008


