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GENERAL INTRODUCTION

CHAPTER 1

Already in the time of Ancient Greece Hippocrates wrote: ‘Corpulence is not only
a disease itself, but also the harbinger of others’, recognizing that obesity leads to
1
th
an increased risk of comorbidity and mortality. It was however not until the 20
century that within a relative short period of time, prevalence of obesity rapidly
increased due to the transition from an industrial based to an information-service
based society with a sedentary lifestyle and an increased availability and intake of
2
high caloric food. In 2013, approximately 26% of the world’s adult population was
2
2 3
overweight (BMI≥25 and <30 kg/m ) and 11% was obese (BMI≥30 kg/m ). If this
trend continuous, up to two- third of the world’s adult population are estimated to
4
be either overweight or obese by 2030. The main adverse consequences of obesity
include cardiovascular disease, type 2 diabetes and cancer. In 2010, overweight and
obesity were estimated to be responsible for 3.4 million deaths, 3.9% of years life
4,5
lost and 3.8% of disability adjusted life years globally.

Adipose tissue quantity
The most accurate method to quantify adipose tissue is hydrostatic weighing which
uses Archimedes’ principle to determine the density of the human body (mass per unit
volume) and calculate body fat percentage. Hydrostatic weighing is both impractical
and expensive and therefore body-mass index (BMI), calculated as weight divided
by height squared, is the most easy to use and widely accepted method to assess
adipose tissue quantity. Nevertheless, a considerable variety in phenotypes of obesity
exists and BMI may not account for all. For example, BMI overestimates adiposity
in people with a high share of lean body mass. It is argued that being ‘fat and fit’
prevents from obesity associated comorbidity. This state of obesity without metabolic
abnormalities is often referred to as ‘healthy obesity’. Conversely, at the other side
of the spectrum, BMI underestimates adiposity in people with less lean mass (e.g.
elderly or patients with comorbidity) and severe metabolic abnormalities may be
equally prevalent among normal or slightly overweight individuals. This sarcopenic
obesity may mask cardiovascular risk and is considered one of the possible explanations
for the ‘obesity paradox’, a phenomena where lower cardiovascular risk is observed
with higher BMI in patients with established vascular disease.

Adipose tissue distribution
In addition to adipose tissue quantity may distribution of adipose tissue influence
cardiovascular risk. Most adipose tissue is located subcutaneously and around the
organs in the form of visceral fat. In 1947 Jean Vague was the first to describe the now
traditional ‘apples’ and ‘pears’ of android and gynoid obesity and to give an explanation
6
to their underlying metabolic derangements. Indeed, gluteofemoral adipose tissue is
associated with increased insulin sensitivity and lower diabetes and cardiovascular
10
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risk, while increased visceral fat around the intestines (intra-abdominal fat mass) is
7,8
associated with insulin resistance and cardiovascular disease. Waist circumference
partly reflects higher intra-abdominal fat mass but is unable to anatomically discern
and quantify volume of distinct adipose tissue compartments. Among patients with
an elevated waist circumference the ratio between intra-abdominal and subcutaneous
9
adipose tissue may vary considerably. The close proximity of intra-abdominal fat to
the portal venous circulation allows intra-abdominal fat to directly interfere with liver
metabolism and induce hepatic lipid deposition, insulin resistance and dyslipidemia
10
which promotes development of atherosclerosis. A particular form of visceral fat
associated with cardiovascular risk is epicardial adipose tissue, which is in close
proximity with the heart as no fascial layer segregates epicardial adipose tissue from
the coronary arteries. Therefore, vasocrine and paracrine interaction between the
tissues may enable an outside-to-inside contribution of epicardial adipose tissue to
11,12
development of coronary artery disease.

Adipose tissue dysfunction
The observation that the location of adipose tissue influences cardiovascular risk
was one of the first clues that adipose tissue is not solely a passive storage depot
but that it exerts metabolic and paracrine effects. During periods of chronic excess
calorie intake adipose tissue depots interact to store large amounts of glucose and
triglyceride derived free fatty acids. In adults, the number of adipocytes remains
13
relatively constant despite weight changes over time. Thus, weight changes are
primarily accompanied by alterations in adipocyte size. However, adipocytes have
limited expandability for safe storage of glucose and triglycerides derived free
fatty acids. Hypertrophic adipocytes instigate hypoxia and macrophage infiltration
in adipose tissues and lipotoxicity in non- adipose tissues. Elevated inflammatory
mediators including tumor necrosis factor alpha (TNF-alpha), interleukin 1, and
interleukin 6 are induced by dysfunctional adipose tissue and contribute to a chronic
low-grade inflammatory state which disrupts insulin receptor kinase activity and
impairs insulin sensitivity by interfering with insulin-stimulated glucose uptake in
14,15
On the other hand, in addition to other risk factors such as
peripheral tissues.
smoking, hypertension and dyslipidemia, insulin resistance and elevated levels of
TNF-alpha can injure the endothelium leading to impaired vasodilatation and a prothrombotic state. Endothelial dysfunction plays an important role in the development
of atherosclerotic vascular disease and is regarded as an early manifestation of
atherosclerosis. Therefore, adipose tissue dysfunction is considered as the ‘common
soil’ underlying both type 2 diabetes and cardiovascular disease.

11
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Defining adipose tissue dysfunction
The systemic metabolic consequences of adipose tissue dysfunction include lowgrade inflammation, hypercoagulability, elevated blood pressure, dyslipidemia
and insulin resistance. Part of these metabolic consequences are clustered in the
definition of metabolic syndrome, which is constellated from the clinical perspective
that presence of abdominal obesity strongly associates with metabolic abnormalities
type 2 diabetes and cardiovascular disease. According to the National Cholesterol
Education Program is metabolic dysfunction defined by presence of three or more
of the following five risk factors: elevated waist circumference, elevated blood
pressure and/or use of blood pressure lowering agents, hypertriglyceridemia or
treatment for elevated triglycerides, low high-density lipoprotein (HDL)-cholesterol
or treatment for low HDL-c, high fasting glucose or treatment for elevated blood
16
glucose. Alternatively, in six different definitions of cardiometabolic dysfunction,
obese individuals without metabolic dysfunction have lower plasma CRP levels
than individuals with metabolic dysfunction independent of abdominal obesity or
17
body fat percentage. Therefore, in this thesis we replaced the criterion of waist
circumference, which already strongly correlates with BMI, for elevated highsensitivity CRP (hsCRP≥2 mg/L) as this better reflects the functional and systemic
consequences of adipose tissue dysfunction.

Brown adipose tissue
Besides white adipose tissue (WAT) another type of adipose tissue, named brown
adipose tissue (BAT), may exist in humans. BAT is predominantly located within the
supraclavicular adipose tissue depot interspersed within WAT cells and is estimated
to weigh around 50 grams but its prevalence and relation with patients characteristics
is largely unknown. Whereas WAT is responsible for energy preservation, BAT is
considered to dissipate energy. BAT was discovered in seasonal mammals where it
maintains body temperature during periods of cold and hibernation via non-shivering
18
thermogenesis. For long it was thought that in humans BAT is present only in
infancy and that the tissue regresses with advancing age until in 2009 five independent
18
19-24
It is
research groups identified BAT in adult humans using F-FDG-PET/CT.
named brown adipose tissue because of a high content of iron-rich mitochondria and
consists, in contrast to WAT, of small multi-locular adipocytes which contain more
intracellular water and are more extensively vascularized in order to disperse heat.
Many stimuli including cold, capsaicin and physical activity have been attributed to
25
be BAT activators. Activated BAT metabolizes triglyceride and glucose derived free
fatty acids and is thereby hypothesized to decelerate progression of atherosclerosis
26,27
and lower the risk of type 2 diabetes and cardiovascular events.

12
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Imaging of adipose tissue
Imaging of adipose tissue may help to advance our understanding on development of
obesity related cardiovascular disease. In contrast to anthropomorphic measurements,
imaging is capable to anatomically discern and quantify volume of distinct adipose
tissue compartments. In this way it can be better estimated how enlargement
of individual adipose tissue depots such as intra-abdominal, subcutaneous and
epicardial adipose tissue contribute to cardiovascular pathophysiology. Moreover, as
the paradigm of adipose tissue as passive storage depot has shifted towards adipose
tissue as a powerful endocrine organ, focus should be shifted to functionality of
adipose tissue in addition to the quantity of adipose tissue. Interestingly, adipose
tissue functionality is accompanied by local structural changes in adipose tissue
composition. For example, adipose tissue dysfunction is associated with adipocyte
hypertrophy and, once the adipocyte extracellular matrix can no longer be
efficiently remodeled, inflammation, formation of fibrosis and impairment of tissue
vascularization. In addition, brown adipose tissue differs in morphology as it consist
out of smaller multi-locular adipocytes that contain more intracellular water in
contrast to white adipose tissue. A variety of imaging techniques may be able to
ascertain these differences in adipose tissue composition. For example, Computed
Tomography can measure the radiodensity of adipose tissue and Magnetic Resonance
Imaging is able to quantify the fat fraction within adipose tissue. Therefore, imaging
may help to elucidate how the content of this heterogeneous organ contributes to
whole body homeostasis.

Objective
The general objective of this thesis is to gain insight in (brown) adipose tissue
associated metabolic dysfunction and cardiovascular disease risk in patients at high
risk for cardiovascular events.

The specific objectives of this thesis are
•

•
•

To quantify the risk of obesity and metabolic dysfunction on the development of
type 2 diabetes in patients at high risk or with manifest cardiovascular disease
(chapter 2).
To quantify the risk of obesity and metabolic dysfunction on the development of
cardiovascular events and mortality in patients with type 2 diabetes (chapter 3).
To quantify the association between cardiovascular disease risk factors and
epicardial adipose tissue density and evaluate the association between epicardial
adipose tissue density and the presence, distribution and density of coronary
artery calcification on cardiac-CT in patients at high risk for or with manifest
cardiovascular disease (chapter 4 and 5).

13
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•

To determine reproducibility of MRI adipose tissue fat fractions measurements
and to quantify the association between supraclavicular brown adipose tissue
and measures of obesity and metabolic dysfunction in patients with manifest
cardiovascular disease (chapter 6 and 7).

Outline of this thesis
The systemic metabolic consequences of adipose tissue dysfunction are included
within the definition of metabolic syndrome. However, ~20-30% of obese patients
do not meet the criteria for metabolic syndrome. Moreover, severe metabolic
abnormalities are equally prevalent among normal or slightly overweight individuals.
In chapter 2, we quantified the risk of BMI, in the presence and in the absence
of systemic consequences of dysfunctional adipose tissue, on the development of
type 2 diabetes in patients at high risk for cardiovascular events or with manifest
cardiovascular disease. Given the central role of obesity and insulin resistance in
the pathogenesis of both type 2 diabetes and atherosclerosis, it is likely to assume
an increased cardiovascular disease risk in obese patients with established type
2 diabetes. Consequently, in chapter 3, we quantified the risk of obesity and its
associated metabolic dysfunction on the development of cardiovascular events
and mortality in patients with type 2 diabetes. Functionality of adipose tissue is
usually accompanied by local structural changes in adipose tissue composition that
that precede the systemic metabolic consequences of adipose tissue dysfunction
and can be evaluated with various imaging techniques. In Computed Tomography
imaging studies, adipose tissue is characterized with a radiodensity typically in the
attenuation range between -190 and -30 Hounsfield Units. Based on experimental
studies it is hypothesized that differences in adipose tissue attenuation are associated
with differences in adipose tissue composition. Aim of chapter 4 was to assess
whether epicardial adipose tissue density has the potential to provide information
on cardiovascular risk and serve as a measure of epicardial adipose tissue quality in
addition to epicardial adipose tissue volume. Hereto, we quantified the association
between cardiovascular disease risk factors and radiodensity of epicardial adipose
tissue. Subsequently, in chapter 5, we aimed to assess whether dysfunctional adipose
tissue exerts local effects on surrounding tissues and we quantified the association
between epicardial adipose tissue density and presence, distribution and density of
coronary artery calcification which is considered a surrogate marker for the extent
of coronary atherosclerosis that has developed over a lifetime exposure. Conversely,
development of atherosclerosis is hypothesized to be decelerated by activated
brown adipose tissue. 18F-FDG-PET/CT has been instrumental in advancing our
understanding of brown adipose tissue but may not fully reflect the total amount
of brown adipose tissue that could potentially be activated and may underestimate
14
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brown adipose tissue prevalence. In chapter 6, we first determined reproducibility of
water-fat MRI, a new imaging method to determine presence of brown adipose tissue.
Subsequently, in chapter 7, we quantified the association between supraclavicular
brown adipose tissue and measures of obesity and metabolic dysfunction in patients
with manifest cardiovascular disease. Finally, the main findings of this thesis are
discussed in chapter 8 and summarized in chapter 9.

15
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CHAPTER 2

ABSTRACT
Objective
To quantify the risk of Body-Mass Index (BMI) and metabolic dysfunction on the
development of type 2 diabetes in patients at high risk or with manifest vascular
disease.

Methods
6997 patients participating in the prospective Secondary Manifestations of ARTerial
disease (SMART) cohort study were classified according to BMI and metabolic
dysfunction, defined as ≥3 of the modified NCEP metabolic syndrome criteria
(waist circumference replaced by hsCRP≥2). Risk of type 2 diabetes (assessed with
biannually questionnaires) was estimated with Cox proportional hazard analysis.

Results
During a median follow-up of 6.0 years (interquartile range: 3.1 to 9.1 years), 519
patients developed type 2 diabetes (incidence rate 12/1000 person-years). In the
absence of metabolic dysfunction (≤2 NCEP criteria) adiposity increased the risk
of type 2 diabetes compared with normal weight patients; HR 2.5 (95% CI 1.5-4.2)
for overweight and HR 4.3 (95% CI 2.2-8.6) for obese patients. In the presence of
metabolic dysfunction (≥3 NCEP criteria) an increased risk of type 2 diabetes was
observed in patients with normal weight; HR 4.7 (95% CI 2.8-7.8), overweight; HR
8.5 (95% CI 5.5-13.4) and obesity; HR 16.3 (95% CI 10.4-25.6) compared with
normal weight patients without metabolic dysfunction.

Conclusions
Adiposity, even in the absence of metabolic dysfunction, is a risk factor for type 2
diabetes. Moreover, presence of metabolic dysfunction increases the risk of type 2
diabetes in all BMI categories. This supports assessment of adiposity and metabolic
dysfunction in patients with vascular disease or at high risk for cardiovascular events.

20
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INTRODUCTION
Prevalence of obesity and other cardiovascular risk factors increased substantially
1
over the past decades. Obesity is one of the most important risk factors that is
independently associated with the development of insulin resistance and type 2
2
diabetes. The mechanism by which obesity induces insulin resistance includes
adipose tissue inflammation which disturbs intracellular insulin signaling
3
downstream from the insulin receptor. Development of adipose tissue inflammation
and metabolic dysfunction depends on several adipose factors such as adipocyte
expandability, adipose tissue distribution, adipocytokine secretion pattern, presence
of brown adipose tissue and non-adipose tissue factors such as physical activity, birth
3-6
weight and (epi)genetics.
Systemic inflammation is in part the result of adipose tissue dysfunction and is
considered to be the ‘common soil’ underlying cardiovascular risk and development
7,8
Adipokines, including IL-6 and TNF-alpha, are produced by
of diabetes.
dysfunctional adipose tissue and released into the portal circulation, which stimulates
9
hepatic CRP production. Various criteria for metabolic dysfunction exist, but in six
different definitions of cardiometabolic abnormalities, obese individuals without
metabolic dysfunction have lower plasma C-Reactive Protein (CRP) levels than
individuals with metabolic dysfunction independent of abdominal obesity or body
10
fat percentage. Systemic low-grade inflammation, as measured by elevated plasma
levels of CRP and Interleukin-6, is related to the development of type 2 diabetes
11
regardless of adiposity.
Prospective cohort studies demonstrate a strong relation between presence of
the metabolic syndrome and development of cardiovascular disease and type 2
12,13
However, around 20%-30% of obese patients do not meet the criteria
diabetes.
14
for metabolic syndrome. These obese patients have less systemic inflammation, are
more insulin sensitive, have less dyslipidemia and hypertension and have a normal
15-18
Moreover, severe metabolic abnormalities are
plasma adipocytokine pattern.
18
equally prevalent among normal or slightly overweight individuals. Patients with
clinical manifest vascular disease are at high risk for cardiovascular events as well
19,20
Overweight or obese patients without
as for development of type 2 diabetes.
metabolic dysfunction have a low risk for first and recurrent cardiovascular events
and mortality compared with their metabolic unhealthy counterparts and equivalent
5,21-23
Other
to that of normal weight individuals without metabolic dysfunction.
more recent studies have demonstrated that the follow-up period may have been too
24-26
Development of type 2 diabetes, which is strongly
short to notice increased risk.
related to obesity, may contribute to cardiovascular risk in this high risk population,
as it confers a two to twelve fold excess risk for first or recurrent cardiovascular
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27,28

events and mortality.
Therefore, we evaluated the risk of Body-Mass Index in the
presence or absence of metabolic dysfunction on the development of type 2 diabetes
in patients with clinically manifest vascular disease or at high risk for cardiovascular
events.

RESEARCH DESIGN AND METHODS
Study population
The Secondary Manifestations of ARTerial disease (SMART) study is an ongoing
prospective single center cohort study at the University Medical Center Utrecht
(the Netherlands) designed to establish the prevalence of concomitant arterial
diseases and risk factors in a high risk population predominantly of Caucasian
ethnicity (≥95%). Patients were newly referred because of manifest atherosclerotic
disease or a cardiovascular risk factor (such as diabetes mellitus, hypertension
or hypercholesterolemia) and were screened non-invasively for manifestations
of atherosclerotic diseases and risk factors other than the qualifying diagnosis.
Exclusion criteria were age < 18 years, malignancy, dependency in daily activities
and not sufficiently fluent in the Dutch language. The Ethics Committee of the
University Medical Center Utrecht approved the study and all participants gave their
written informed consent. A detailed description of the study has been published
29
previously. For the current study, we used SMART data of patients enrolled
between 1996 and 2012. Assessment of incident diabetes started in 2006 (see
outcome assessment). Therefore, patients who had died (n=470) or were lost to
follow-up (n=109) before the assessment started were not included. Patients with
diabetes mellitus (type 1 or 2) at study inclusion, defined as a referral diagnosis of
diabetes, self-reported diabetes, use of glucose lowering agents or a known history
of diabetes, were excluded (n=1701). If glucose was ≥7 mmol/L at study entry
without a known history of diabetes, patients were only included if they were not
on glucose lowering therapy within 1 year of follow-up. Finally, patients with high
sensitive C-Reactive Protein >20 mg/L (n=242) were excluded since these patients
were considered to be in an acute inflammatory state. The remaining 6997 patients
were eligible for analysis. Since 2008, patients of the SMART cohort with clinical
manifest vascular disease and a follow-up of at least four years were invited for
reassessment of all baseline measurements (SMART-2 cohort). Every three months
75 patients were consecutively invited by mail resulting in a recruitment efficacy of
58.9%. Baseline characteristics of SMART-2 participants were comparable to that of
the non-responders. Similar exclusion criteria were applied yielding 1282 patients
eligible for analyses.
22
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Definition of adiposity subgroups and metabolic dysfunction
2

Normal weight was defined as a BMI <25 kg/m , overweight as a BMI ≥25 and
2
2
<30kg/m and obesity as a BMI ≥30 kg/m . Within these subgroups metabolic
dysfunction was assessed. To define metabolic dysfunction we adapted the National
Cholesterol Education Program (NCEP) revised criteria for metabolic syndrome by
replacing the criterion of an elevated waist circumference, which is highly correlated
with BMI, for elevated hsCRP (≥2 mg/L) as this better reflects the functional and
systemic consequences of adipose tissue dysfunction. Metabolic dysfunction was
defined as the presence of three or more of the following five risk factors: elevated
blood pressure (≥130 mmHg systolic and/or ≥85 mmHg diastolic and/or use of
blood pressure lowering agents), hypertriglyceridemia (≥1.70 mmol/l or treatment
for elevated triglycerides), low high-density lipoprotein (HDL)-cholesterol
(<1.03mmol/L for men and <1.30 in women), a high fasting glucose (≥5.6 mmol/l)
21,30
or an elevated high-sensitivity CRP (hsCRP≥2 mg/L).

Outcome assessment of type 2 diabetes.
The outcome of interest for this study was the development of type 2 diabetes. Dutch
national guidelines require physicians to diagnose type 2 diabetes if patients have two
fasting plasma glucose measurements of ≥7.0 mmol/L (corresponding to ≥126 mg/
dL) or if patients have a combination of complaints of hyperglycemia with one fasting
plasma glucose measurement ≥7.0 mmol/L or one non fasting measurement ≥11.1
mmol/L. In order to assess the incidence of diabetes, all patients included between start
of the study in September 1996 until June 2006 without diabetes at baseline received a
questionnaire in the period between June and December 2006 to assess the incidence
of type 2 diabetes after study inclusion (response rate 98%). After 2006, all patients
were biannually asked to complete this questionnaire. Patients were asked whether
they had diabetes and if ‘yes’, they received an extensive supplementary questionnaire
for confirmation and detailed information of the diagnosis. Question asked were for
example , the date of diagnosis, initial and current treatment (diet, oral medication or
insulin), family history of diabetes and questions on pregnancy (diabetes gravidarum)
and use of steroid hormones. Patients and/or their general practitioners were contacted
by telephone for further information if the answers were incomplete or unclear and
also non responders were contacted. All diabetes cases were audited and classified by
two independent experienced physicians. Cross validation with the hospital diagnosis
registry revealed that none of the patients who reported not to have diabetes had a
physician’s diagnosis of diabetes. Duration of follow-up was defined as the period
between study inclusion and development of type 2 diabetes, date of loss to follow-up
or the pre-selected date of March 1st, 2012. Of the 6997 participants 232 (3.3%) were
lost to follow-up due to migration or discontinuation of the study.
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Data acquisition
All baseline measurements were performed on a single day at the UMC Utrecht.
Participants completed a questionnaire on cardiovascular history, risk factors,
current medication use and physical activity. Body mass index (BMI), the weight
in kilograms divided by the square of the height in meters, was computed after a
standardized anthropometric measurement protocol. Waist and hip circumferences
were measured in duplicate, with patients standing relaxed and in light clothing.
Waist circumference (WC) was measured as the circumference in centimeters halfway
between the lower rib and the iliac crest, and hip circumference was measured
at the horizontal level around the buttocks posteriorly that yielded the maximum
measurement. If duplicate measurements differed by >2 cm, a third was taken. Blood
pressure was measured twice in sitting position with a sphygmomanometer and the
average of two measurements was calculated. Visceral and subcutaneous adipose
31
tissue were estimated by ultrasonography. Fasting venous blood samples were
taken to determine serum lipids, glucose and high sensitivity C-reactive protein.
29
The technique used for the laboratory tests have been described previously. An
integrated measure of physical activity was calculated based on type and duration of
physical activity derived from the baseline questionnaire. The time spent on a specific
activity per week was multiplied by its metabolic equivalent intensity level (MET)
32
and subsequently added together if more than one type of activity was reported.

Data analyses
Central estimators and variance measures were calculated for baseline characteristics
for each of the subgroups based on the presence or absence of metabolic dysfunction
and body mass index. Subsequently diabetes incidence rates per 1000 person years
were calculated for every subgroup. Cox proportional hazards analysis was used to
estimate hazard ratios (HR) and 95% confidence intervals (CI) for the occurrence
of type 2 diabetes associated with adiposity and/or metabolic dysfunction with
normal weight individuals without metabolic dysfunction as reference group.
Age, sex, smoking status (current, former, never smoker), physical activity (in
METS*hours*week) and statin usage (yes/no) were considered confounders. Because
use of statins was only registered after July 2001, prior to this date no distinction was
made in lipid-lowering therapy (lipid lowering medication (yes/no)). To evaluate the
influence of weight change and event induced weight loss during follow-up, analysis
were performed with additional adjustment for changes in BMI categories and by
excluding participants that developed a cardiovascular event or fatal malignancy.
For each individual metabolic dysfunction component, age and sex adjusted hazard
ratios (presence versus absence) on the risk of type 2 diabetes were calculated. For
all Cox analyses the proportional hazards assumption was verified by log minus log
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plots where no disproportionality was observed. Finally, the population attributable
33
fraction was calculated per risk factor . This measure is the proportion of disease
in the population that is attributable to a specific risk factor and depends on both
the prevalence and strength of its association with the disease. Multiple imputation
was used to reduce missing covariate data for fasting glucose (n=47; 0.7%), serum
triglycerides (n=40; 0.6%), High Density Lipoprotein cholesterol (n=48; 0.7%),
systolic blood pressure (n=45; 0.7%), diastolic blood pressure (n=49; 0.7%), hsCRP
(n=758; 10.8%), smoking status (n=48; 0.7%) and physical activity (n=88; 1.3%)
since incomplete case analysis leads to loss of statistical power and possibly bias.
Statistical analyses were performed with IBM SPSS version 20.0 and open source
statistical package R, version 3.1.2.

RESULTS
Baseline characteristics
The mean age of all patients was 56±12 years and was comparable across normal
weight, overweight and obese patients with and without metabolic dysfunction
(Table 1). The majority had experienced manifest cardiovascular disease within 2
years before inclusion: 2912 had coronary artery disease (CAD), 1407 cerebrovascular
disease (CVD), 831 peripheral artery disease (PAD) and 353 had an abdominal
aortic aneurysm (AAA). Within overweight and obese patients, 44% (n=1426)
resp. 26% (n=293) did not satisfy the criteria for metabolic dysfunction, whereas
metabolic dysfunction was present in 33% (n=870) of the normal weight patients.
Patients without metabolic had lower levels of insulin resistance (HOMA-IR) and
were more physically active than patients with metabolic dysfunction. In contrast,
patients with metabolic dysfunction had more visceral adipose tissue, higher waist
circumference and smoked more frequently. The study population that underwent
reassessment of measurements (SMART-2 cohort, n=1282) showed comparable
baseline characteristics (Supplemental Table 1).

Effect of adiposity and metabolic dysfunction on risk of incident type 2
diabetes
Of the 6997 patients in this study a total of 519 patients developed type 2 diabetes
during a median follow-up of 6.0 years (interquartile range: 3.1 to 9.1 years; 44216
person-years) with an average incidence rate of 12 diabetes cases per 1000 person
years. In patients without metabolic dysfunction (≤2 NCEP criteria) overweight
(HR 2.5; 95%CI 1.5 to 4.2) and obese (HR 4.3; 95% CI 2.2 to 8.6) patients had an
increased risk for developing type 2 diabetes compared with normal weight patients
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Table 1. Baseline characteristics of patients with manifest cardiovascular disease or at high risk for
cardiovascular events (N=6997).
Normal weight (n=2629)

Percentage of BMI category (%)

Overweight (n=3223)

Obesity (n=1145)

Without MBD

With MBD

Without MBD

With MBD

Without MBD

With MBD

(n=1759)
67

(n=870)
33

(n=1426)
44

(n=1797)
56

(n=293)
26

(n=852)
74

Age (years)*

54 ± 14

58 ± 11

56 ± 12

58 ± 11

55 ± 13

54 ± 11

Males, n(%)

970 (55)

560 (64)

1024 (72)

1346 (75)

171 (57)

537 (63)

Clinically manifest CVD, n(%)

1234 (70)

672 (77)

1095 (77)

1408 (78)

219 (75)

608 (71)

BMI (kg/m )

22.6 ± 1.8

23.2 ± 1.4

27.0 ± 1.3

27.4 ± 1.4

32.7 ± 3.0

33.5 ± 3.3

Syst.BP (mmHg)*

138 ± 22

141 ± 21

140 ± 21

143 ± 21

142 ± 21

144 ± 22

Diast. BP (mmHg)*

82 ± 13

83 ± 12

84 ± 12

84 ± 12

85 ± 13

87 ± 14

1.0 (0.8-1.3)

1.7 (1.1-2.3)

1.1 (0.9-1.4)

1.9 (1.3-2.6)

1.1 (0.9-1.4) 1.9 (1.4-2.7)

2 *

Metabolic syndrome components

Triglycerides (mmol/L)†
HDL-cholesterol (mmol/L)†

1.5 (1.2-1.8)

1.1 (0.9-1.3)

1.3 (1.2-1.6)

1.0 (0.9-1.3)

1.4 (1.2-1.6) 1.1 (0.9-1.2)

hsCRP (mg/L)†

1.0 (0.5-1.8)

3.0 (1.4-4.9)

1.1 (0.7-1.8)

2.8 (1.6-4.8)

1.4 (0.8-2.5) 3.2 (1.7-5.6)

Fasting glucose*

5.3 ± 0.6

5.8 ± 0.7

5.5 ± 0.6

5.9 ± 0.7

3.0 (2.3-3.9)

3.2 (2.4-4.1)

2.9 (2.2-3.8)

3.1 (2.4-3.9)

508 (29)

374 (43)

325 (23)

582 (33)

5.5 ± 0.6

6.1 ± 0.8

Other risk factors
LDL-cholesterol (mmol/L)†
Current smoking, n(%)

2.7 (2.1-3.4) 3.0 (2.3-3.8)
69 (24)

263 (31)

Current alcohol drinking, n(%)

1074 (61)

423 (49)

946 (66)

915 (51)

174 (59)

437 (51)

Physical activity (hours*MET*week)†

41 (22-68)

30 (14-56)

39 (21-66)

30 (13-60)

42 (19-70)

29 (11-59)

80 ± 18

79 ± 18

MDRD clearance*

79 ± 17

76 ± 19

79 ± 16

76 ± 17

1.4 (1.0-2.0)

2.2 (1.6-3.3)

2.0 (1.4-3.0)

3.0 (2.1-4.5)

Waist circumference (cm)*

82 ± 9

86 ± 8

94 ± 8

97 ± 8

106 ± 11

Hip circumference (cm)*

97 ± 5

98 ± 5

104 ± 5

105 ± 5

115 ± 9

115 ± 9

Subcutaneus fat (cm)*

2.0 ± 1.0

2.1 ± 1.0

2.6 ± 1.1

2.5 ± 1.4

3.3 ± 1.5

3.3 ± 1.6

Visceral fat (cm)*

6.6 ± 1.8

7.6 ± 1.9

8.4 ± 2.0

9.5 ± 2.0

10.0 ± 2.6

11.1 ± 2.5

HOMA-IR†

3.1 (2.1-4.4) 4.7 (3.1-7.4)

Adiposity measures
109 ± 11

Medication
Statins, n(%)‡

842 (48)

447 (51)

860 (60)

1055 (59)

201 (69)

488 (57)

Blood pressure lowering agents, n(%)

889 (51)

606 (70)

903 (63)

1313 (73)

204 (70)

651 (76)


* Data are means ± SD or median (interquartile range) unless otherwise indicated. Normal weight
BMI<25kg/m2, overweight BMI ≥25 and <30kg/m2, obese BMI ≥30kg/m2. BP, blood pressure; CVD
cardiovascular disease; HOMA-IR, HOMA of insulin resistance; MBD metabolic dysfunction. ‡before
2001 no discern in lipid lowering medication.
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Table 2. Relation between adiposity in the presence or absence of metabolic dysfunction and the
development of type 2 diabetes (n=6997).
Cases incident diabetes
(groups size)

Incidence rate per
1000 person years

Model I HR (95%CI)

Model II HR (95%CI)

Without MBD

22 (1759)

2

1

1

With MBD

62 (870)

10

4.9 (3.0-8.1)

4.7 (2.8-7.8)

Normal weight

Overweight
Without MBD

45 (1426)

5

2.5 (1.5-4.3)

2.5 (1.5-4.2)

With MBD

221 (1797)

19

8.9 (5.7-13.9)

8.5 (5.5-13.4)

Without MBD

14 (293)

9

4.5 (2.3-8.9)

4.3 (2.2-8.6)

With MBD

155 (852)

33

16.8 (10.7-26.5)

16.3 (10.4-25.6)

Obese

Model I: hazard ratios adjusted for age and sex, Model II: hazard ratio adjusted for age, sex, smoking
status (current/former/never), physical activity in METS*hours*week and statin usage (no discern
in lipid lowering medication before 2001). Normal weight BMI<25kg/m2, overweight BMI ≥25 and
<30kg/m2, obese BMI ≥30 kg/m2. MBD: metabolic dysfunction (presence of ≥3 NCEP metabolic
syndrome criteria with waist circumference replaced by HsCRP≥2mg/L).

(Table 2). In the presence of metabolic dysfunction (≥3 NCEP criteria) the risk of
developing type 2 diabetes was even higher. Compared with patients with normal
weight and absence of metabolic dysfunction, patients with normal weight with
presence of metabolic dysfunction had a higher risk for developing type 2 diabetes
(HR 4.7; 95%CI 2.8 to 7.8) with even higher risk in patients who were overweight
(HR 8.5; 95%CI 5.5 to 13.4) or obese (HR 16.3; 95%CI 10.4 to 25.6). Additional
adjustment for changes in BMI categories (increase, stable, decrease) during followup (SMART-2, n=1282) yielded comparable hazard ratios for overweight and
obesity. A sensitivity analysis on complete data (n=6658) and exclusion of patients
that developed a cardiovascular event or fatal malignancy during follow-up (n=686),
yielded comparable results.

Change in prevalence of adiposity and metabolic dysfunction during
follow-up
In the 1282 patients where BMI and metabolic dysfunction criteria were reassessed
(SMART-2 cohort) after a median follow-up of 6.1 years (IQR 4.0 to 10.7),
prevalence of the overweight and obese phenotype without metabolic dysfunction
increased from 22 to 27% and from 4 to 7%. Of the individuals that at follow-up
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remained within the same BMI category, overweight and obese individuals had
developed more metabolic dysfunction compared with normal weight individuals.
The development of metabolic dysfunction was 10% in normal-weight patients, 15%
in overweight patients and 23% in obese patients as displayed in Figure 1.
Figure 1. Development of metabolic dysfunction according to adiposity categories (n=1282).

MBD +
N=12 (23%)

Obese
MBD N=51

MBD N=30 (59%)
Other BMI category
N=9 (18%)
MBD +
N=43 (15%)

Overweight
MBD N=286

MBD N=169 (59%)
Other BMI category
N=74 (26%)
MBD +
N=28 (10%)

Normal wieght
MBD N=281

MBD N=175 (62%)
Other BMI category
N=78 (28%)
6.1 years (IQR 4.0 - 10.7)
Normal weight BMI<25kg/m2, overweight BMI ≥25kg/m2 and <30kg/m2, obese BMI ≥30kg/m2.
MBD: metabolic dysfunction (presence of ≥3 NCEP-R metabolic syndrome criteria with waist
circumference replaced by HsCRP≥2mg/L). Left side of arrows: individuals without metabolic
dysfunction at baseline according BMI category. Right side of arrows: n (%) individuals per BMI
category who developed metabolic dysfunction after a median follow-up of 6.1 years (IQR 4.0-10.7).
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Relation between metabolic syndrome components and risk of incident
type 2 diabetes
Prevalence of metabolic dysfunction components in decreasing order were presence
of high blood pressure (89%), high fasting glucose (52%), elevated hsCRP (46%),
low HDL-c (35%) and elevated triglycerides (34%) as displayed in Supplemental
Figure 1. Hypertension was highly prevalent in patients with and without metabolic
dysfunction. When metabolic dysfunction components were assessed separately,
presence of high blood pressure (HR 2.4; 95%CI 1.5 to 3.5), high fasting glucose (HR
8.5; 95%CI 6.4 to 11.1), high hsCRP (HR 1.7; 95%CI 1.4 to 2.1), low HDL-c (HR
1.9; 95%CI 1.6 to 2.3) and elevated triglycerides (HR 2.9; 95%CI 2.5 to 3.5) were
related to an increased risk for type 2 diabetes. The population attributable fraction,
combining both prevalence and strength of the risk factor with incident diabetes,
was highest for elevated fasting glucose with 77% and elevated blood pressure with
58% (Figure 2). Despite low prevalence, elevated triglycerides had an attributable
fraction of 43% because of its high risk for diabetes. Risk factors with comparable
attributable fractions were low HDL-c (24%) and elevated hsCRP (19%).
Figure 2. Population attributable fraction associated with metabolic dysfunction components for the

Population Attributable Fraction (%)

development of type 2 diabetes (n=6997).
100
90
80
70
60
50
40
30
20
10
0
High glucose

High BP

High TG

Low HDL

High CRP

High glucose (fasting glucose≥5.6 mmol/L), High BP (systolic blood pressure≥130mmHg and/
or diastolic blood pressure≥85 and/or blood pressure lowering medication), high TG (triglycerides
≥1.70 mmol/L and/or treatment for elevated triglycerides), Low HDL (high-density lipoprotein
cholesterol<1.03 mmol/L men, <1.30 women), high hsCRP (high sensitive C-Reactive Protein≥2
mg/L), error bars present 95% confidence intervals.
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DISCUSSION
Overweight and obese patients without metabolic dysfunction and manifest vascular
disease or high risk for cardiovascular events are at increased risk for developing
type 2 diabetes compared with normal weight patients without metabolic dysfunction.
Additionally, overweight and obese patients developed more metabolic dysfunction
compared with normal weight patients at follow-up. Moreover, when metabolic
dysfunction is present, the risk of developing type 2 diabetes is strongly increased in
all BMI categories and is highest in obese patients. Patients with normal weight and
metabolic dysfunction are at even higher risk for type 2 diabetes than overweight or
obese patients without metabolic dysfunction.
Different criteria for metabolic dysfunction have been used in various studies. Most
studies include a combination of obesity, hypertension, dyslipidemia and abnormal
10
glucose tolerance, however no standard criteria have been set. In the present study
we adapted the most commonly used definition for metabolic syndrome (NCEP-R
criteria) by replacing waist circumference, which is highly correlated with BMI, for
hsCRP≥2. This better reflects the functional and systemic consequences of adipose
7
tissue dysfunction. Additionally, we assessed changes in adiposity and metabolic
status over time. One other study incorporated hsCRP into the definition of metabolic
syndrome (using hsCRP≥3 and Hba1C≥6%) and also found obese without metabolic
dysfunction to be at risk (HR 8.6; 95%CI 2.4 to 30.4) for type 2 diabetes in a British
34
cohort of 3066 participants born before 1952. However, even with more stringent
criteria for metabolic health as applied in the present study, overweight and obese
patients are at increased risk for type 2 diabetes. The results of the present study are
in accordance with a meta-analysis of 7 studies investigating the effect of obesity
without metabolic dysfunction in 1770 adults with a pooled adjusted relative risk
for incident type 2 diabetes of 4.03 (95%CI 2.66 to 6.09) in populations without
34
overt vascular disease. Most studies included were performed in middle aged adults.
However, adiposity without metabolic dysfunction is an adverse condition at any age
as also young men (mean age 30.9 ± 5.2 years) with overweight (HR 1.89; 95%CI
1.25 to 2.86) or obesity (HR 3.88; 95%CI 1.94 to 7.77) are at increased risk for type
35
2 diabetes.
Components of the metabolic syndrome besides fasting glucose with the highest
population attributable fractions for incident diabetes were, high blood pressure and
elevated triglycerides. These components are considered risk indicators for type 2
36
diabetes but might also be involved in the pathophysiology of insulin resistance.
The presence of metabolic dysfunction in normal weight individuals indicates that
metabolic dysfunction is not solely a consequence of increased adipose quantity
but might be largely influenced by adipose tissue function. During chronic positive
30
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energy balance the human body is challenged to store large amounts of glucose and
triglycerides. However, adipocytes have limited expandability for safe storage of
triglycerides and glucose derived free fatty acids which instigates hypoxia, macrophage
infiltration and inflammation in adipose tissues and lipotoxicity in non-adipose
3,37
Elevated inflammatory mediators such as Tumor Necrosis Factor alpha,
tissues.
interleukin 1 and interleukin 6 are induced by dysfunctional adipose tissue which
disrupts insulin receptor kinase activity or impairs insulin sensitivity by interfering
17
with insulin stimulated glucose uptake in peripheral tissues. Furthermore, normal
38
cholesterol homeostasis in β- cell islets is essential for functional insulin exocytosis.
HDL-c protects β-cells from the toxic effect of glucose and IL-1 β, enhances insulin
secretion and increases insulin activity and glucose uptake in skeletal muscles. Already
several years before the onset of type 2 diabetes, dyslipidemia may be present and
both quantitative and qualitative changes in HDL-c may impair its anti-inflammatory
39
and anti-oxidant capacities. Finally, hypertension might exert a diabetogenic effect
via endothelial dysfunction leading to impaired vasodilatation in skeletal muscle
40
thereby hampering glucose uptake in peripheral tissues.
The results of the present study do not substantiate the concept of ‘healthy obesity’,
which postulates that obese patients without metabolic dysfunction have no increased
cardiovascular risk compared with normal weight patients without metabolic
dysfunction. Overweight and obesity, even in the absence of metabolic changes, are
risk factors for type 2 diabetes and increase the risk for metabolic derangements. Since
type 2 diabetes often precedes and confers a 2 to 12 fold excess risk for subsequent
or recurrent cardiovascular disease, increased incidence rates for diabetes as shown
in this study might contribute to a higher cardiovascular risk, but requires longer
follow-up to be observed. In recent meta-analyses it was demonstrated that in studies
with a longer follow-up period (above 10 or 15 years) healthy obese actually are at
24,25
Moreover, the present study indicates
increased risk for cardiovascular disease.
that presence of metabolic dysfunction increases the risk on type 2 diabetes in all
BMI categories, even in normal weight patients whose high risk may go unnoticed.
Therefore, one might argue that it is insufficient to only assess an individual’s BMI
as their metabolic status largely influences the risk of developing diabetes. These
findings support lifestyle modifications on diet and physical activity to prevent
obesity and its associated metabolic disruptions and to study the effect of weight loss
in obese patients on the risk of type 2 diabetes development. Furthermore, metabolic
dysfunction is not solely a consequence of adipose tissue quantity, which supports
the need for optimal treatment of modifiable metabolic risk factors and the need for
more research on adipose tissue functionality and factors inducing or ameliorating
metabolic dysfunction such as adipocyte expandability, adipose tissue distribution
and brown adipose tissue.
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Strengths of the present study are the large cohort of patients with a low percentage
of lost to follow-up, a substantial median follow up of 6 years, a large number of
endpoints and reassessment of baseline characteristics over time to evaluate changes
in adiposity and metabolic status. Study limitations need to be considered and
include that metabolic dysfunction was dichotomized as being present or absent,
while metabolic derangement is likely to be a more graded continuum. Therefore,
to compare the strength of the metabolic dysfunction components we additionally
analyzed them separately. Finally, whereas the population attributable fraction is
an informative measure to provide insight in the combination of prevalence and
strength of risk factors for this specific population of high risk patients, it may be
overestimated when interpreted as the potential preventive fraction. In reality, a
single risk factor may be neither necessary nor sufficient as multiple combinations of
risk factors can cause type 2 diabetes. Therefore, the population attributable fractions
can sum up to more than 100%.
In conclusion, overweight and obese patients without metabolic dysfunction and with
manifest vascular disease or at high risk for cardiovascular events are at increased
risk for developing type 2 diabetes compared with normal weight patients without
metabolic dysfunction. This risk becomes increasingly higher with the presence of
metabolic dysfunction and increases with BMI. These findings support adequate
assessment and treatment of both adiposity and metabolic dysfunction.
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Supplemental Table 1. Baseline characteristics of patients with clinical manifest vascular disease,
SMART-2 cohort (N=1282).
Normal weight (n=443)

Overweight (n=656)

Obesity (n=183)

Without
MBD
(n=281)

With
MBD
(n=162)

Without
MBD
(n=286)

With
MBD
(n=370)

Without
MBD
(n=51)

With
MBD
(n=132)

Percentage of BMI category (%)
Age (years)*

63
56 ± 10

37
57 ± 10

44
57 ± 10

56
56 ± 9

28
55 ± 9

72
55 ± 9

Males, n(%)

204 (73)

130 (80)

235 (83)

302 (81)

37 (70)

97 (75)

BMI (kg/m )

22.9 ± 1.5

23.3 ± 1.3

27.0 ± 1.4

27.3 ± 1.4

32.1 ± 2.2

32.9 ± 2.3

Syst.BP (mmHg)*

135 ± 20

139 ± 21

139 ± 19

139 ± 20

138 ± 19

140 ± 19

Diast. BP (mmHg)*

79 ± 11

80 ± 11

82 ± 10

82 ± 10

84 ± 13

82 ± 11

2 *

Metabolic dysfunction components

Triglycerides (mmol/L)†

1.1 (0.9-1.4) 1.8 (1.3-2.4) 1.2 (1.0-1.5) 2.1 (1.6-2.7) 1.2 (1.0-1.7) 2.0 (1.5-2.7)

HDL-cholesterol (mmol/L) †

1.4 (1.2-1.7) 1.1 (0.9-1.3) 1.3 (1.2-1.5) 1.0 (0.9-1.2) 1.4 (1.1-1.6) 1.0 (0.9-1.2)

hsCRP (mg/L)†

0.9 (0.5-1.7) 2.8 (1.4-4.8) 1.1 (0.7-1.8) 2.8 (1.6-4.8) 1.2 (0.6-1.6) 3.1 (2.5-3.7)

Fasting glucose*

5.3 ± 0.6

5.8 ± 0.7

5.5 ± 0.6

5.9 ± 0.6

5.7 ± 0.7

6.2 ± 1.0

Other risk factors
LDL-cholesterol (mmol/L)†

2.8 (2.3-3.7) 3.2 (2.4-3.9) 2.9 (2.3-3.7) 3.1 (2.5-3.9) 2.5 (2.1-3.2) 3.2 (2.5-3.7)

Current smoking, n(%)

84 (30)

74 (46)

73 (26)

136 (37)

14 (26)

Current alcohol drinking, n(%)

137 (49)

58 (36)

148 (52)

139 (38)

30 (57)

54 (42)

36 (14-64)

24 (12-47)

35 (18-62)

21 (7-47)

40 (19-85)

21 (9-43)

79 ± 16

77 ± 16

79 ± 15

78 ± 16

80 ± 16

79 ± 15

Physical activity (hours*MET*week)†
MDRD clearance*
HOMA-IR†

46 (36)

1.5 (1.0-2.1) 2.1 (1.7-2.9) 2.1 (1.5-3.2) 2.9 (2.2-4.0) 3.0 (2.2-4.8) 5.4 (3.3-8.0)

Adiposity measures
Waist circumference (cm)*

84 ± 8

88 ± 7

95 ± 7

97 ± 7

105 ± 8

Hip circumference (cm)*

98 ± 5

99 ± 5

105 ± 5

105 ± 4

113 ± 5

113 ± 6

Subcutaneus fat (cm)*

2.2 ± 1.0

2.3 ± 1.1

2.7 ± 1.3

2.6 ± 1.3

3.2 ± 1.2

3.1 ± 1.6

Visceral fat (cm)*

7.3 ± 1.8

7.7 ± 1.7

8.9 ± 2.0

9.8 ± 2.2

10.7 ± 2.4

11.7 ± 2.5

109 ± 8

Medication
Statins, n(%)‡

146 (52)

90 (55)

189 (66)

205 (55)

41 (77)

83 (64)

Blood pressure lowering agents, n(%)

161 (58)

114 (70)

193 (68)

264 (71)

42 (79)

99 (76)

* = mean ± standard deviation, † = median with interquartile range; ‡ before 2001 no discern in lipid
lowering medication; normal weight BMI<25kg/m2, overweight BMI ≥25kg/m2 and <30kg/m2, obese
BMI ≥30kg/m2; MBD metabolic dysfunction; CVD cardiovascular disease; HDL high density
lipoprotein; hsCRP: high sensitivity C-reactive protein; MET: metabolic equivalent of task; MDRD:
modification of diet in renal disease.
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Supplemental Figure 1. Prevalence of metabolic syndrome components according to adiposity and
presence or absence of metabolic dysfunction (n=6997).

2

Normal weight BMI<25kg/m2, overweight BMI ≥25 and <30kg/m2, obese BMI ≥30kg/m2. MBD:
metabolic dysfunction (presence of ≥3 NCEP-R metabolic syndrome criteria with waist circumference
replaced by HsCRP≥2mg/L). High BP (systolic blood pressure≥130mmHg and/or diastolic blood
pressure≥85 and/or blood pressure lowering medication), High glucose (fasting glucose≥5.6 mmol/L),
high TG (triglycerides ≥1.70 mmol/L and/or treatment for elevated triglycerides), Low HDL-c (HighDensity Lipoprotein cholesterol<1.03mmol/L men, <1.30 women), high hsCRP (high sensitive
C-Reactive Protein≥2 mg/L).
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CHAPTER 3

ABSTRACT
Objective
To quantify the risk of obesity and its associated metabolic dysfunction on the
development of cardiovascular events and mortality in patients with type 2 diabetes.

Methods
In 1827 patients with type 2 diabetes enrolled in the Secondary Manifestations of
ARTerial disease (SMART) cohort study, the risk of higher BMI, waist circumference
and intra-abdominal fat on the development of cardiovascular events (composite
of myocardial infarction, stroke, and vascular mortality) was quantified using Cox
regression. Second, risk of cardiovascular events related to obesity associated
metabolic dysfunction (≥3 adapted NCEP metabolic syndrome criteria) was
quantified for tertiles of intra-abdominal fat.

Results
217 patients died from cardiovascular causes and 338 patients developed the
composite endpoint of cardiovascular events during a median follow-up of 7.0 years
(interquartile range 3.9 to 10.5 years). No increased risk for cardiovascular events and
mortality was observed per SD higher BMI, waist circumference and intra-abdominal
fat (HR varying from 1.00, 95%CI 0.88-1.14 to 1.13, 95%CI 0.96- 1.33). Compared
to the first tertile of intra-abdominal fat without metabolic dysfunction, presence of
metabolic dysfunction increased risk of cardiovascular events in all tertiles of intraabdominal fat with the highest risk observed for metabolic dysfunction in the first
tertile of intra-abdominal fat (HR 2.47, 95%CI 1.32-4.62).

Conclusions
Body-mass index, waist circumference and intra-abdominal fat are not related to the
risk of cardiovascular events and mortality in patients with type 2 diabetes. Instead,
in these patients the metabolic consequences of adipose tissue dysfunction are more
important than strict measures of adiposity when estimating cardiovascular risk.
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INTRODUCTION
Worldwide prevalence of type 2 diabetes is estimated to increase from 2.8% in 2000
to 4.4% in 2030, at least in part due to the increasing prevalence of obesity, physical
1
inactivity and increased life expectancy. Presence of type 2 diabetes confers a 22,3
to 12- fold excess risk for first or recurrent cardiovascular events and mortality.
Type 2 diabetes often coincides with atherosclerotic vascular disease, although
both diseases can manifest independently. This indicates that type 2 diabetes and
atherosclerotic vascular disease share a ‘common soil’ of metabolic, genetic and
4,5
environmental risk factors.
Obesity, and in particular abdominal obesity, is related to metabolic changes including
dyslipidemia, elevated blood pressure, hyperglycemia, low-grade inflammation and
hypercoagulability and is a well-known and independent risk factor for both type
6-8
2 diabetes and atherosclerotic vascular disease. During chronic positive energy
balance adipose tissue is challenged to store large amounts of triglycerides and
glucose-derived free fatty acids. However, once adipocytes are no longer able to
expand and to safely store nutrients, adipose tissue becomes dysfunctional, instigates
spillover of free fatty acids and releases pro-inflammatory cytokines such as IL-6 and
TNF-alpha. These adipokines activate hepatic CRP production and contribute to a
chronic low-grade inflammatory state that stimulates development of atherosclerosis
9
and insulin resistance. Development of insulin resistance not only increases the risk
for type 2 diabetes but also contributes to the metabolic changes such as hypertension
10
and dyslipidemia and adds thereby to the development of atherosclerosis.
Given the central role of obesity and insulin resistance in the pathogenesis of both
type 2 diabetes and atherosclerosis, it is likely to assume an increased cardiovascular
risk in obese patients with established type 2 diabetes. However, in patients with
coronary heart disease, heart failure or hypertension, no increased vascular or
mortality risk of overweight or obesity has been observed compared to normalweight patients. In contrary, in these high risk patients a lower risk was seen, a
11
phenomena often referred to as the ‘obesity paradox’. Several explanations for the
obesity paradox have been considered. Obesity may function as a metabolic reserve
that protects patients from complications during periods of illness. On the other hand
the obesity paradox has been challenged as an untrue phenomena and to be the result
of reverse causality and a consequence of muscle wasting or sarcopenic obesity due
12,13
to ageing or (occult) comorbidity.
In the present study we quantified the risk of body-mass index (BMI), waist
circumference and intra-abdominal fat on the development of cardiovascular events
and cardiovascular mortality in patients with type 2 diabetes. Second, taking into
consideration the chronic low-grade inflammatory state and metabolic changes that
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emerge once adipose tissue becomes dysfunctional, we quantified how metabolic
status influences the cardiovascular risk of obesity in patients with type 2 diabetes.

METHODS
Study population
For this study we used data from 1827 participants with type 2 diabetes enrolled in
the Secondary Manifestations of ARTerial disease (SMART) cohort study before
March 2014. Diabetes was defined as a referral diagnosis of type 2 diabetes, selfreported type 2 diabetes, a fasting serum glucose concentration of ≥7.0 mmol/L
at study inclusion combined with initiation of glucose-lowering treatment
within 1 year, or the use of oral anti-hyperglycemic agents or insulin at baseline.
2
Underweight participants with a BMI<18.5 kg/m (n=2) were excluded. Patients
with high-sensitivity C-Reactive Protein (hsCRP) above 20 mg/L (n=76) were
excluded only for analysis concerning metabolic dysfunction since these patients
were considered to be in an acute inflammatory state. The SMART study was
started in 1996 and is an ongoing prospective, single-center, cohort study at the
University Medical Center Utrecht (the Netherlands) designed to establish the
prevalence of cardiovascular risk factors and concomitant arterial diseases in a
high risk population predominantly of Caucasian ethnicity (≥95%). Patients were
newly referred because of manifest atherosclerotic disease or a cardiovascular
risk factor (such as diabetes mellitus, hypertension or hypercholesterolemia) and
were screened non-invasively for manifestations of atherosclerotic diseases and
risk factors other than the qualifying diagnosis. For the SMART study, exclusion
criteria were age <18 years, known malignancy, dependency in daily activities or
insufficient fluency in the Dutch language. The study protocol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki, the Ethics Committee of
the University Medical Center Utrecht approved the study and all participants
gave their written informed consent. A detailed description of the study has been
14
published previously.

Assessment of body-mass index, waist circumference, intra-abdominal
fat and covariates
All measurements were performed at the UMC Utrecht on a single day and according
to a standardized protocol in an accredited vascular laboratory. BMI, the weight
in kilograms divided by the square of the height in meters, was computed after a
standardized anthropometric measurement protocol. Waist circumference was
measured in centimeters halfway between the lower rib and the iliac crest with
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patients standing relaxed and in light clothing. If duplicate measurements differed
by >2 cm, a third was taken. Intra-abdominal fat was estimated by ultrasonography
using a strict protocol and was measured as the distance between the peritoneum
and the lumbar spine or psoas muscles using electronic calipers at the end of a quiet
15
inspiration. Each distance was measured three times at three different positions.
Finally, participants completed a questionnaire on cardiovascular history, risk
factors and current medication use. An integrated measure of physical activity
was calculated by multiplying the time spent on a specific activity per week by its
metabolic equivalent intensity level (MET) and subsequently added together if more
16
than one type of activity was reported.

Assessment of metabolic dysfunction within tertiles of
intra-abdominal fat
To quantify the cardiometabolic consequences of adipose tissue dysfunction, we
categorized tertiles of intra-abdominal fat for presence of metabolic dysfunction
which we defined according to an adapted version of the National Cholesterol
6
Education Program (NCEP) revised criteria for metabolic syndrome. The criterion of
elevated waist circumference, which strongly correlates with adipose tissue quantity,
was replaced for elevated hsCRP (≥2 mg/L) as this better reflects the functional and
9,17
Additionally, the criterion
systemic consequences of adipose tissue dysfunction.
of fasting glucose (≥5.6 mmol/l) was replaced for HbA1c >7.0% (>53mmol/mol)
as this better reflects the actual glycemic state of the past 2-3 months. Presence of
metabolic dysfunction was defined as three or more of the following five risk factors:
elevated blood pressure (≥130 mmHg systolic and/or ≥85 mmHg diastolic and/
or use of blood pressure lowering agents), hypertriglyceridemia (≥1.70 mmol/l or
treatment for elevated triglycerides), low high-density lipoprotein (HDL)-cholesterol
(<1.03mmol/L for men and <1.30 in women), HbA1c (>7.0% or >53mmol/mol) or an
elevated hsCRP (hsCRP ≥2 mg/L).

Follow-up and outcome assessment
Patients were biannually asked to complete a follow-up questionnaire. Events of
interest for the current study were the occurrence of cardiovascular death, defined
as death from stroke, myocardial infarction, congestive heart failure, rupture of
abdominal aortic aneurysm and vascular death of other causes (i.e. death from sepsis
following a diabetic ulcer) and the occurrence of cardiovascular events defined as
a composite of nonfatal and fatal myocardial infarction, nonfatal and fatal stroke
and cardiovascular mortality. Definitions are included in Supplemental Table 1.
When a possible event was reported by the participant, hospital discharge letters and
results of relevant laboratory and radiology examinations were collected. With this
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information, all events were independently audited by three members of the SMART
14
study End Point Committee, comprising physicians from different departments.

Data analyses
Baseline measurements were stratified in classes of normal weight (BMI ≥18.5 and
2
2
2
≤25 kg/m ), overweight (BMI >25 and ≤30kg/m ) and obesity (BMI >30 kg/m ) and
presented as mean with standard deviation (SD) for normally distributed variables
and as median with interquartile range (IQR) for non- normally distributed variables.
Cox proportional hazards analysis was used to estimate hazard ratios (HR) and 95%
confidence intervals (CI) for the relation between higher BMI, waist circumference,
intra- abdominal fat and the occurrence of cardiovascular events and mortality. All
three measures of adiposity were analyzed per 1SD increase. Additionally, BMI was
evaluated in classes of overweight and obesity with normal-weight functioning as
reference group and waist circumference and intra- abdominal fat were evaluated in
tertiles with the first tertile functioning as reference group. If a patient had multiple
events, the first recorded event was used for analysis. In model I relations were
adjusted for age and sex and in model II relations were adjusted for age, sex, time
since diabetes diagnosis, smoking status (ever versus never smoking), physical
activity and use of cardiovascular risk lowering medication (use of oral glucose
lowering agents, insulin, lipid lowering agents, blood pressure lowering agents and
anti-platelet agents). Second, to quantify the risk associated with the cardiometabolic
consequences of adipose tissue dysfunction, tertiles of intra-abdominal fat were
stratified for presence of metabolic dysfunction with the first tertile without metabolic
dysfunction functioning as reference group. This relation was adjusted for similar
covariates except use of cardiovascular lowering medication which is already included
in the definition of metabolic dysfunction. The proportional hazards assumption was
verified by log minus log plots and no disproportionality was observed. All relations
were tested for effect modification by sex and for effect modification by presence
of clinical manifest cardiovascular disease. For both outcomes incidence rates per
1000 person years were calculated. Multiple imputation was used to reduce missing
covariate data for intra-abdominal fat (n=333, 18%), hsCRP (n=296, 16%), waist
circumference (n=194, 11%), HbA1c (n=132, 7%), LDL-cholesterol (n=153, 8%)
and physical activity (n=23, 1%) since incomplete case analysis leads to loss of
statistical power and possibly bias. Statistical analyses were performed with IBM
SPSS version 21.0.
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Sensitivity analyses
Additional analyses were performed by consecutively excluding 1) patients with
missing data, 2) patients with a low estimated glomerular filtration rate (<60 mL/
2
min/1.73m ) to determine whether muscle wasting and subsequent weight loss due
to chronic kidney disease may have influenced results, 3) patients diagnosed with
type 2 diabetes less than six months ago to determine whether weight change shortly
after newly diagnosed type 2 diabetes may have influenced results, 4) patients with
a cardiovascular event or death within one year of follow-up to determine whether
occult comorbidity at the time of weight measurements may have influenced results
and 5) patients with manifest vascular disease, because patients who developed
vascular disease in the absence of obesity may have a more adverse predisposition
of (unknown) risk factors compared to patients that developed vascular disease as a
result of obesity. Therefore, obesity may appear protective in patients with manifest
vascular disease on recurrence of events whereas a relation may be found in patient
with only risk factors for cardiovascular disease.

RESULTS
Baseline characteristics
The mean age of all patients was 60±10 years and the study population consisted
of predominantly males (70%, Table 1). The median duration of type 2 diabetes
prior to inclusion was 4 years (IQR 1-9 years). The majority of patients had
manifest vascular disease (n=1203, 66%): 802 had coronary artery disease, 349
had cerebrovascular disease, 262 had peripheral artery disease and 87 had an
abdominal aortic aneurysm (definitions are included in Supplemental Table 1). A
single manifestation of cardiovascular disease was present in 950 patients (52%),
polyvascular disease was present in 253 patients (14%) and no vascular disease but
only a cardiovascular risk factor such as hypertension or high LDL-cholesterol was
present in 624 patients (34%). Levels of most cardiovascular risk factors such as
triglycerides, hsCRP, HbA1c and fasting glucose, and use of most medications such
as glucose-, blood pressure- and lipid-lowering medication increased with higher
strata of BMI, whereas levels of physical activity and HDL-cholesterol was lower in
higher BMI strata.

Occurrence of cardiovascular events and cardiovascular mortality
Of the 1,827 patients with type 2 diabetes in this study, a total of 217 patients died
from cardiovascular causes, comparable to an incidence rate of 16 cardiovascular
deaths per 1,000 person-years, and a total of 338 patients developed the composite
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endpoint of cardiovascular events, comparable to an incidence rate of 27 events per
1,000 person-years, during a median follow-up of 7.0 years (interquartile range:
3.9 to 10.5 years; 13,363 person-years). In total, 8.1% of the patients were lost to
follow-up.
Table 1. Baseline characteristics of patients with type 2 diabetes stratified in classes of BMI (N=1827).

Age (years)a
Males, n(%)
Diabetes duration (years since diagnosis)b

Normal weight BMI
≥18.5 and ≤25 kg/m2
(n=389)

Overweight BMI
>25 and ≤30 kg/m2
(n=789)

Obese BMI
>30 kg/m2
(n=649)

61 ± 11

62 ± 10

58 ± 10

274 (73)

593 (75)

396 (61)

3.0 (0.0-10.0)

3.0 (1.0-9.0)

4.0 (1.0-9.0)

Ever smoking, n(%)

272 (73)

586 (74)

480 (74)

Current alcohol drinking, n(%)

171 (46)

373 (47)

272 (42)

Physical activity (hours*MET*week)b

30 (11-56)

30 (11-52)

25 (8-46)

Systolic blood pressure (mmHg)a

143 ± 23

147 ± 20

145 ± 20

80 ± 12

83 ± 11

85 ± 12

Waist circumference (cm)a

Diastolic blood pressure (mmHg)

89 ± 8

97 ± 8

111 ± 11

Intra-abdominal fat (cm)a

8.0 ± 2.0

9.8 ± 2.1

12.1 ± 2.6

Mean metabolic dysfunction criteriaa

2.6 ± 1.2

2.8 ± 1.2

3.4 ± 1.1

Triglycerides (mmol/L)

a

1.4 (1.0-2.3)

1.6 (1.1-2.4)

1.9 (1.4-2.9)

HDL-cholesterol (mmol/L)b

1.2 (1.0-1.4)

1.1 (0.9-1.3)

1.0 (0.9-1.2)

hsCRP (mg/L)

2.0 (0.8-6.3)

2.3 (0.9-5.2)

3.7 (1.5-8.4)

7.8 (6.6-9.9)

8.0 (6.8-9.7)

8.2 (7.0-9.7)

b

b

Fasting glucoseb
HbA1c (%)

b

HbA1c (mmol/mol)b
LDL-cholesterol (mmol/L)b

6.7 (6.0-7.6)

6.7 (6.2-7.6)

6.9 (6.3-7.9)

49.7 (42.1-59.6)

49.7 (44.3-59.6)

51.9 (45.4-62.8)

2.6 (2.1-3.5)

2.6 (2.0-3.4)

2.5 (1.9-3.3)

eGFR (MDRD)a

78 ± 21

76 ± 22

80 ± 22

Oral glucose lowering agents, n(%)

232 (60)

516 (65)

446 (69)

Use of insulin, n(%)

86 (22)

163 (21)

181 (28)

Lipid lowering agents, n(%)

218 (56)

509 (65)

417 (64)

Blood pressure lowering agents, n(%)

250 (64)

619 (79)

535 (82)

Anti-platelet agents, n(%)

220 (57)

470 (60)

345 (53)

= mean ± standard deviation, b = median with interquartile range; metabolic dysfunction (NCEP-R
criteria for metabolic syndrome with waist circumference replaced for hsCRP≥2mg/L and fasting
glucose replaced for HbA1c>7%), MET: metabolic equivalent of task.

a
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Table 2. Body-mass index, waist circumference, intra-abdominal fat and occurrence of cardiovascular
events and cardiovascular mortality in patients with type 2 diabetes (N=1827).
Cardiovascular events

Cardiovascular mortality

Events
(group size)

Model I HR
(95%CI)

Model II HR
(95%CI)

Events
(group size)

Model I HR
(95%CI)

Model II HR
(95%CI)

82 (389)

1.0

1.0

58 (389)

1.0

1.0

3

Body-mass index
Normal weight
(≥18.5 and ≤25 kg/m2)
Overweight
(>25 and ≤30 kg/m2)
Obese
(>30 kg/m2)

159 (789)

0.95 (0.73-1.24) 0.95 (0.73-1.25)

95 (789)

0.76 (0.55-1.05) 0.79 (0.56-1.10)

97 (649)

0.90 (0.67-1.22) 0.88 (0.65-1.20)

64 (649)

0.91 (0.63-1.31) 0.91 (0.62-1.32)

Waist circumference
Tertile 1
(68-95cm)
Tertile 2
(95-105cm)
Tertile 3
(105-158cm)

111 (631)

1.0

1.0

72 (631)

1.0

1.0

119 (590)

1.06 (0.79-1.41) 1.03 (0.76-1.38)

72 (590)

0.95 (0.66-1.36) 0.91 (0.63-1.32)

108 (606)

1.13 (0.84-1.53) 1.09 (0.80-1.48)

73 (606)

1.23 (0.87-1.76) 1.19 (0.82-1.73)

Intra-abdominal fat
Tertile 1
(3.3-8.9cm)
Tertile 2
(8.9-11.3cm)
Tertile 3
(11.3-22.3cm)

99 (601)

1.0

1.0

58 (601)

1.0

1.0

129 (635)

1.20 (0.89-1.62) 1.17 (0.87-1.59)

83 (635)

1.25 (0.83-1.87) 1.21 (0.81-1.82)

111 (592)

1.10 (0.81-1.49) 1.03 (0.75-1.42)

76 (592)

1.26 (0.83-1.91) 1.17 (0.76-1.79)

Model I: adjusted for age and sex. Model II: adjusted for age, sex, time since diabetes diagnosis,
smoking status (ever versus never smoking), physical activity in MET h/week and use of cardiovascular
risk lowering medication (oral glucose lowering agents, insulin, lipid lower medication, blood pressure
lowering medication and anti-platelet medication).

BMI, waist circumference, intra-abdominal fat and occurrence of
cardiovascular events and cardiovascular mortality
Body-mass index was not associated with an increased risk of cardiovascular events
(HR 1.00, 95%CI 0.88-1.14) or cardiovascular mortality (HR 1.02, 95%CI 0.87-1.21)
2
per 1SD higher BMI (5 kg/m ) adjusted for age, sex, time since diabetes diagnosis,
smoking status, physical activity and use of cardiovascular risk lowering medication.
2
Compared with normal-weight patients (BMI ≥18.5 and ≤25 kg/m ), patients with
2
2
overweight (BMI >25 and ≤30 kg/m ) and obesity (BMI >30 kg/m ) were not related
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to an increased risk for cardiovascular events or cardiovascular mortality (Table 2).
Higher waist circumference (HR 1.03, 95%CI 0.91-1.17) and higher intra-abdominal
fat (HR 1.01, 95%CI 0.88-1.14), were also not related to an increased risk of
cardiovascular events and nor with an increased risk of cardiovascular mortality (HR
1.13, 95%CI 0.96-1.33 and HR 1.06, 95%CI 0.90-1.25, respectively) per 1SD higher
waist circumference (12.9 cm) or per 1 SD higher intra-abdominal fat content (2.8
cm) adjusted for confounding factors. Analyses in tertiles of waist circumference
and intra-abdominal fat revealed the same results (Table 2). In none of the relations
effect modification by sex or presence of clinical manifest cardiovascular disease
was present. Results remained comparable in analysis on complete data and after
consecutively excluding patients with a decreased kidney function (eGFR<60 mL/
2
min/1.73m ), patients diagnose with type 2 diabetes less than six months ago, patients
who developed a cardiovascular event or died within the first year of follow-up and
patients with manifest cardiovascular disease (Supplemental Tables 2&3).

Risk of intra-abdominal fat in the presence or absence of metabolic
dysfunction and occurrence of cardiovascular events and cardiovascular
mortality
Half of the patients classified within the first tertile of intra-abdominal fat had
metabolic dysfunction (≥3 adapted NCEP criteria) and this prevalence increased
across tertiles of intra-abdominal fat volume (Figure 1). In the absence of metabolic
dysfunction (≤2 adapted NCEP criteria) higher tertiles of intra- abdominal fat
volume were not related to an increased risk of developing cardiovascular events
and cardiovascular mortality, compared to the first tertile of intra-abdominal fat.
Presence of metabolic dysfunction (≥3 adapted NCEP criteria) within all tertiles
of intra-abdominal fat content, increased the risk of developing cardiovascular
events and cardiovascular mortality, compared to patients in the first tertile of
intra-abdominal fat content without metabolic dysfunction. In those patients where
metabolic dysfunction was present, higher levels of intra-abdominal fat were related
with a modestly lower risk of developing cardiovascular events and cardiovascular
mortality. Results were comparable when HbA1c>7.0% (>53mmol/mol) was omitted
as criterion and metabolic dysfunction was defined as presence of ≥2 criteria.
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Figure 1. Tertiles of intra-abdominal fat in the presence and absence of metabolic dysfunction and
occurrence of cardiovascular events and cardiovascular mortality in patients with type 2 diabetes
(N=1751).

3

Tertile 1: 3.3-9.0cm, Tertile 2: 9.0-11.2cm, Tertile 3: 11.2-22.3cm. MBD, metabolic dysfunction
(presence of ≥3 NCEP metabolic syndrome criteria with waist circumference and fasting glucose
replaced by hs-CRP≥2mg/L and Hba1c>7%, respectively). *Hazard ratios adjusted for age, sex,
diabetes duration since diagnosis, smoking status (ever versus never smoking) and physical activity in
MET h/week. Patients with hsCRP>20mg/L were considered to be in an acute inflammatory state and
excluded (n=76).
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DISCUSSION
In patients with type 2 diabetes higher body-mass index, waist circumference
and intra-abdominal fat content are not related to an increased risk of developing
cardiovascular events and cardiovascular mortality during a median follow-up
period of 7.0 (IQR 3.9-10.5) years. Across tertiles of intra-abdominal fat, presence
of metabolic dysfunction is related to an increased risk of cardiovascular events and
cardiovascular mortality, compared to patients with low intra-abdominal fat content
and no metabolic dysfunction. Interestingly, in patients with metabolic dysfunction,
higher levels of intra-abdominal fat are related to a modest lower risk of developing
cardiovascular events and cardiovascular mortality.
Studies that evaluated cardiovascular risk associated with obesity in patients with
type 2 diabetes have found results that vary from no association, to an U-shaped
12,18
relationship and even to a lower vascular risk in overweight and obese patients.
The REACH registry observed a trend for lower risk of cardiovascular events
and cardiovascular mortality with quintiles of higher BMI in 19,579 patients
with type 2 diabetes and established vascular disease over a follow-up period of
19
2.0 years. However, underweight patients who are hypothesized to have a high
cardiovascular risk were not excluded or analyzed separately which may explain the
high cardiovascular risk observed in the lowest BMI quintiles. Furthermore, because
patients with type 2 diabetes are more likely to be abdominal obese, BMI may be
an inadequate tool to measure overweight. Indeed, when higher quintiles of waist
circumference were used to measure overweight, no association with cardiovascular
events and mortality was observed in REACH, which is in accordance with our
findings for waist circumference over an extended follow-up duration of 7.0 years.
Additionally, adipose tissue distribution has shown to be different in patients with
20
type 2 diabetes: more intra-abdominal fat and less subcutaneous fat. However,
also when intra- abdominal fat content was quantified using ultrasonography in the
current study, no increased risk for cardiovascular events and mortality was observed
for higher intra-abdominal fat content.
There are several arguments why obesity does not relate to an increased cardiovascular
12,13
First, comorbidity related to ageing or
risk in patients with type 2 diabetes.
diabetes such as chronic kidney disease or malignancy may result in muscle wasting or
sarcopenic obesity and subsequent weight loss while at the same time these patients are
at increased cardiovascular risk. Methodologically not accounting for such conditions
increases the risk for reverse causation of the relation between bodyweight and
cardiovascular events and mortality. Other conditions that could lead to a neutral or
even inverse relation between obesity and cardiovascular risk are change in weight
status shortly after a new diagnosis of type 2 diabetes and suboptimal medical
50
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treatment of normal-weight type 2 diabetic patients who may be conceived to have
a low cardiovascular risk. In the current study patients with a known malignancy at
baseline were not included and our findings did not alter after adjustments for physical
activity or medication use or after multiple sensitivity analyses excluding patients with
2
an eGFR<60ml/min/1.73m , with a cardiovascular event or death in the first year of
follow-up or with diabetes diagnosed less than six months ago. Second, obesity is
a very strong risk factor for the development of type 2 diabetes. Therefore, it could
be speculated that patients who develop type 2 diabetes in the absence of obesity
are likely to suffer from a more adverse predisposition of (unknown) risk factors
other than obesity such as an inherited genetic susceptibility. A large genome-wide
association study identified two single-nucleotide polymorphisms that associated with
the development of type 2 diabetes in lean participants and demonstrated that for the 36
known type diabetes loci, 29 had a larger odds ratio in lean compared to obese patients
12,21
Because obese patients who already are under strain from
with type 2 diabetes.
the physiological impact of obesity and insulin resistance may require less genetic
risk variants to develop type 2 diabetes, most of these loci are presumably related
to reduced beta cell function. Third, it could be argued that the intra-abdominal fat
of obese patients with type 2 diabetes more adequately and safely stores nutrients
compared to intra-abdominal fat of relative thin type 2 diabetic patients who have
established their disease at a lower BMI stress. Patients with type 2 diabetes and
higher levels of intra-abdominal fat may be more capable to safely expand their
adipocytes and visceral adipose tissue compartment, thereby delay the chronic
low-grade inflammatory state related to adipose tissue dysfunction and postpone
the development of atherosclerosis and insulin resistance. Instead, patients who
developed type 2 diabetes in the presence of low intra-abdominal fat volume may
be susceptible to experience cardiometabolic consequences associated with adipose
tissue dysfunction at an earlier stage and have an increased cardiovascular risk.
Indeed, metabolic status largely influences cardiovascular risk across all tertiles of
intra-abdominal fat volume with the highest risk observed in patients with metabolic
dysfunction and a low intra-abdominal fat volume. In those patients with metabolic
dysfunction, higher levels of intra-abdominal fat are not associated with a higher
but even a modest lower cardiovascular risk which may potentially indicate a better
storage capacity of adipose tissue.
Results of the present study implicate that in patients with type 2 diabetes, the
metabolic consequences of adiposity are more important than strict measures
of adiposity when estimating cardiovascular risk. Highest cardiovascular risk
is observed for patients who already experience cardiometabolic consequences
of adipose tissue dysfunction at a low level of intra-abdominal fat volume. The
presumption that obesity is an important risk factor for cardiovascular risk, and vice
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versa that the absence of obesity is associated with a lower cardiovascular risk, may
not pertain to patients with type 2 diabetes and could result in suboptimal medical
treatment of low or normal-weight patients. All patients with type 2 diabetes have
a high risk of developing cardiovascular events and to estimate this cardiovascular
risk it may be more important to focus on metabolic status instead of obesity. It
is important to underline that these findings do not advocate weight gain or plead
for metabolically healthy obesity as a benign condition. Obesity contributes to
metabolic derangement and subsequently increases cardiovascular risk. Conversely,
the primary objective of weight loss may be to ameliorate the metabolic profile as
lower intra-abdominal fat volume by itself in patients who are metabolically healthy
is not associated with a lower cardiovascular risk. This is supported by findings of
the Look AHEAD randomized trial, where a modest average weight loss of 6% in the
intensive lifestyle intervention arm improved the cardiovascular risk factor profile of
overweight and obese adults with type 2 diabetes compared to 3.5% weight loss in
22
the diabetes support and education arm. This modest weight loss was however not
related to a lower risk of cardiovascular events over a follow-up period of 9.6 years.
Strengths of the present study include that besides BMI and waist circumference,
intra- abdominal fat was quantified with ultrasonography according to a standardized
protocol in a large cohort of patients with type 2 diabetes with sufficient follow
up time. BMI was classified in clinically relevant classes and all three measures of
obesity were collected in a single center, thereby limiting the risk for heterogeneity
in measurement collection and ensuring consistent outcome definition. Study
limitations need to be considered and include that metabolic dysfunction was
dichotomized as being present or absent, while metabolic derangement is likely to
be a more graded continuum. Second, the study population consisted of patients both
with and without clinical manifestations of atherosclerosis. The effect of obesity
may depend on whether an event is a first-time or recurrent cardiovascular event
or may differ according to presence of (occult) comorbidity. However, no effect
modification was found for presence of manifest cardiovascular disease and after
multiple sensitivity analyses results remained comparable.
In conclusion, body-mass index, waist circumference and intra-abdominal fat are not
related to the risk of developing cardiovascular events and cardiovascular mortality
in patients with type 2 diabetes. Instead, in these patients presence of cardiometabolic
dysfunction was related to cardiovascular risk across tertiles of intra-abdominal fat,
compared to patients in the first tertile of intra- abdominal fat without metabolic
dysfunction. These findings support the notion that metabolic status is more important
than measures of adipose tissue quantity in estimating cardiovascular risk in patients
with type 2 diabetes.
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Supplemental Table 1. Definitions in the SMART study.
Vascular disease
Coronary artery disease

Myocardial infarction, angina pectoris or coronary revascularization.

Cerebrovascular disease

Ischemic attack, cerebral infarction, cerebral ischemia, amaurosis fugax, retinal infarction or a
history of carotid surgery
Peripheral arterial disease Symptomatic and documented obstruction of distal arteries of the leg or interventions (Fontaine
classification II-IV confirmed with ankle brachial index (ABI) ≤0.90 in rest and/or decrease of ABI
>20% after exercise), percutaneous transluminal angioplasty, bypass or amputation
Abdominal aortic aneurysm A supra- or infrarenal aneurysm of the aorta (distal aortic
anteroposterior diameter ≥3 cm, measured with ultrasonography) or a history of AAA surgery
Diabetes mellitus type II
A referral diagnoses of type 2 diabetes, self-reported type 2 diabetes, a fasting serum glucose
≥7.0 mmol/l with initation of glucose lowering treatment within a year, or the use of antihyperglycemic agents at baseline. Participants with diabetes mellitus type I were excluded for
this analysis.
Outcome events SMART cohort
Myocardial infarction

At least two of the following criteria
(I) Chest pain for at least 20 minutes, not disappearing after administration of nitrates

Stroke

Cardiovascular mortality
Cardiovascular events

(II) S T-elevation > 1 mm in two following leads or a left bundle branch block on the
electrocardiogram
(III) Troponin elevation above clinical cut-off values or creatinine kinase (CK) elevation of at least
two times the normal value of CK and a myocardial band-fraction > 5% of the total CK
Sudden death: unexpected cardiac death occurring within one hour
after onset of symptoms, or within 24 hours given convincing circumstantial evidence
Relevant clinical features for at least 24 hours causing an increase in impairment of at least one
grade on the modified Ranking scale, with a new cerebral infarction on CT or MRI
Relevant clinical features for at least 24 hours causing an increase in
impairment of at least one grade on the modified Ranking scale,
without a new (hemorrhage) cerebral infarction on CT or MRI
Death from stroke, myocardial infarction, congestive heart failure, rupture of abdominal aortic
aneurysm and vascular death of other causes
Composite vascular outcome
Composite of myocardial infarction, stroke (infarction or hemorrhagic), retinal infarction,
terminal heart failure, sudden death and vascular mortality
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82 (473)

78 (495)

Tertile 2 (95-105cm)

Tertile 3 (100-158cm)

74 (507)

86 (489)

83 (489)

Tertile 2 (8.9-11.3cm)

Tertile 3 (11.3-22.3cm)

1.03 (0.71-1.50)

1.11 (0.78-1.57)

1.0

1.02 (0.88-1.18)

53 (489)

49 (489)

42 (507)

143 (1484)

52 (495)

41 (473)

51 (516)

143 (1484)

44 (533)

57 (633)

43 (318)

143 (1484)

CVD death
(group size)

1.16 (0.70-1.93)

1.07 (0.68-1.70)

1.0

1.16 (0.91-1.35)

1.19 (0.76-1.85)

0.74 (0.47-1.16)

1.0

1.19 (0.98-1.45)

0.85 (0.55-1.33)

0.71 (0.50-1.00)

1.0

1.06 (0.88-1.28)

HR
(95%CI)

79 (459)

107 (491)

75 (434)

261 (1384)

78 (471)

95 (448)

89 (466)

261 (1384)

69 (511)

125 (594)

67 (279)

261 (1384)

CVD events
(group size)

Sensitivity analysis 2b

0.92 (0.63-1.33)

1.25 (0.86-1.81)

1.0

0.96 (0.82-1.11)

0.92 (0.65-1.30)

0.96 (0.70-1.31)

1.0

0.96 (0.83-1.12)

0.68 (0.47-0.97)

0.86 (0.63-1.16)

1.0

0.89 (0.77-1.04)

HR
(95%CI)

55 (459)

70 (491)

44 (434)

169 (1384)

55 (471)

58 (448)

57 (466)

169 (1384)

45 (511)

77 (594)

47 (279)

169 (1384)

CVD death
(group size)

1.07 (0.66-1.73)

1.33 (0.81-2.18)

1.0

1.02 (0.84-1.24)

1.08 (0.71-1.63)

0.87 (0.59-1.30)

1.0

1.06 (0.88-1.28)

0.72 (0.46-1.12)

0.76 (0.52-1.10)

1.0

0.91 (0.74-1.10)

HR
(95%CI)

CVD; cardiovascular disease. a Sensitivity 1: excluding patients with eGFR<60 mL/min/1.73m2 (N=343). b Sensitivity 2: excluding patients diagnosed with diabetes
<6 months ago (N=488). All hazard ratios are adjusted for age, sex, diabetes duration since diagnosis, physical activity, smoking status (ever versus never smoking),
physical activity in MET h/week and use of cardiovascular risk lowering medication (oral glucose lowering agents, insulin, lipid lower medication, blood pressure
lowering medication and anti-platelet medication).

241 (1484)

per 1 SD (2.8cm)

Tertile 1 (3.3-8.9cm)

Intra-abdominal fat

0.94 (0.66-1.34)

84 (516)
1.00 (0.69-1.45)

1.0

241 (1484)

1.01 (0.87-1.18)

0.83 (0.58-1.19)

0.97 (0.70-1.33)

1.0

0.98 (0.84-1.13)

per 1 SD (12.9cm)

69 (533)

112 (633)

62 (318)

241 (1484)

HR
(95%CI)

Tertile 1 (68-95cm)

Waist circumference

(>30 kg/m2)

Obese

(>25 and ≤30 kg/m2)

Overweight

(≥18.5 and ≤25 kg/m2)

Normal weight

per 1 SD (5 kg/m2)

Body-mass index

CVD events
(group size)

Sensitivity analysis 1a

Supplemental Table 2. Sensitivity analyses evaluating the relation between measures of obesity and occurrence of cardiovascular events and cardiovascular mortality
in patients with type 2 diabetes.
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1.0
1.00 (0.74-1.35)
0.96 (0.69-1.36)

67 (354)

135 (727)

83 (607)

285 (1688)
93 (581)
100 (551)
93 (556)

285 (1688)
84 (560)
105 (582)
95 (546)

Waist circumference
per 1 SD (12.9cm)
Tertile 1 (68-95cm)
Tertile 2 (95-105cm)
Tertile 3 (100-158cm)

Intra-abdominal fat
per 1 SD (2.8cm)
Tertile 1 (3.3-8.9cm)
Tertile 2 (8.9-11.3cm)
Tertile 3 (11.3-22.3cm)
181 (1688)
50 (560)
63 (582)
68 (546)

181 (1688)
59 (581)
60 (551)
62 (556)

54 (607)

82 (727)

45 (354)

181 (1688)

CVD death
(group size)

1.11 (0.93-1.33)
1.0
1.10 (0.71-1.70)
1.25 (0.79-1.97)

1.19 (0.99-1.42)
1.0
0.93 (0.62-1.38)
1.30 (0.86-1.96)

1.06 (0.70-1.62)

0.91 (0.63-1.32)

1.0

1.11 (0.92-1.32)

HR
(95%CI)

74 (624)
20 (209)
21 (175)
33 (198)

74 (624)
22 (219)
27 (183)
25 (221)

28 (271)

31 (234)

15 (119)

74 (624)

CVD events
(group size)

Sensitivity analysis 2b

1.16 (0.90-1.50)
1.0
1.69 (0.80-3.56)
1.55 (0.80-3.00)

1.16 (0.93-1.44)
1.0
1.68 (0.91-3.11)
1.41 (0.73-2.71)

1.13 (0.58-2.18)

0.86 (0.46-1.61)

1.0

1.17 (0.94-1.46)

HR
(95%CI)

HR
(95%CI)

1.16 (0.87-1.55)
1.0
0.59 (0.26-1.36)
1.13 (0.50-2.58)
1.21 (0.90-1.63)
1.0
1.17 (0.52-2.65)
1.32 (0.58-2.99)

1.25 (0.87-1.80)
1.0
2.04 (0.75-5.53)
1.88 (0.68-5.18)

CVD death
(group size)

42 (624)
10 (119)
13 (234)
18 (271)
42 (624)
13 (219)
13 (183)
16 (221)

42 (624)
10 (209)
13 (175)
19 (198)

CVD; cardiovascular disease. a Sensitivity 3: excluding patients with a cardiovascular event or mortality within 1 year of follow-up (N=139). b Sensitivity 4: excluding
patients with manifest cardiovascular disease (N=1203). All hazard ratios are adjusted for age, sex, diabetes duration since diagnosis, physical activity, smoking status
(ever versus never smoking), physical activity in MET h/week and use of cardiovascular risk lowering medication (oral glucose lowering agents, insulin, lipid lower
medication, blood pressure lowering medication and anti-platelet medication).

1.03 (0.89-1.18)
1.0
1.14 (0.81-1.59)
1.06 (0.75-1.49)

1.07 (0.93-1.23)
1.0
1.04 (0.76-1.42)
1.18 (0.84-1.65)

1.05 (0.92-1.21)

285 (1688)

HR
(95%CI)

per 1 SD (5 kg/m2)
Normal weight
(≥18.5 and ≤25 kg/m2)
Overweight
(>25 and ≤30 kg/m2)
Obese
(>30 kg/m2)

Body-mass index

CVD events
(group size)

Sensitivity analysis 1a

Supplemental Table 3. Sensitivity analyses evaluating the relation between measures of obesity and occurrence of cardiovascular events and cardiovascular mortality
in patients with type 2 diabetes.
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ABSTRACT
Objective
To quantify the relation between cardiovascular risk factors and CT measured
radiodensity of epicardial adipose tissue in patients at high risk for cardiovascular
disease.

Methods
A total of 140 patients participating in the Secondary Manifestations of ARTerial
disease (SMART) cohort study underwent cardiac-CT angiography. Epicardial
adipose tissue density (in Hounsfield Units, HU) and epicardial adipose tissue
3
volume (in cm ) were quantified semi-automatically. Multivariable linear regression
was used to quantify the relation between cardiovascular risk factors and epicardial
adipose tissue density.

Results
Cardiovascular risk factors most strongly associated with epicardial adipose tissue
density were sex, BMI and visceral fat with a lower adipose tissue attenuation of 3.5
2
(95%CI 2.0-5.0) HU for female sex, 1.6 (95%CI 0.2-2.9) HU for BMI>25 kg/m and
1.3 (95%CI 0.6-2.0) HU for 1SD higher visceral fat quantity, adjusted for age, sex,
CABG history and epicardial adipose tissue volume.

Conclusions
Low epicardial adipose tissue CT attenuation is associated with an adverse
cardiovascular risk factor profile in patients at high risk for cardiovascular disease,
independent of epicardial adipose tissue volume and waist circumference. These
findings support the potential role for epicardial adipose tissue density as a measure
of epicardial adipose tissue function in the development of coronary atherosclerosis.

60
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INTRODUCTION
Enlargement of the epicardial adipose tissue depot is associated with development
1,2
of coronary artery disease and atherosclerotic plaque vulnerability. Adipose tissue
has limited expandability for safe storage of triglycerides and glucose derived free
fatty acids and becomes dysfunctional once the adipocyte extracellular matrix can
3
no longer efficiently be remodeled. Hypertrophic adipocytes may have impaired
vascularization leading to hypoxia, macrophage accumulation and inflammation in
adipose tissues, which is related to an increased risk for diabetes, cardiovascular
3,4
disease and cancer. Because epicardial adipose tissue is in direct contact with the
heart and coronary arteries, vasocrine and paracrine interaction between the tissues
1
may enable a causal role in coronary artery disease development.
In Computed Tomography (CT) imaging studies tissues are characterized by
Hounsfield Units (HU), with the radiodensity of fat typically in the attenuation range
5
between -190 and -30 HU. Based on small experimental studies it is hypothesized
that differences in adipose tissue attenuation are associated with differences in
adipose tissue composition (Figure 1). Adipose tissue with higher attenuation,
corresponding to higher HU values, indicates better adipose tissue vascularity,
6,7
lower lipid content and a higher concentration of mitochondria. Positron Emission
Tomography studies found that brown adipose tissues with high metabolic activity
Figure 1. Relation between adipose tissue attenuation and adipose tissue morphology and function.

Hounsfield Units (HU) from -190 to -30
traditionally considered adipose tissue.

More negative HU:

More positive HU:

- Higher lipid content.

- Higher water content.

- Representative of more
lipid-dense tissue and
adipocyte hypertrophy.

- Representative of more
angiogenesis, vascularity
and perfusion to the tissue.

- In visceral adipose
tissue associated with
adverse cardiometabolic
risk beyond visceral
fat volume.

- Corresponds to metabolically
active adipose tissue on PET
(brown adipose tissue).

61

4

CHAPTER 4

8-10

correspond to high HU that increase upon cold stimulation.
This metabolically
active brown adipose tissue has also been documented within the epicardial fat
11
depot. Adipose tissue with lower HU is associated with adipocyte hypertrophy
and lipid dense adipose tissue reflecting an unfavorable metabolic state related to
7,9
systemic low-grade inflammation.
Whereas epicardial adipose tissue depot volume is associated with coronary artery
disease, not all patients with increased epicardial adipose tissue volume develop
coronary artery disease. Conversely, not all patients with low epicardial adipose
depot volume are free of coronary artery disease. Based on these observations we
hypothesize that differences in epicardial adipose tissue composition may contribute
to the development of coronary atherosclerosis. Adipose tissue density detected by
Computed Tomography has the potential to provide information on cardiovascular
risk in addition to epicardial adipose tissue volume. Therefore, in the present study
we quantified the relation between cardiovascular disease risk factors and epicardial
adipose tissue density on cardiac-CT in patients at high risk for cardiovascular disease.

METHODS
Study population
Patients from the Secondary Manifestations of ARTerial disease study (SMART)
12
were invited to participate. The SMART study is an ongoing prospective single
center cohort study at the University Medical Center Utrecht (the Netherlands)
designed to establish the prevalence of risk factors and concomitant arterial diseases
in a high-risk population. Exclusion criteria for the SMART study are age <18 years,
known malignancy, dependency in daily activities and not sufficiently fluent in the
Dutch language. For the current study, all patients enrolled within the SMART study
between august 2012 and august 2014 and a history of symptomatic vascular disease
(coronary artery disease, cerebrovascular disease including transient ischemic attack
or peripheral artery disease including abdominal aortic aneurysm), diabetes mellitus
type 2 or hypertension, were consecutively invited (N=196). Patients with known
2
renal failure (eGFR<60 ml/min/1.73m ) or contra-indications for CT-scanning such
as a previous allergic reaction to contrast were not invited. No angiography was
performed in 34 patients as a result of very high calcium scores (>1000) and in 22
patients the epicardial depot was not fully imaged because the pericardial sac was not
completely visualized. This resulted in 140 patients in total who underwent cardiac
CT-angiography and were eligible for epicardial adipose tissue segmentation. The
institutional review board of the University Medical Center Utrecht approved the
study and all participants gave their written informed consent.
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Cardiovascular disease risk factor assessment
Routine SMART cohort measurements included a standardized questionnaire on
cardiovascular history & risk factors, current medication and physical activity. A
standardized physical examination was performed and venous blood samples were
12
drawn. Blood pressure was measured twice in sitting position and the average
of two measurements was calculated. Hypertension was defined as elevated blood
pressure (≥130 mmHg systolic and/or ≥85 mmHg diastolic and/or use of blood
pressure lowering agents). Waist circumference was measured as the circumference
in centimeters halfway between the lower rib and the iliac crest. If duplicate
measurements differed by >2 cm, a third was taken. Visceral and subcutaneous
13
adipose tissue depots were estimated by ultrasonography. Physical activity was
calculated by summing up the time spent on a specific activity per week multiplied
14
by its metabolic equivalent intensity level (MET). Metabolic syndrome was defined
according to the National Cholesterol Education Program (NCEP) revised criteria
and hypercholesterolemia was defined by LDL- c>1.8 mmol/L.

Cardiac CT-angiography
Computed Tomography was performed on the same day as the general SMART
cohort measurements on a ECG gated 256 slice multi-detector row CT scanner
(iCT, Philips Healthcare, Best, the Netherlands). Imaging parameters were as
follows: slice collimation 256x0.625 mm; gantry rotation time, 270 milliseconds;
tube voltage, 80-120 kVp and automated choice of mAs value based on
patient weight. A weight dependent bolus of 70-90 mL iodine contrast
agent (Ultravist, Bayer Healthcare, Berlin, Germany, 300 mg/L) was injected
and image acquisition was initiated mid-diastolic at 78% of the RR-interval.
The observer was blinded for patient characteristics. The epicardial adipose
tissue depot was defined as the fat tissue between the outer wall of the myocar15
dium and the visceral layer of the pericardium. The cranial slice limit was set at
the level of the carina and the caudal slice limit was set at the last slice that
contained any portion of the heart. Within this area the pericardium was manually
traced every 1 cm using a working station with dedicated volumetric software
(SyngoVolume version 1, SyngoMMWP VE40A 2010, Siemens Healthcare) as
shown in Figure 2. The software semi-automatically reconstructed the pericardium
into a 3-dimensional Region of Interest (ROI). Within this ROI, delineated by the
pericardium, contiguous voxels between limits of -190 HU and -30 HU were defined
as adipose tissue and epicardial adipose tissue attenuation in HU and epicardial
3
adipose tissue volume in cm were estimated. The reproducibility of this method
was published previously and has excellent inter- and intra-observer correlation
15
coefficients of 0.97 and 0.93, respectively.
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Figure 2. Epicardial adipose tissue density (HU attenuation) and volume (cm3) quantification.

Sagittal (upper left), axial (upper right) and coronal (lower half) images of epicardial adipose tissue
quantification. Blue line; height of axial slice, red line; height of sagittal slice; green line, height of
coronal slice.

Data analysis
Central estimators and variance measures were calculated for baseline characteristics.
Pearson correlation and linear regression were used to quantify the effect size
3
between epicardial adipose tissue volume (cm ) and epicardial adipose tissue density
(HU attenuation). Second, using linear regression we quantified how cardiovascular
risk factors were associated with epicardial adipose tissue density and whether their
relation was independent of epicardial adipose tissue volume and waist circumference.
Results were expressed in ß–regression coefficients with 95% confidence intervals
(95%CI) per standard deviation (SD) increase for continuous risk factors and per
number increase or risk factor presence for categorical risk factors. Age, sex and
Coronary Artery Bypass Graft (CABG) surgery were considered confounders because
CABG surgery is performed within the epicardial adipose tissue depot and CABG
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patients are prone to have an adverse cardiovascular risk factor profile. Metabolic
syndrome and all anthropomorphic body measurements were additionally adjusted
for tube voltage (kV), which is set depending on bodyweight and influences adipose
tissue attenuation. Finally, we tested if the relation between epicardial adipose tissue
volume and epicardial adipose tissue density and the relation between cardiovascular
risk factors and epicardial adipose tissue density were modified by sex. As metal
used in PCI and CABG interventions may theoretically influence adipose tissue
attenuation, a sensitivity analysis was performed by excluding all patients with a
history of PCI or CABG surgery. In PCI history patients no imaging abnormalities
were found, but some small beam hardening effects related to sternum cerclage
appeared in patients with a history of CABG surgery. To evaluate their influence
we determined adipose tissue attenuation within artefact tissue of 7 CABG patients
(congruous with 27% of all CABG patients). Multiple imputation was used to reduce
missing covariate data since incomplete case analysis leads to loss of statistical
power and possibly bias. Missing values were 13 for hsCRP (9.3%), 2 for alcohol
status and LDL-c (1.4%) and 1 for systolic blood pressure, diastolic blood pressure
and subcutaneous fat (0.7%). Statistical analyses were performed with IBM SPSS
version 20.0.

RESULTS
Baseline characteristics
The mean age of all patients was 58.3±8.5 years and the study population consisted
of predominantly males (n=99, 71%) as displayed in Table 1. The majority of patients
had manifest vascular disease (n=110, 79%) with a clinical manifestation within two
years before study inclusion in 75% of patients. A single manifestation of vascular
disease was present in 98 patients (70%), polyvascular disease in 12 patients (9%)
and no vascular disease but only a cardiovascular risk factor such as hypertension or
2
type 2 diabetes in 30 (21%) patients. Mean BMI was 26.7±4.3 kg/m and metabolic
syndrome was present in 73 patients (52%).

Relation between epicardial adipose tissue and patient characteristic
3

3

Mean epicardial adipose tissue volume was 125±46 cm with a minimum of 26 cm
3
and a maximum of 270 cm . Within this depot a mean adipose tissue attenuation
of -87±5 HU was measured with a minimum of -100 HU and a maximum -71 HU.
3
Females (n=41) had less epicardial adipose tissue volume (105±39 cm ) compared
3
to men (134±46 cm , n=99) and lower epicardial adipose tissue attenuation
(- 88±5 HU) compared to men (-86±5 HU). Compared to patients without history
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Table 1. Baseline characteristics of patients at high risk or with manifest cardiovascular disease
(n=140).
Males, n(%)
Age (years)a

99 (71)
58.3 ± 8.5

Ever smoking, n(%)
Current alcohol drinking, n(%)

95 (68)
110 (79)

Physical activity (hours*MET*week)b

43 (27-74)

Systolic blood pressure (mmHg)a

129 ± 15

Diastolic blood pressure (mmHg)a

78 ± 9

BMI (kg/m )

26.7 ± 4.3

2 a

Waist circumference (cm)a
Visceral fat (cm)a
Presence of metabolic syndrome, n(%)
Triglycerides (mmol/L)b
HDL-cholesterol (mmol/L)b
hsCRP (mg/L)b
Fasting glucose

M 96 ± 10, F: 89 ± 14
8.6 ± 2.3
73 (52)
1.3 (1.0-1.9)
M: 1.1 (1.0-1.3), F: 1.5 (1.3-1.7)
1.6 (0.9-3.1)

b

5.8 (5.5-6.4)

HOMA-IRb

2.7 (1.8-4.4)

Hba1c (%)b

5.5 (5.4-5.8)

LDL-cholesterol (mmol/L)b

2.4 (2.0-3.0)

Type of vascular disease
Coronary artery disease, n(%)
CABG history n(%), PTCA history n(%)

83 (59)
26 (19), 53 (38)

Cerebrovascular disease, n(%)

28 (20)

Peripheral artery disease, n(%)

7 (5)

Abdominal Aortic Aneurysm, n(%)

4 (3)

Type 2 diabetes mellitus, n(%)

15 (11)

Hypertension, n(%)

73 (52)

Medication
Blood pressure-lowering agents, n(%)

106 (76)

Statins, n(%)

105 (75)

Aspirin, n(%)

96 (69)

Glucose-lowering agents (tablets and insulin), n(%)

20 (14)

= mean ± standard deviation, b = median with interquartile range. BMI, Body-Mass Index; metabolic
syndrome (presence of ≥3 NCEP-R metabolic syndrome criteria); MET: Metabolic Equivalent of Task.

a
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3

of cardiac interventions (depot volume 108±41 cm and adipose tissue attenuation
-87±5 HU, n=61), patients with only a history of Percutaneous Coronary Intervention
3
(PCI, n=53) had a higher epicardial depot volume of 144±45 cm and lower
epicardial adipose attenuation of -88±4 HU, whereas patients with only a history of
3
CABG surgery (n=26) had both a higher epicardial depot volume of 128±44 cm and
higher adipose tissue attenuation -83±5 HU. This high attenuation did not seem to
3
be cerclage induced as a sensitivity analysis in 6±4 cm of artefact tissue in 7 CABG
patients resulted in a lower attenuation of -85±6 HU compared to the attenuation
of -82±3 HU found within the complete epicardial fat depot of these 7 patients
3
(132±60 cm ).

Relation between epicardial adipose tissue volume and epicardial
adipose tissue density
Epicardial adipose tissue volume and epicardial adipose tissue density (HU
attenuation) were moderately correlated with a Pearson correlation coefficient of
-0.42 (p<0.0001, two-tailed) as shown in Figure 3. An increase of 1 SD in epicardial
3
adipose tissue volume (46 cm ) was related to a 2.4 (95%CI 1.8-3.1) HU decrease in
epicardial adipose tissue attenuation adjusted for age, sex and CABG history. Vice
versa, 1 SD increase in epicardial adipose tissue attenuation (5 HU) was related to a
3
24.7 (95%CI 17.7-31.6) cm decrease in epicardial adipose tissue volume adjusted
for age, sex and CABG history. No interaction by sex was observed in the relation
between epicardial adipose tissue volume and epicardial adipose tissue attenuation.

Cardiovascular risk factors in relation to epicardial adipose tissue
density
The non-modifiable risk factors sex (adjusted for age) and age (adjusted for sex)
were associated with a 2.8 (95%CI 1.0-4.5) HU lower epicardial adipose tissue
attenuation for female sex and a 1.1 (95%CI 0.3- 1.9) HU lower epicardial adipose
tissue attenuation for 1 SD (8.5 years) increase in age (Table 2). Body-mass index
2
(BMI>25 kg/m and per SD), waist circumference (per SD) and visceral fat (per
SD) were associated with a lower epicardial adipose tissue attenuation ranging from
2.0 (95%CI 1.1-3.0) HU to 3.0 (95%CI 1.1-4.8) HU. A higher number of metabolic
syndrome criteria resulted in 1.3 (95%CI 0.6-1.9) HU lower epicardial adipose tissue
attenuation. This association seemed to be primarily driven by elevated triglycerides
and risk factors for dysglycemia as epicardial adipose tissue attenuation lowered with
1.0 (95%CI 0.2-1.8) HU per SD higher triglycerides, 1.1 (95%CI 0.3-1.9) HU per SD
higher fasting glucose, 1.2 (95%CI 0.4-2.0) HU per SD higher HOMA-IR and 3.2
(95%CI 0.7-5.8) HU for presence of type 2 diabetes. In none of the relations between
cardiovascular risk factors and epicradial adipose tissue density effect modification
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Figure 3. Relation between epicardial adipose tissue volume (cm3) and epicardial adipose tissue
density (HU attenuation).

was observed for sex. When associations between cardiovascular risk factors and
epicardial adipose tissue attenuation were additionally adjusted for CABG history
most relations slightly strengthened and smoking (ever smoking and smoking per 10
pack years) became associated with epicardial adipose tissue attenuation. CABG and
PCI history as risk factors were independent of age, sex and epicardial depot volume
associated with a 3.8 (95%CI 2.1-5.5) HU higher and 1.7 (95%CI 0.2-3.2) HU lower
adipose tissue attenuation, respectively.

Effect of epicardial adipose tissue volume on the relation between
cardiovascular risk factors and epicardial adipose tissue density.
When the relations between cardiovascular risk factors and epicardial adipose tissue
density (HU attenuation) were additionally adjusted for epicardial adipose tissue
volume most relations attenuated. Independent of epicardial adipose tissue volume
remained age, BMI, waist circumference, visceral fat and fasting glucose (all per SD
increase) and female sex and metabolic syndrome (per number increase) associated
with lower epicardial adipose tissue attenuation. The corresponding ß–regression
coefficients and 95% CI are presented in Table 2. Strongest decreases were found
2
for female sex; 3.5 (95%CI 2.0-5.0) HU, overweight defined by BMI>25 kg/m ; 1.6
(95%CI 0.2-2.9) HU and 1 SD higher visceral fat; 1.3 (95%CI 0.6-2.0) HU. Results
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Table 2. Relation between cardiovascular disease risk factors and epicardial adipose tissue density
measured by adipose tissue HU attenuation (N=140).
Epicardial adipose tissue
density (HU attenuation),
ß (95% CI).

SD

Model 1:
+ age and sex

Model 2:
Model 1 + CABG

Model 3:
Model 2 + epicardial
depot volume

Model 4:
Model 3 + waist
circumference

8.5

-1.1 (-1.9; -0.3)

-1.2 (-1.9; -0.3)

-0.7 (-1.4; -0.1)

-0.7 (-1.4; -0.1)

-2.8 (-4.5; -1.0)

-2.0 (-3.7; -0.3)

-3.5 (-5.0; -2.0)

-3.4 (-4.9; -1.9)

Ever smoking

-1.6 (-3.2; 0.1)

-1.8 (-3.4; -0.1)

-0.9 (-2.3; 0.6)

-0.7 (-2.1; 0.8)

Smoking (per 10 pack years)

-0.3 (-0.8; 0.1)

-0.4 (-0.8; -0.01)

-0.2 (-0.6; 0.2)

-0.2 (-0.5; 0.2)

0.3 (-0.5; 1.1)

0.3 (-0.5; 1.1)

0.4 (-0.3; 1.0)

0.4 (-0.2; 1.1)

-3.0 (-4.8; -1.1)

-3.0 (-4.8; -1.2)

-1.6 (-2.9; -0.2)

-

Non-modifiable risk factors
Age
Female sex
Lifestyle risk factors

Physical activity (MET h/week)

44

Measures of obesity*
Body-mass index >25 kg/m2
Body-mass index (kg/m )

4.3

-2.0 (-3.0; -1.1)

-2.1 (-3.0; -1.2)

-0.9 (-1.6; -0.1)

-

Waist circumference (cm)

11.7

-2.8 (-3.8; -1.8)

-2.9 (-3.8; -2.0)

-1.2 (-2.0; -0.3)

-

Visceral adipose tissue (cm)

2.3

-2.5 (-3.4; -1.7)

-2.7 (-3.5; -2.0)

-1.3 (-2.0; -0.6)

-

-0.6 (-2.1; 1.0)

-0.7 (-2.2; 0.7)

-0.5 (-1.6; 0.6)

-

-1.3 (-1.9; -0.6)

-1.4 (-2.0; -0.7)

-0.7 (-1.2; -0.2)

-

2

Metabolic derangement
Metabolic syndrome (yes)*
Metabolic syndrome
(per number increase)*
Systolic blood pressure (mmHg)

15

-0.01 (-0.8; 0.8)

-0.01 (-0.8; 0.8)

0.3 (-0.4; 1.0)

0.2 (-0.5; 0.9)

Triglycerides (mmol/L)

0.9

-1.0 (-1.8; -0.2)

-0.9 (-1.7; -0.1)

-0.4 (-1.1; 0.2)

-0.4 (-1.1; 0.2)

HDL-c (mmol/L)

0.3

0.1 (-0.9; 1.0)

0.3 (-0.6; 1.2)

-0.2 (-0.9; 0.6)

0.1 (-0.7; 0.9)

hsCRP (mg/L)

3.0

-0.1 (-0.9; 0.7)

-0.2 (-1.0; 0.6)

0.4 (-0.3; 1.1)

0.2 (-0.5; 0.9)

Measures of dysglycemia
-3.2 (-5.8; -0.7)

-2.6 (-5.1; -0.2)

-1.3 (-3.5; 0.8)

-1.9 (-4.1; 0.2)

Fasting glucose (mmol/L)
HOMA-IR†

1.3

-1.1 (-1.9; -0.3)

-1.1 (-1.8; -0.4)

-0.7 (-1.4; -0.1)

-0.8 (-1.4; -0.1)

2.4

-1.2 (-2.0; -0.4)

-1.2 (-1.9; -0.4)

-0.3 (-1.0; 0.4)

-0.6 (-1.3; 0.1)

Hba1c (%)

0.7

-0.7 (-1.5; 0.1)

-0.7 (-1.4; 0.1)

-0.3 (-1.0; 0.3)

-0.4 (-1.1; 0.2)

0.1 (-2.2; 2.3)

0.1 (-2.1; 2.2)

0.3 (-1.6; 2.1)

0.3 (-1.5; 2.1)

0.4 (-0.4; 1.3)

0.4 (-0.4; 1.2)

0.2 (-0.5; 0.9)

0.2 (-0.4; 0.9)

Type 2 diabetes diagnosis (yes)

Hypercholesterolemia (yes)
LDL-c (mmol/L)

1.0

*Models of BMI, waist circumference, visceral adipose tissue and metabolic syndrome were
additionally adjusted for tube voltage (kV);† Patients using insulin medication were excluded (n=7);
BMI, Body Mass Index; metabolic syndrome (presence of ≥3 NCEP-R metabolic syndrome criteria);
MET, Metabolic Equivalent of Task.
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remained unchanged after additional adjustment for waist circumference, which is
strongly correlated with epicardial adipose depot volume (r=0.63, p<0.0001, twotailed). Sensitivity analysis in patients without CABG or PCI history (n=61) yielded
comparable age, sex and depot volume adjusted results (Supplemental Table 1).
Within these patients, smoking and type 2 diabetes were more prevalent and more
strongly associated with adipose tissue density. Instead, within this younger and less
overweight population BMI and age were less strongly and not independent of depot
volume associated with adipose tissue density.

DISCUSSION
Epicardial adipose tissue density detected by Computed Tomography is associated with
an adverse cardiovascular risk factor profile in patients at high risk for cardiovascular
disease. Multiple cardiovascular risk factors such as age, sex, measures of obesity
and dysglycemic risk factors underlying the metabolic syndrome are associated with
epicardial adipose tissue density independent of epicardial adipose tissue volume. The
strongest associations with epicardial adipose tissue density were found for sex, BMI
and visceral fat with a lower adipose tissue attenuation of 3.5 (95%CI 2.0-5.0) HU for
2
female sex, 1.6 (95%CI 0.2-2.9) HU for BMI>25 kg/m and 1.3 (95%CI 0.6-2.0) HU
for 1SD higher visceral fat content, adjusted for age, sex, CABG history and epicardial
adipose tissue volume. These findings support the potential role for epicardial adipose
tissue density as a measure of epicardial adipose quality which may provide insight in
the functional role of epicardial adipose tissue in atherosclerosis development.
The population based multi-detector computed tomography (MDCT) substudy of the
Framingham Heart cohort evaluated adipose tissue density in relation to cardiovascular
risk factors. However, this study excluded patients with prevalent cardiovascular
disease from participation and only for a selected subset, one-third of the total MDCT
population, were complete data on cardiac measurements available (n=1120). In these
measurements weak positive age adjusted correlation coefficients between epicardial
adipose tissue attenuation and cardiovascular risk factors were found but no adjustments
16
were made for sex, adipose tissue volume or waist circumference. Visceral and
subcutaneous adipose tissue density was more profoundly evaluated within the MDCT
study. In the total study sample of 3198 participants lower attenuation of visceral
adipose tissue was associated with adverse cardiometabolic risk factors independent
17
of visceral adipose tissue volume and BMI. Moreover, per SD higher attenuation
of visceral adipose tissue, a lower risk for incident cardiovascular disease was found
(HR 0.78; 95%CI 0.64-0.98) adjusted for age and sex. Instead, per SD HU increase,
risk for all-cause mortality was higher (HR 1.99; 95%CI 1.47-2.69) which was driven
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6,7

by higher risk for cancer and non-CVD related mortality. The authors reasonably
argued that cytokine release and local chronic low-grade inflammation induced by
dysfunctional adipose tissue may induce a shared pathway that promotes both tumor
growth and excess collagen deposition within adipose tissue of which the latter on CT
6,18
In fact, higher HU values in
imaging is characterized by less negative HU values.
subcutaneous adipose tissue increase the propensity to store fat viscerally, most likely
19
due to development of fibrosis which limits adipocyte expandability.
In the current study, a higher attenuation of epicardial adipose tissue was observed
in patients with a history of CABG surgery which is in accordance with a study that
observed higher attenuation of epicardial adipose tissue in patients with at least one
coronary artery stenosis of ≥50% (-78.99±4.12 HU, n=36) compared the attenuation
in epicardial adipose tissue of patients without coronary artery disease (-81.57±4.64
20
HU, n=128, p<0.01). These findings support the concept that chronic inflammation
associated with cardiovascular disease may induce formation of adipose tissue fibrosis
which ultimately attenuates the association between cardiovascular risk factors and
adipose tissue density. For example, epicardial adipose tissue obtained during CABG
surgery expresses a more adverse inflammatory profile compared to epicardial adipose
tissue obtained during valve replacement surgery. In addition, transcriptomic analysis in
epicardial adipose tissue shows a stronger relation with genes involved in inflammation,
matrix remodeling and the expression of pro-fibrotic factors compared to subcutaneous
21,22
Presumably, the strength of the relation between epicardial adipose
adipose tissue.
tissue attenuation and cardiovascular risk factors depends on the stage or severity of
cardiovascular disease development. When cardiovascular risk factors are compared
with one another, no single risk factor dominates the association with epicardial adipose
tissue density, but strongest associations are found for female sex, overweight (BMI>25
2
kg/m ) and more specific visceral adipose tissue quantity (per SD).
During periods of chronic excess calorie intake adipose tissue depots interact to store
glucose and triglycerides derived free fatty acids. Preferably, energy surplus is first
stored within subcutaneous adipose tissue limiting interference with other depots until
this depot is no longer able to safely expand and quantity and function of distinct
depots such as visceral and ultimately epicardial adipose tissue will be increasingly
affected. Interestingly, also multiple early markers of adipose tissue dysfunction and
insulin resistance such as HOMA-IR, fasting glucose and triglycerides are associated
with epicardial adipose tissue density. Of these markers fasting glucose was associated
independent of adipose tissue volume and waist circumference, probably due to its
strong association with adipocyte hypertrophy which on CT imaging is characterized
23
by lower HU values. Besides associations with visceral fat and insulin resistance,
lower attenuation of epicardial adipose tissue was found for female sex. As most
women in this study population are post-menopausal this lower attenuation could
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be related to hormonal changes during the menopausal transition which increases
women’s cardiovascular risk. With decreasing levels of estradiol women generally
24
increase 10% in epicardial fat depot volume within a relative short time. Whereas
sex did not statistically modify the relation between epicardial volume and epicardial
adipose tissue density, menopausal transition few years prior to CT measurements may
have altered epicardial adipose tissue morphology and functionality compared to men
resulting in an overall lower attenuation of adipose tissue.
Results of the present study indicate that CT measured epicardial adipose tissue
attenuation does contain additional information on cardiovascular risk that is not
explained by epicardial depot volume or by elevated waist circumference. This supports
the relevance of measuring adipose tissue density in addition to adipose tissue volume
when assessing the role of epicardial adipose tissue in the development of coronary
atherosclerosis. It could be argued that future quantification of epicardial adipose
tissue density might help to monitor effects of interventional research, for example
that of cholesterol-lowering treatment. In fact, intensive versus moderate statin therapy
decreases epicardial depot volume. This effect did not seem to be linked to low-density
lipoprotein lowering but may be secondary to statin related anti-inflammatory effects
which with CT measured epicardial adipose tissue density as a measure of adipose
tissue function may be evaluated in lager sample sizes compared to experimental
25
research. However, before such applications can be implemented pathophysiologic
mechanisms underlying epicardial adipose tissue attenuation and their effect sizes on
clinically relevant endpoints such as coronary artery stenosis or calcifications need to
be further elucidated.
Strengths of the present study include that the relation between cardiovascular risk
factors and epicardial adipose tissue density is evaluated in a well phenotyped and
clinically relevant cohort of patients at high risk or with clinical manifest cardiovascular
disease. Study limitations need to be considered and include the cross-sectional and
observational design, which limits conclusions about causality. It cannot be excluded
that in CABG patients the surgical intervention itself may have altered adipose tissue
attenuation. However, in this high-risk population, even without adjustment for
CABG history and after sensitivity analysis in patients without CABG or PCI history,
associations between cardiovascular risk factors and epicardial adipose tissue density
persisted, independent of depot volume.
In conclusion, low epicardial adipose tissue CT attenuation is associated with an adverse
cardiovascular risk factor profile in patients at high risk for cardiovascular disease,
independent of epicardial adipose tissue volume and waist circumference. These
findings support the potential role for epicardial adipose tissue density as a measure
of epicardial adipose tissue quality which may provide insight in the functional role of
epicardial adipose tissue in atherosclerosis development.
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Supplemental Table 1. Relation between cardiovascular risk factors and epicardial adipose tissue
density measured by adipose tissue HU attenuation in patients without CABG or PCI history (N=61).
Epicardial adipose tissue function
(HU attenuation), ß (95% CI).

SD

Model 1:
+ age and gender

Model 3:
Model 2 + epicardial
depot volume

Model 4:
Model 3 + waist
circumference

9.6

-1.1 (-2.1; -0.1)

-0.8 (-1.7; 0.2)

-0.7 (-1.7; 0.2)

-3.6 (-5.9; -1.4)

-4.0 (-6.1; -2.0)

-4.1 (-6.1; -2.0)

Non-modifiable risk factors
Age
Female sex
Lifestyle risk factors
Ever smoking

-2.2 (-4.6; 0.2)

-2.3 (-4.5; -0.1)

-2.0 (-4.2; 0.2)

Smoking (per 10 pack years)

-0.7 (-1.4; 0.01)

-0.7 (-1.4; -0.1)

-0.6 (-1.3; 0.1)

50

0.3 (-0.7; 1.4)

0.2 (-0.7; 1.2)

0.2 (-0.7; 1.2)

5.1

-1.7 (-2.9; -0.4)

-1.0 (-2.0; 0.1)

-

-1.5 (-4.3; 1.3)

-1.3 (-3.5; 0.9)

-

Waist circumference (cm)

11.6

-2.6 (-4.0; -1.3)

-1.1 (-2.5; 0.3)

-

Visceral adipose tissue (cm)

2.2

-2.8 (-4.0; -1.6)

-1.7 (-2.9; -0.6)

-

-1.1 (-3.4; 1.2)

-1.1 (-2.9; 0.7)

-

Physical activity (MET h/week)

4

Measures of obesity*
Body-mass index (kg/m2)
Body-mass index >(25 kg/m )
2

Metabolic derangement
Metabolic syndrome (yes)*

-1.3 (-2.3; -0.3)

-0.8 (-1.7; -0.01)

-

15

0.3 (-1.2; 1.3)

0.4 (-0.8; 1.5)

0.2 (-0.9; 1.4)

Metabolic syndrome (per number increase)*
Systolic blood pressure (mmHg)
Triglycerides (mmol/L)

1.0

-1.1 (-2.2; 0.004)

-0.7 (-1.8; 0.3)

-0.7 (-1.7; 0.3)

HDL-c (mmol/L)

0.4

0.4 (-0.8; 1.6)

0.1 (-1.0; 1.2)

0.6 (-0.6; 1.9)

hsCRP (mg/L)

2.6

-0.5 (-1.8; 0.9)

-0.1 (-1.4; 1.2)

-0.2 (-1.5; 1.1)

-5.3 (-8.6; -2.0)

-4.7 (-7.8; -1.7)

-5.2 (-8.2; -2.2)

-1.1 (-2.0; -0.2)

-1.1 (-1.9; -0.3)

-1.1 (-1.9; -0.2)

Measures of dysglycemia
Type 2 diabetes diagnosis (yes)
Fasting glucose (mmol/L)
HOMA-IR†

1.5
2.6

-0.6 (-1.6; 0.5)

0.1 (-1.0; 1.1)

-0.2 (-1.2; 0.9)

Hba1c (%)

0.8

-1.0 (-2.0; 0.03)

-0.9 (-1.8; 0.01)

-1.0 (-1.9; -0.06)

2.6 (-1.4; 6.5)

1.4 (-2.3; 5.1)

1.5 (-2.1; 5.1)

0.4 (-0.6; 1.4)

0.2 (-0.7; 1.1)

0.3 (-0.6; 1.1)

Hypercholesterolemia (yes)
LDL-c (mmol/L)

1.2

*Models of BMI, waist circumference, visceral adipose tissue and metabolic syndrome were
additionally adjusted for tube voltage (kV), †Patients using insulin medication were excluded (n=7);
BMI, Body Mass Index; metabolic syndrome (presence of ≥3 NCEP-R metabolic syndrome criteria);
MET, Metabolic Equivalent of Task.
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ABSTRACT
Objective
Adipose tissue density detected by Computed Tomography (CT) is hypothesized to
be associated with differences in adipose tissue composition. In the present study
we quantified the relation between epicardial adipose tissue density and presence,
distribution and density of coronary artery calcification (CAC) in patients at high
risk for cardiovascular disease.

Methods
140 patients of the Secondary Manifestations of ARTerial disease (SMART) study
underwent cardiac-CT angiography. Ordinal logistic and linear regression were used
to quantify the relation between epicardial fat density (in Hounsfield Units, HU) and
CAC.

Results
One standard deviation (SD) lower attenuation (5 HU) was associated with a 1.90
(95%CI 1.14- 3.19) higher odds for men and a 1.07 (95%CI 0.41-2.75) higher
odds for women of being in a higher class of CAC (0, 1-100, 101-400 and >400),
independent of age, CABG history, epicardial adipose tissue volume and BMI. One
SD lower attenuation was not associated with more diffuse distribution of CAC, but
increased the odds of being in a higher tertile of CAC density per plaque (OR 1.77,
95%CI 1.18-2.66).

Conclusions
Low epicardial adipose tissue CT attenuation is associated with higher CAC scores
in men at high risk for cardiovascular disease, independent of epicardial depot
volume and BMI. Attenuation of epicardial adipose tissue is not associated with a
more diffuse distribution of CAC, but is associated with a higher calcium density
per plaque. These findings indicate the potential role for epicardial adipose tissue
density as a measure of adipose tissue function in the development of coronary
atherosclerosis.

78

EPICARDIAL FAT DENSITY AND CORONARY ARTERY CALCIFICATION

INTRODUCTION
Epicardial adipose tissue consists of small metabolically active adipocytes that secrete
both pro- and anti-atherogenic adipocytokines and form an energy supply to the
1,2
myocardium. Enlargement of the epicardial adipose tissue depot is associated with
2-4
development of coronary artery disease and atherosclerotic plaque vulnerability.
Epicardial adipose tissue is in direct contact with the heart without interception of a
fascial layer which enables vasocrine and paracrine interaction and possibly a causal
5
role in coronary artery disease development.
In Computed Tomography (CT) imaging studies tissues are characterized by
6,7
Hounsfield Units (HU) with fat typically in the range between -190 and -30 HU.
Differences within this range of attenuation are hypothesized to be associated with
differences in adipose tissue composition (Table 1). Adipose tissue density with
higher attenuation, corresponding to higher HU values, has been shown to harbor
8,9
increased vascularity, lower lipid content and a higher number of mitochondria.
Adipose tissue density with lower HU is associated with adipocyte hypertrophy
and more lipid dense tissue reflecting a more unfavorable metabolic state related to
9,10
systemic low-grade inflammation.
Coronary Artery Calcium (CAC) is considered a surrogate marker for the extent
of coronary atherosclerosis that has developed over a lifetime exposure to known
and unknown cardiovascular risk factors and is a powerful tool to reclassify
cardiovascular risk in patients at low, intermediate or high risk for cardiovascular
11-13
Enlargement of the epicardial adipose tissue depot is associated with
disease.
14
increased coronary and extra-cranial carotid artery calcification. Differences in
epicardial adipose tissue composition may contribute to the development of coronary
artery calcification independent of epicardial adipose tissue volume.
The objective of this study was to determine the relation between epicardial
adipose tissue density and the presence, distribution and density of coronary artery
calcification in patients at high risk for or with manifest cardiovascular disease.
Table 1. Relation between adipose tissue density and adipose tissue composition.
Lower adipose tissue attenuation (more negative HU)

Higher adipose tissue attenuation (more positive HU)

- Higher content of lipids.

- Higher content of water.

- Representative of more lipid-dense tissue and adipocyte
hypertrophy.

- Representative of angiogenesis, vascularity and tissue
perfusion.

- In visceral adipose tissue associated with adverse
cardiometabolic risk beyond visceral fat volume.

- Corresponds to metabolically active (brown) adipose tissue
on PET.
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METHODS
Study population
Patients from the Secondary Manifestations of ARTerial disease study (SMART)
were invited to participate. The SMART study is an ongoing prospective single center
cohort study at the University Medical Center Utrecht (the Netherlands) designed to
establish the prevalence of risk factors and concomitant arterial diseases in a high-risk
population predominantly of Caucasian ethnicity (≥95%). Exclusion criteria for the
SMART study are age <18 years, known malignancy, dependency in daily activities
and not sufficiently fluent in the Dutch language. A detailed description of the study
15
has been published previously. For the current study, 196 patients with a history
of symptomatic vascular disease (coronary artery disease, cerebrovascular disease
including transient ischemic attack or peripheral artery disease including abdominal
aortic aneurysm), diabetes mellitus type 2 or hypertension were invited between
august 2012 and august 2014 to undergo coronary calcium scoring (CCS) as well
as contrast-enhanced cardiac CT-angiography (CCTA). Patients with known renal
2
failure (eGFR<60 ml/min/1.73m ) or contra-indications for CT-scanning such as a
previous allergic reaction to contrast were not invited. In case of very high calcium
scores (>1000), CCTA was not performed (n=34). In 22 patients the epicardial depot
was not fully imaged because the pericardial sac was not completely visualized. This
resulted in 140 patients in total who underwent cardiac CT-angiography and were
eligible for epicardial adipose tissue segmentation. The institutional review board of
the University Medical Center Utrecht approved the study and all participants gave
their written informed consent.

SMART cohort measurements
All patients underwent routine clinical SMART cohort measurements, which were
performed on a single day and included a standardized extensive vascular screening
including a questionnaire on cardiovascular history, cardiovascular risk factors, current
medication and physical activity. Furthermore, a standardized physical examination
including height, weight, waist circumference, systolic and diastolic blood pressure
was performed and venous blood samples were drawn. The technique used for the
15
laboratory tests has been described previously. Blood pressure was measured twice
in sitting position with a sphygmomanometer and the average of two measurements
was calculated. Waist circumference was measured as the circumference in centimeters
halfway between the lower rib and the iliac crest. If duplicate measurements differed
by >2 cm, a third was taken. Visceral and subcutaneous adipose tissue depots were
16
estimated by ultrasonography. An integrated measure of physical activity was
calculated based on type and duration of physical activity derived from the baseline
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Figure 1. Quantification of epicardial adipose tissue density (HU attenuation) and volume (cm3).

5

Sagittal (upper left), axial (upper right) and coronal (lower half) images of epicardial adipose tissue
quantification. Blue line; height of axial slice, red line; height of sagittal slice; green line, height of
coronal slice.

questionnaire. The time spent on a specific activity per week was multiplied by its
metabolic equivalent intensity level of task (MET) and subsequently added together
17
if more than one type of activity was reported.

Cardiac CT-angiography
Computed Tomography was performed on the same day as the baseline measurements.
All patients underwent ECG-gated CCS, and if CCS was below 1000, CCTA using
a 256 slice multi-detector row CT scanner (iCT, Philips Healthcare, Best, the
Netherlands) was performed. For CCS, tube voltage was set to 120 kVp in all subjects
and images were reconstructed with 3.0 mm slice thickness. For CCTA imaging
parameters were as follows: slice collimation, 256x0.625 mm; gantry rotation time,
270 milliseconds; tube voltage, 80-120 kVp and automated choice of mAs value
based on patients weight. A weight dependent bolus of 70-90 mL iodine contrast agent
(Ultravist, Bayer Healthcare, Berlin, Germany, 300 mg/L) was injected and image
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acquisition was initiated mid-diastolic at 78% of the RR-interval. The epicardial
adipose tissue depot was defined as the fat tissue between the outer wall of the
18,19
The observer was blinded
myocardium and the visceral layer of the pericardium.
for patient characteristics. The cranial slice limit was set at the level of the carina and
the caudal slice limit was set at the last slice that contained any portion of the heart.
Within this area the pericardium was manually traced every 1 cm using a workstation
with dedicated volumetric software (SyngoVolume version 1, SyngoMMWP VE40A
2010, Siemens Healthcare) as shown in figure 1. The software semi-automatically
reconstructed the pericardium into a 3-dimensional Region of Interest (ROI).
Within this ROI, delineated by the pericardium, contiguous voxels between limits
of -190 HU and -30 HU were defined as adipose tissue and epicardial adipose tissue
3
attenuation in HU and epicardial adipose tissue volume in cm were estimated. This
method was published previously and has excellent reproducibility with inter- and
20
intra- observer correlation coefficients of 0.97 and 0.93, respectively. The total
21
amount of coronary calcium was expressed as the Agatston score. With this score,
coronary artery calcium is quantified by multiplying the area of a calcified lesion by
a cofactor that depends on the lesions peak HU value. To assess the distribution of
coronary calcium, the number of coronary artery calcifications as well as the surface
2
area of each coronary calcification (in mm ) were determined with dedicated cardiac
post- processing software (Coronary Calcium Scoring, Intellispace Portal, version 7,
Philips Healthcare).

Definition of presence, distribution and density of CAC
After calculating the Agatston CAC score, each patient was classified into one of the
following classes: 0, 1-100, 101-400 and >400. To evaluate the distribution of CAC
over the coronary arteries, we evaluated the following characteristics in patients with
a non-zero CAC score: 1) the number of coronary arteries with calcifications (1, 2,
3 or 4; defined as the left main, the left anterior descending, the left circumflex and
the right coronary arteries); 2) the total number of coronary calcifications (divided in
2
tertiles of 1-6, 6-21, 21-55); and 3) the total calcified plaque surface area (in mm ).
To derive the mean calcified plaque density per participant the CAC density score
2
was calculated by dividing the Agatston score (HU*mm ) by the sum of the CAC
2
plaque surface area (mm ).

Data analysis
Central estimators and variance measures were calculated for baseline characteristics
in tertiles of epicardial adipose tissue attenuation. First, using ordinal logistic
regression we quantified the odds of being in a higher CAC class (0, 1-100, 101400 and >400) per 1 SD decrease in epicardial adipose tissue attenuation. Second,
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in those patients with a non-zero CAC score we evaluated whether the association
between 1 SD decrease in epicardial adipose tissue attenuation and higher CAC
classes was related to a more diffuse distribution of CAC over the coronary artery
tree (number of calcified coronary arteries, number of calcified coronary artery
lesions and calcified plaque surface area) or to a higher CAC density per plaque.
For all relations age, sex and history of Coronary Artery Bypass Graft (CABG)
surgery were considered confounders because CABG surgery is performed within
the epicardial adipose tissue depot and CABG patients are prone to have more CAC.
To test whether the association between epicardial adipose attenuation and CAC was
independent of general body fatness results were additionally adjusted for epicardial
depot adipose tissue volume and body-mass index (BMI). Results were expressed as
odds ratios and estimated with ordinal logistic regression or ß-regression coefficients
including 95% confidence intervals (95%CI). The proportional odds assumption was
verified by the test of parallel lines and no differences in slope coefficients across
the response categories were found. Because CAC prevalence differs irrespective of
age between men and women all associations were tested for effect modification by
sex. Finally, because metal used in PCI and CABG interventions may theoretically
influence adipose tissue attenuation, a sensitivity analysis was performed by
excluding all patients with a history of PCI or CABG surgery. Multiple imputation
was used to reduce missing covariate data since incomplete case analysis leads to
loss of statistical power and possibly bias. Missing values were 13 for hsCRP (9.3%),
2 for alcohol status and LDL-c (1.4%) and 1 for systolic blood pressure, diastolic
blood pressure and subcutaneous fat (0.7%). Statistical analyses were performed
with IBM SPSS version 21.0.

RESULTS
Baseline characteristics
The mean age of all patients was 58±9 years and age increased with tertiles of lower
epicardial adipose tissue attenuation (Table 2). The study population consisted of
predominantly males (71%) which were more prevalent within tertiles of higher
adipose tissue attenuation. Monovascular disease was present in 98 patients (70%)
and polyvascular disease in 12 patients (9%). Of these patients 75% experienced a
cardiovascular event within two years before study inclusion. In 30 patients (21%)
only a cardiovascular risk factor such as hypertension or type 2 diabetes was present,
whereas in all patients hypertension was present in 73 patients (52%) and type 2
diabetes was present in 14 patients (11%). With tertiles of lower epicardial adipose
tissue attenuation, levels or prevalence of many cardiovascular risk factors increased
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(Table 2). For example, a higher prevalence of ever smoking, higher levels of hsCRP
and HOMA-IR and an increase in visceral and epicardial fat volume were observed
with tertiles of lower epicardial adipose tissue attenuation.
Table 2. Baseline characteristics of patients at high risk or with manifest cardiovascular disease
according to tertiles of epicardial adipose tissue attenuation (n=140).
-71 / -83 HU
(n=37)

-83 / -89 HU
(n=56)

-89 / -100 HU
(n=47)

Age (years)a

56 ± 10

57 ± 7

61 ± 8

Males, n(%)

32 (86)

40 (71)

28 (60)

Ever smoking, n(%)

21 (57)

35 (63)

39 (83)

Current alcohol drinking, n(%)
Physical activity (hours*MET*week)b

30 (81)

45 (80)

36 (77)

43 (31-90)

43 (29-74)

44 (23-73)

CABG history, n(%)

16 (43)

7 (13)

3 (6)

PCI history, n(%)

6 (16)

22 (39)

25 (53)

130 ± 15

129 ± 16

129 ± 13

Systolic blood pressure (mmHg)a
Diastolic blood pressure (mmHg)

a

BMI (kg/m2)a

78 ± 9

79 ± 11

76 ± 7

26.2 ± 3.2

27.0 ± 3.8

26.8 ± 5.6

Waist circumference (cm)a

93 ± 11

95 ± 11

94 ± 14

Visceral fat (cm)a

8.2 ± 2.0

8.3 ± 2.3

9.2 ± 2.5

97 (80-123)

120 (93-152)

136 (117-178)

Epicardial adipose tissue volume (cm3)b
Mean metabolic syndrome criteriaa

2.6 ± 1.2

2.5 ± 1.1

2.8 ± 1.2

Triglycerides (mmol/L)b

1.3 (1.0-1.9)

1.3 (1.0-1.9)

1.5 (1.0-2.0)

HDL-cholesterol (mmol/L)b

1.1 (1.0-1.4)

1.3 (1.1-1.5)

1.2 (1.0-1.5)

hsCRP (mg/L)b

1.4 (0.9-3.8)

1.5 (0.9-3.1)

1.8 (1.1-2.6)

Fasting glucoseb

5.8 (5.6-6.3)

5.7 (5.3-6.3)

6.1 (5.6-6.8)

HOMA-IRb

2.4 (1.8-3.6)

2.5 (1.7-4.6)

3.1 (2.1-5.1)

5.5 (5.2-5.9)

5.5 (5.4-5.7)

5.6 (5.4-6.0)

2.8 (2.2-3.2)

2.5 (1.8-3.3)

2.3 (2.0-2.8)

Hba1c (%)

b

LDL-cholesterol (mmol/L)b

a
= mean ± standard deviation, b = median with interquartile range; BMI, Body-Mass Index; metabolic
syndrome (NCEP-R metabolic syndrome criteria); HDL high density lipoprotein; hsCRP: high
sensitivity C-reactive protein; MET: metabolic equivalent of task.
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Epicardial adipose tissue density in relation to presence of CAC
The median Agatston CAC score of all patients was 130 (interquartile range, IQR
9-406) and CAC increased with tertiles of lower epicardial adipose tissue attenuation;
first tertile: 96 (IQR 2-448), second tertile: 124 (IQR 9-379) and third tertile: 135
(IQR 23-419). Of all patients, 15% had zero CAC (n=21), 30% had a CAC score
between 1-100 (n=42), 30% had a CAC score between 100-400 (n=42) and 25%
had a CAC score above 400 (n=35). Higher CAC classes were more prevalent in
men compared to women irrespective of age (59±8 years in men and 57±10 years
in women; Figure 2) and sex modified the relation between epicardial adipose tissue
attenuation and CAC classes (p=0.02). One SD lower epicardial adipose tissue
attenuation was associated with a 1.85 (95%CI 1.19-2.88) higher odds for men
and a 0.74 (95%CI 0.37-1.49) lower odds for women of being in a higher CAC
class independent of age and CABG history (Table 3). When this association was
further adjusted for epicardial adipose tissue volume and BMI results remained
comparable. A sensitivity analysis in patients without CABG or PCI history (n=61)
yielded comparable results and strengthened the association observed in men to a
3.66 (95%CI 1.33-10.08) higher odds of being in a higher CAC class independent of
age, epicardial depot volume and BMI (Supplemental Table 1).

Epicardial adipose tissue density in relation to distribution and density
of CAC
Of all patients, 15% patients had no calcified coronary arteries (n=21), in 20.7%
(n=29) coronary artery calcifications were limited to a single coronary artery,
in 15.7% (n=22) two coronary arteries were involved, in 27.9% (n=39) three
coronary arteries exhibited calcifications, and in 20.7% (n=29) of patients all four
main coronary arteries had at least one calcification. In patients where CAC was
present (n=119), epicardial adipose tissue density was not related to more diffusely
distributed coronary artery calcium. One SD decrease in epicardial adipose tissue
attenuation was associated with a 1.05 higher odds (95%CI 0.72-1.52) of having a
higher number of calcified coronary arteries, with a 0.99 higher odds (95%CI 0.651.49) of being within a higher tertile of calcified coronary artery lesions and with a 4
2
mm increase (95%CI -13;21) in calcified plaque surface area when adjusted for age,
sex and CABG history (Table 4). On the other hand, one SD decrease in epicardial
adipose tissue attenuation was associated with a 1.77 (95%CI 1.18-2.66) higher odds
of being in a higher tertile of CAC density (amount of calcium per plaque) when
adjusted for age, sex and CABG history (Table 4). When this association was further
adjusted for epicardial adipose tissue volume and BMI odds ratios attenuated to 1.54
(95%CI 0.95-2.49) and 1.49 (95%CI 0.91-2.43), respectively. The relations between
epicardial adipose tissue attenuation and CAC distribution or CAC density were
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Figure 2. Distribution of Agatston CAC classes according to sex in patients at high risk or with
manifest cardiovascular disease (n=140).

Table 3. Relation between epicardial adipose tissue attenuation and presence of CAC in patients at high
risk for or with manifest cardiovascular disease (n=140).
CAC (Agatston) in classes of 0, 1-100, 101-400 and >400.

1 SD lower epicardial adipose tissue
attenuation (5 HU)

Men

Women

Crude, OR (95%CI)

1.40 (0.94-2.08)

0.74 (0.40-1.36)

+ Age

1.30 (0.86-1.96)

0.57 (0.30-1.10)

+ CABG (yes/no)

1.85 (1.19-2.88)

0.74 (0.37-1.49)

+ depot volume

1.90 (1.14-3.17)

0.72 (0.31-1.70)

+ BMI

1.90 (1.14-3.19)

1.07 (0.41-2.75)

OR (Odds Ratio), odds of being in a higher class of CAC per 1SD lower adipose tissue attenuation. +;
additionally adjusted for presented covariates. CABG, Coronary Artery Bypass Graft; HU, Hounsfield
Units.
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1.12 (0.70-1.77)
1.14 (0.71-1.83)

+ depot volume

+ BMI

1.49 (1.05-2.11)
1.42 (0.99-2.05)
1.77 (1.18-2.66)
1.54 (0.95-2.49)
1.49 (0.91-2.43)

Crude, OR(95% CI)
+ Age, sex

+ CABG (yes/no)

+ depot volume

+ BMI

CAC density per plaque, in tertiles (1.00-2.97, 2.98-3.45,
3.48-4.00)

1.05 (0.72-1.52)

+ CABG (yes/no)
+ BMI

+ depot volume

+ CABG (yes/no)

Crude, OR (95%CI)
+ Age, sex

0.95 (0.69-1.32)
0.87 (0.62-1.24)

Crude, OR (95%CI)
+ Age, sex

1.02 (0.61-1.69)

0.95 (0.58-1.57)

0.99 (0.65-1.49)

0.80 (0.57-1.12)
0.72 (0.50-1.05)

Total number of calcified lesions, in tertiles (1-6, 6-21,
21-55)

Number of calcified coronary arteries (1, 2, 3, 4)

-7 (-24-10)
-10 (-26-7)
4 (-13-21)
1 (-19-21)
4 (-16-25)

Crude, ß (95% CI)
+ Age, sex
+ CABG (yes/no)
+ depot volume
+ BMI

Total calcified plaque surface area, in mm2

OR (Odds Ratio), odds of having a higher class of CAC distribution or CAC density per 1SD lower adipose tissue attenuation. +; additionally adjusted for presented
covariates. CABG, Coronary Artery Bypass Graft; HU, Hounsfield Units.

1 SD lower epicardial adipose
tissue attenuation (5 HU)

Density of CAC

1 SD lower epicardial adipose
tissue attenuation (5 HU)

Distribution of CAC

Table 4. Relation between epicardial adipose tissue attenuation and distribution and density of CAC in patients at high risk for or with manifest cardiovascular disease
with a non-zero CAC score (n=119).
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not modified by sex. A sensitivity analysis in patients without CABG or PCI history
yielded comparable results (Supplemental Table 1).

DISCUSSION
Low CT attenuation of epicardial adipose tissue is associated with higher amounts of
coronary artery calcium in men at high risk or with manifest cardiovascular disease,
independent of epicardial adipose tissue volume and body-mass index. Interestingly,
epicardial adipose tissue attenuation is not related to a more widespread distribution
of calcium over the four main coronary arteries, but is associated with a higher
calcium density per plaque. These findings support the potential role for epicardial
adipose tissue density as a measure of epicardial adipose tissue function in coronary
artery disease development.
The population based multi-detector computed tomography (MDCT) substudy of
the Framingham Heart cohort evaluated CT measured epicardial adipose tissue
22
density in relation to CAC in patients free of cardiovascular disease at baseline.
However, only for a selected subset of approximately one-third of the total MDCT
population complete data on cardiac measurements were available (n=1120). Within
this subgroup only the odds ratio on a calcium score above 100 was evaluated and
no association between epicardial adipose tissue attenuation and CAC was observed
(OR 0.97, 95%CI 0.74-1.27). Another study in patients at intermediate risk for
(n=128) or with coronary artery disease (n=36) observed an unadjusted weak positive
23
correlation between epicardial adipose tissue attenuation and CAC of 0.23, p<0.01.
However, both studies did not evaluate CAC in the perspective of clinically relevant
classes as patients with low CAC scores between 1-100 already have an increased
relative risk of 2.1 (95% CI 1.6-2.9) for coronary heart disease compared to patients
24
with zero CAC. Furthermore, the unadjusted correlation analysis in the latter study
is likely to be affected by the high prevalence of patients with CAC absence. The
current study, performed in a population of patients at high risk for cardiovascular
events adds to the current literature that in men CT measured epicardial adipose
tissue density is associated with higher scores of coronary artery calcification.
The absence of an association between epicardial adipose tissue density and CAC in
women may be explained by the observation that incident coronary artery disease in
women is generally delayed by 10 to 15 years due to protective effects of estrogen.
Presumably, the strength of the association between epicardial adipose tissue density
and CAC depends on the stage or severity of atherosclerotic cardiovascular disease.
For example, when patients with a history of CABG or PCI who generally have
chronic and more severe atherosclerotic cardiovascular disease were excluded
88
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from analyses, associations strengthened. Epicardial adipose tissue obtained during
CABG surgery expresses a more adverse inflammatory profile compared to epicardial
25
adipose tissue obtained during valve replacement surgery. This chronic lowgrade inflammation may induce formation of adipose tissue fibrosis which on CT
imaging is characterized by more positive HU values and may ultimately attenuate
8
the existing association between epicardial adipose tissue density and CAC. During
chronic positive energy balance adipose tissue is challenged to store large amounts
of glucose and triglycerides derived free fatty acids. With increasing levels of
cardiovascular risk factors such as overweight and insulin resistance, adipocytes
eventually exceed the capability to safely store nutrients and adipose tissue becomes
26,27
Hypertrophic adipocytes impair vascularization which instigates
dysfunctional.
hypoxia, macrophage accumulation and a local chronic inflammatory state. In
fact, with tertiles of lower epicardial adipose tissue attenuation levels of hsCRP
increased in the current study. Presence of this chronic low-grade inflammatory state
contributes to the formation of microcalcifications within atherosclerotic plaques
28
via an increase in macrophage released matrix vesicles. Because epicardial adipose
tissue is in direct contact with the heart and coronary arteries without interception of
a fascial layer, vasocrine and paracrine interaction may enable an outside-to-inside
contribution of dysfunctional adipose tissue to coronary artery plaque formation and
calcification via spillover of macrophage released matrix vesicles and free fatty acids.
Indeed, low epicardial adipose tissue attenuation as a measure of adverse epicardial
adipose tissue composition is associated with higher classes of Agatston CAC scores.
However, the whole heart’s Agatston score may be composed out of a single very
dense calcified plaque or out of multiple less dense calcified plaques. Interestingly,
epicardial adipose tissue attenuation was not related to a more diffuse distribution
of CAC over the coronary artery tree, but was related to a higher CAC density per
plaque. This observation indicates that dysfunctional epicardial adipose tissue may
not be the instigator but merely an accelerant of coronary artery calcification. From
an evolutionary perspective calcification can be seen as an attempt of the human
body to stabilize atherosclerotic plaque. Whereas the CAC Agatston score is a good
marker of general atherosclerotic burden, one SD higher CAC density is associated
with a lower risk for cardiovascular events (HR 0.71, 95%CI 0.60-0.85) independent
29
of CAC volume. It is thought that extensive calcified plaques are stabilized but
that early or intermediate stages of calcification are associated with higher stress at
the interface between calcified and non- calcified areas which may enhance plaque
vulnerability. This is supported by a study in 4425 patients suspected of coronary
artery disease where the incidence of cardiovascular events was 22.7% in the group
with only non-calcified plaques (n=183), 37.7% in the group with mixed plaques
(n=685) and 5.5% in the group with only calcified plaques (n=1021) after a median
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30

follow-up of 3 years.
Results of the present study implicate that at least for men, CT measured attenuation
of epicardial adipose tissue provides information on coronary artery disease
development that is not provided by epicardial adipose tissue volume or body-mass
index. This emphasizes the importance of measuring both adipose tissue attenuation
and adipose tissue volume when one wants to evaluate the role of epicardial adipose
tissue in coronary artery disease development. Moreover, that the association with
higher CAC scores seems to be driven by a higher calcium density per plaque may
indicate that epicardial adipose tissue may not be the instigator but merely be an
accelerant of CAC development in the attempt to stabilize atherosclerotic plaque.
However, more research on epicardial adipose tissue density and plaque progression
and on epicardial adipose tissue density and CAC in women of older age is required
to affirm these hypotheses.
Strengths of the present study include the clinically relevant cohort of patients at
high risk or with clinical manifest cardiovascular disease. Study limitations need to
be considered and include the cross-sectional and observational design which limits
conclusions about causality. Also, non-calcified lesions and coronary artery stenosis
were not evaluated in this study. It cannot be excluded that dysfunctional epicardial
adipose tissue simultaneously contributes to non-calcified plaque progression.
In conclusion, low CT attenuation of epicardial adipose tissue is associated with
higher amounts of coronary artery calcium in men at high risk or with manifest
cardiovascular disease, independent of epicardial adipose tissue volume and bodymass index. Interestingly, epicardial adipose tissue attenuation is not related to a
more widespread distribution of calcium over the four main coronary arteries, but
is associated with a higher calcium density per plaque. These findings support the
potential role for epicardial adipose tissue density as a measure of epicardial adipose
tissue function in coronary artery disease development.
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3.88 (1.44-10.42)
3.66 (1.33-10.08)

+ depot volume

+ BMI

0.97 (0.40-2.35)
1.06 (0.39-2.90)

+ depot volume

+ BMI

2.26 (1.11-4.60)
2.07 (0.95-4.51)
1.81 (0.68-4.82)
1.61 (0.56-4.58)

Crude, OR(95% CI)

+ Age, sex

+ depot volume

+ BMI

CAC density, in tertiles
(1.00-2.97, 2.98-3.45, 3.48-4.00)

Density of CAC, n=43.

0.97 (0.50-1.90)

+ Age, sex
+ BMI

+ depot volume

0.99 (0.32-3.06)

0.64 (0.24-1.74)

0.88 (0.43-1.80)

1.06 (0.58-1.94)

Crude, OR (95%CI)

1.19 (0.68-2.07)

Crude, OR (95%CI)
+ Age, sex

Number of calcified lesions, in tertiles
(1-6, 6-21, 21-55)

1.24 (0.42-3.63)

0.84 (0.32-2.22)

0.83 (0.39-1.75)

Number of calcified coronary arteries
(1, 2, 3, 4)

Distribution of CAC, n=43.

3.10 (1.29-7.48)

+ Age

1.06 (0.53-2.11)

Women

+ BMI

+ depot volume

+ Age, sex

Crude, ß (95% CI)

-10 (-45-25)

-20 (-53-13)

-5 (-30-20)

5 (-20-31)

Total calcified plaque surface, in mm2

covariates. CABG, Coronary Artery Bypass Graft; HU, Hounsfield Units; BMI, Body-mass index.

OR (Odds Ratio), odds of having a higher class of CAC distribution or CAC density per 1SD lower adipose tissue attenuation, +; additionally adjusted for presented

attenuation (5 HU)

1 SD lower epicardial adipose tissue

3.31 (1.43-7.66)

Crude, OR (95%CI)

Men

CAC (Agatston) in classes of 0, 1-100, 101-400 and >400, n=61.

Supplemental Table 1. Sensitivity analysis evaluating the relation between epicardial adipose tissue attenuation and presence, distribution and density of CAC in
patients at high risk of with manifest cardiovascular disease without CABG or PCI history.
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ABSTRACT
Objective
The supraclavicular fat depot is known for brown adipose tissue presence. To unravel
adipose tissue physiology and metabolism, high quality and reproducible imaging is
required.

Methods
In this study we quantified reliability and agreement of MRI fat fraction measurements
in supraclavicular and subcutaneous adipose tissue of 25 adult patients with clinical
manifest cardiovascular disease. MRI fat fraction measurements were performed
under ambient temperature conditions using a vendor supplied mDixon chemicalshift water-fat multi-echo pulse sequence on
1.5 Tesla field strength.

Results
Supraclavicular fat fraction reliability (Intraclass Correlation Coefficientagreement)
was 0.97 for test-retest, 0.95 for intra-observer and 0.56 for inter-observer
measurements which increased to when ICCconsistency was estimated. Supraclavicular
fat fraction agreement displayed mean differences of 0.5% (LoA -1.7 to 2.6) for testretest, -0.5% (LoA -2.9 to 2.0) for intra-observer, and 5.6% (LoA 0.4 to 10.8) for
inter-observer measurements. Median fat fraction in supraclavicular adipose tissue
was 82.5% (Interquartile Range (IQR) 78.6-84.0) and 89.7% (IQR 87.2-91.5) in
subcutaneous adipose tissue (p<0.0001).

Conclusions
Water-fat MRI has good reliability and agreement to measure adipose tissue fat
fraction in patients with manifest cardiovascular disease. These findings capacitate
research on determinants of fat fraction and enable longitudinal monitoring of fat
fraction within adipose tissue depots. Interestingly, even in adult patients with
manifest cardiovascular disease, supraclavicular adipose tissue has a lower fat
fraction compared to subcutaneous adipose tissue suggestive of distinct morphologic
characteristics such as brown adipose tissue.
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INTRODUCTION
Adipose tissue can be subdivided in metabolically inactive white adipose tissue and
1
metabolically active brown adipose tissue based on morphology and function. White
adipose tissue (WAT) and brown adipose tissue (BAT) exist interspersed in the human
body. BAT is responsible for non- shivering thermogenesis and was discovered in
seasonal mammals where it maintains body temperature during periods of cold and
2,3
hibernation. In humans, the supraclavicular adipose tissue depot is the location where
4-10
BAT consists, in contrast
BAT is most described in PET-CT and histology studies.
to WAT, of smaller multi-locular adipocytes which contain more intracellular water
and iron- rich mitochondria, are more densely innervated by the sympathetic nervous
3,11-13
system and are more densely vascularized by capillaries in order to disperse heat.
Positron emission tomography studies suggest that fully activated BAT could dissipate
5,14
BAT may thereby
energy equivalent to approximately 4kg of fat over one year.
contribute to metabolic health and be an attractive target in the battle against obesity
14-17
and diabetes.
To unravel BAT physiology and to evaluate its response to therapy, high quality and
reproducible imaging of adipose tissue is needed. Currently, PET-CT scanning is the
most common technique used to image BAT. However, this technique has limited
reproducibility under ambient temperature conditions and displays only activated
8,18
Dynamic studies found that activated BAT
BAT in a glucose metabolizing state.
predominantly uses triglycerides as substrate and that only 10% of its metabolism is
5,15,19
Because of these reasons, PET-CT may not fully
derived from glucose uptake.
reflect the tissue’s total amount of BAT that could potentially be activated. Furthermore,
20
patients need to be exposed to hypothermia and radiation which limits applicability.
A technique that does not suffer from the aforementioned disadvantages is chemicalshift encoded water-fat MRI which is based on the different tissue characteristics
12,20-23
. This method has been validated in mice and measures a
of BAT and WAT
fat signal fraction value representative of the amount of triglycerides, intracellular
13,24-27
In neonates, infants, children and
water content and perfusion to the tissue.
young adults a difference in mean fat fraction values has been reported between the
supraclavicular and subcutaneous depots indicative for BAT which presence was
12,21-23,28-30
Adipose tissue fat fraction imaging may help to
histologically confirmed.
evaluate how BAT quantity, which is hypothesized to contribute to metabolic health, is
related to patient characteristics and cardiovascular risk factors. Patients with manifest
cardiovascular disease have an adverse cardiovascular risk factor profile and a high
31
risk for recurrent cardiovascular events and may thus benefit from BAT stimulation.
Before adipose tissue physiology can be further unravelled, reproducibility of fat
fraction measurements needs to be established. So far, only one study reported
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high intra-observer and inter-observer reliability of fat fraction measurements in 22
30
neonates. However, no assessment on agreement was made and both measures of
reproducibility are population dependent. For example, accuracy of MRI acquisition
or supraclavicular depot segmentation may differ according to patient characteristics.
Therefore, in the present study, we determined reliability and agreement of fat signal
fraction measurements by chemical-shift encoded water-fat MRI in supraclavicular
and subcutaneous adipose tissue depots of adult patients with clinical manifest
cardiovascular disease.

MATERIALS AND METHODS
This study was conducted according to the Guidelines for Reporting Reliability and
32
Agreement Studies (GRRAS).

Study population
Patients from the Secondary Manifestations of ARTerial disease study (SMART)
were invited to participate. The SMART study is an ongoing prospective single center
cohort study at the University Medical Center Utrecht (the Netherlands) designed to
establish the prevalence of concomitant arterial diseases and risk factors in a high risk
population predominantly of Caucasian ethnicity (≥95%). Participants were newly
referred because of manifest atherosclerotic disease or a cardiovascular risk factor
(such as diabetes mellitus, hypertension or hypercholesterolemia) and were screened
non-invasively for manifestations of atherosclerotic diseases and risk factors other
than the qualifying diagnosis. Exclusion criteria for the SMART study are age < 18
years, malignancy, dependency in daily activities and not sufficiently fluent in the
33
Dutch language. A detailed description of the study has been published previously.
For the current study, 25 SMART participants with manifest cardiovascular disease
were invited to undergo MRI fat fraction measurements. This size was chosen to
achieve a 95% confidence interval around the limits of agreement (LoA) of ±0.68
34
standard deviation of the differences. Sampling was done selectively to create
variety in age, BMI and metabolic syndrome criteria. Patients with HIV infection or
a current episode or history of hormonal abnormalities such as pheochromocytoma,
hibernoma, hyper- or hypo- thyroidism, cortisolism or aldostronism were
excluded. Furthermore, patients with chronic drug usage that might influence
BAT proliferation, differentiation and blood flow changes such as beta-adrenergic
blocking agents, benzodiazepines, glucocorticoid or immunosuppressive therapy
35-37
The Ethics Committee of the University Medical Center
were not included.
Utrecht approved the study and all participants gave their written informed consent.
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Figure 1. Flowchart of study procedures.

SMART cohort
measurements

Observer
B1

Participants

Inter-observer

MRI 1

Observer
A1

Repositioning

Test-retest

MRI 2

Observer
A2

Intra-observer

Observer
A1’

SMART cohort measurements
All patients underwent usual SMART cohort measurements which were performed
on a single day and included a standardized extensive vascular screening including
a questionnaire on cardiovascular history, cardiovascular risk factors, current
medication and physical activity. Furthermore, a standardized physical examination
including height, weight, waist circumference, systolic and diastolic blood pressure
was performed and venous blood samples were drawn. The technique used for the
33
laboratory tests has been described previously. Intra-abdominal adipose tissue
was estimated by ultrasonography using a strict protocol and was measured as
the distance between the peritoneum and the lumbar spine or psoas muscles using
38
electronic calipers at the end of a quiet inspiration. Each distance was measured
three times at three different positions. An integrated measure of physical activity
was calculated based on type and duration of physical activity derived from the
baseline questionnaire. The time spent on a specific activity per week was multiplied
by its metabolic equivalent intensity level (MET) and subsequently added together if
39
more than one type of activity was reported.

Water-fat MRI acquisition
In addition to the SMART cohort measurements all participants underwent two
consecutive MRI scans (Figure 1) which were performed in a non-fasting state
with constant room temperatures (approximately 19 degrees Celsius) in arms-down
supine position. Participants did not receive any contrast agents, nor were they
subjected to additional cold preparations or pharmacological agents to purposely
stimulate or suppress BAT activity. To minimize biological variation for testretest evaluation, participants were allowed a short break of 1 minute to reposition
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between the two consecutive MRI measurements. All MRI measurements were
performed between April and September 2014 on a 1.5 T system (Ingenia, Software
release 5.1.3, Philips Healthcare, Best, the Netherlands) using the torso XL array.
With this coil up to 28 elements can be used in parallel. Scans were conducted
using a vendor supplied 3D mDIXON chemical-shift water-fat multi-echo pulse
sequence (multi-shot TFE readout, TFE factor 19, TR=14 msec, TE1=1.48 msec,
echo spacing=1.2 msec, number of echoes=10, non-flyback readout gradients, flip
angle=5º, bandwith per pixel=1252 Hz, SENSE acceleration factor of 3, number
of signals averaged=3 and FOV=350x249x170mm (RLxAPxFH). Resolution was
3
3
2
1.7x1.7x1.7 mm reconstructed to 1.6x1.6x1.7 mm . Average scan time was 3m 5s.
Scanner data reconstruction provided co-registered fat, water, in-phase and outphase image series and quantitative fat-signal fraction and T2* maps. The mDIXON
post processing algorithm implemented on the scanner uses a seven-peak spectral
21,40,41
This method
model of fat obtained from high- resolution MR spectroscopy.
is optimized to minimize T1-bias. The algorithm produces fat-signal fraction maps
which accurately reflect the underlying proton density-ratios between fat and the sum
of fat and water scaled between 0-100%. This sequence has previously been used
to measure fat fractions in several other tissues such as liver, pancreas, heart and
21,42
skeletal muscle.

Region of Interest (ROI) segmentation
MRI dicom data was converted to MATLAB files and loaded in an in-house MATLAB
quantification tool, which is available on request. The supraclavicular adipose
tissue depot is the location where BAT is most commonly described in PET-CT and
4-7
histology studies. Two medical doctors (observer A and B, Figure 1) manually
segmented adipose tissue depots.
Both observers were blinded for patient characteristics and each other results during all
analyses. To avoid image recognition when evaluating intra-observer reproducibility,
a period of at least one month was inserted between image segmentation A1 and
A1’ of MRI 1. Supraclavicular fat was confined by the trapezius muscle posteriorly,
the sternocleidomastoid muscle medially and the clavicle inferiorly resulting in
the depot as outlined in Figure 2A-C. Regions of Interest (ROI, Figure 2B) for
supraclavicular adipose tissue (red and blue ROIs) were drawn on axial fat image
series. Subcutaneous adipose tissue (green and yellow ROIs) and non-adipose tissue
such as muscle (cyan and magenta ROIs) was intermittently sampled every 3-4 slices
to estimate fat fraction reference values. During segmentation of adipose tissue
ROIs, care was taken to exclude major blood vessels, bone, bone marrow and nearby
muscles. Average duration of segmentation was around 45 minutes per patient but
depended on supraclavicular depot volume.
102

Figure 2. Segmentation of Regions of Interest and curve fitting on fat fraction distribution.

MRI fat-only images (grey indicating fat). A. Right: yellow line indicating
starting point of ROI segmentation, left: axial section of yellow line. B.
Axial slice half way segmentation, red and blue ROIs: supraclavicular
adipose tissue, green and yellow ROIs: subcutaneous adipose tissue. C.
Right: yellow line indicating end point of ROI segmentation, left: axial
section of yellow line with sternoclavicular junction. D. Curve fitting for
red, blue, green and yellow ROIs within an individual patient. Hatched
lines indicating fat fraction percentages present in supraclavicular but
absent in subcutaneous adipose tissue. Cyan and magenta ROIs were
drawn in muscle tissue.
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Data analysis
Central estimators and variance measures were calculated for baseline characteristics.
Within the ROIs (red, blue, green, yellow) fat fraction histogram frequency analysis
was performed. As displayed in Figure 2D, a combined Gaussian and gamma function
43
was fitted to the left skewed fat fraction distribution of each individual ROI. The
least summed squares of the residuals were estimated using maximum likelihood
and optimal fit was visually inspected. Mean fat fraction of the supraclavicular depot
and subcutaneous depot were calculated by averaging the fractions over all voxels
in the red and blue ROIs and by averaging the fractions over all voxels in the green
and yellow ROIs, respectively. The number of voxels in each ROI was converted
3
to a volume (cm ) for both depots (sum of blue and red ROI volumes and sum of
green and yellow ROI volumes, respectively). Within the study population mean fat
fraction and depot volume were non-normally distributed and therefore displayed as
median with IQR. To test the fat fraction difference between the median fat fraction
of the supraclavicular depot and the median fat fraction of the subcutaneous depot
measured by observer A1, the two-sided Wilcoxon signed rank test was used.
Reliability, defined as the ability of a measurement to effectively distinguish low from
high fat fraction values, and agreement, defined as the degree to which fat fraction
32,44
For reliability (inter- and
values of observers are identical, were estimated.
intra-observer and test-retest), two-way random Intraclass Correlation Coefficientsagreement (ICCagreement) were calculated for single measures of fat fraction values of
the supraclavicular depot and subcutaneous adipose depot. The ICCagreement (Figure
3) determines the proportion of variance explained by true variance due to variability
between subjects rather than variance explained by rating differences and residual
or error variance and ranges between 0 and 1. If the variance explained by rating
differences or residual or error variance is small compared with variation between
subjects, the ICCagreement is high. To account for systematic differences between
observers, the ICCconsistency was calculated (Figure 3) which determines the ratio of
between subject variance to residual or error variance only.
Second, to determine agreement Bland Altman plots were made for fat fraction
34
values of the supraclavicular depot and subcutaneous depot. In these plots the
average of two measurements (inter-observer, intra-observer and test-retest) versus
their difference is plotted including limits of agreement from the mean of the
differences (± 2 standard deviations). Additionally, in these plots can be checked
whether the variability of the measurements is related to their magnitude. Other
agreement measures estimated were the Smallest Detectable Difference (SDD) and
Coefficients of Variation (CV). The SDD quantifies how big the difference between
two measurements must be to become detected (e.g. a SDD of 2.5 indicates that
with a two-sided probability of 5%, differences>2.5 are true differences between
104
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Figure 3. Formulas of Intraclass Correlation Coefficients.

measurements and that differences<2.5 could be related to both true differences or
error variance). The SDD is defined by 1.96*√2*Standard Error of Measurement
(SEM) and is further specified as agreement or consistency measure depending
on whether the SEM is calculated as the sum of between rater and error variance
(SDDagreement) or error variance only (SDDconsistency) to take systematic differences
between observers into account. Whereas the SDD quantifies the error in an absolute
sense, the Coefficient of Variation standardizes the SEM to the overall mean of
both measurements. To evaluate whether that fat fraction measurements were
performed in an equal amount of adipose tissue, reliability and agreement of volume
measurements in the supraclavicular depot were estimated. Finally, we hypothesized
that voxels with lower fat fraction values present within the supraclavicular depot
(blue and red ROIs) but absent within the subcutaneous depot (green and yellow
ROIs) as indicated with hatched lines in Figure 2D may form an estimate of potential
BAT quantity within the supraclavicular depot. Therefore, we left truncated the tails
of all individual ROIs at 1% (red, blue, green, yellow) and integrated the amount
of voxels present for the red and blue ROIs between those boundaries as indicated
with hatched lines for an individual patient in Figure 2D. Statistical analyses were
performed with IBM SPSS version 21.0.

RESULTS
Patient characteristics
Mean duration between SMART cohort measurements and MRI scans was 4.2±1.2
months. The mean age of all patients was 61.4±6.8 years and the study population
consisted of predominantly males (N=19, 76%) as displayed in Table 1. All patients
suffered from manifest cardiovascular disease which the majority (75%) had
experienced within 2 years before inclusion: 14 had coronary artery disease of whom
11 had undergone a cardiac intervention (CABG/PTCA), 8 had cerebrovascular
disease of whom 5 had undergone a carotid endarterectomy and 4 had peripheral
2
artery disease. The mean BMI (kg/m ) was 25.8±2.9 (range 20.6-32.8) and in 10
patients (40%) metabolic syndrome was present.
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Table 1. Patients characteristics (n=25)
Data

Range

Age (years)a

61.4 ± 6.8

49-74

Males, n(%)

19 (76)

Anthropomorphic body measurements
BMI (kg/m2)a

25.8 ± 2.9

20.6-32.8

Waist circumference (cm) a

M: 96 ± 6.1

M: 81-105

Intra-abdominal fat (cm) a

F: 77 ± 6.5

F: 68-87

8.5 ± 1.8

5.6-12.0

Other risk factors
Presence metabolic syndrome, n(%)

10 (40)

Current smoking, n(%)

4 (17)

Current alcohol drinking, n(%)

15 (60)

Physical activity (hours*MET*week)b

42 (15-80)

0-205

Thyroid Stimulating Hormone (mU/L)a

1.90 ± 0.7

0.8-3.1

Medication

a

Blood pressure lowering agents, n(%)

16 (64)

Statins, n(%)

21 (84)

Aspirin, n(%)

19 (76)

= mean ± standard deviation, b = median with interquartile range, MET: metabolic equivalent of task.

Supraclavicular and subcutaneous adipose tissue characteristics
Median fat fraction of the supraclavicular depot was 82.5% (IQR 78.6-84.0) which
3
was measured in a median adipose tissue volume of 183.3 cm (IQR 132.1-240.8) as
displayed in Table 2. In contrast, a higher median fat fraction of 89.7% (IQR 87.291.5, P<0.0001) was measured within the subcutaneous depot that contained a median
3
volume of 74.2 cm (IQR 51.7-100.3) of sampled subcutaneous adipose tissue. Fat
fraction values in non-adipose tissue (e.g. muscle, blood) were all lower than 20%.
3
Estimated median volume of potential brown adipose tissue was 27.3 cm (IQR 17.040.9) which was 14.9% of the supraclavicular adipose tissue depot based on a lower
FF boundary of 36% (IQR 23-40) and an upper FF boundary of 64% (IQR 55-73).

Reliability
Reliability of fat fraction measurements was high for test-retest and intra-observer
measurements (Table 3). For test-retest reliability, ICCagreement was 0.97(0.92-0.99)
and 0.97 (0.94-0.98) in supraclavicular and subcutaneous adipose tissue. For intraobserver reliability, ICCagreement was 0.95 (0.89-0.98) for supraclavicular and 0.89
(0.51-0.96) for subcutaneous adipose tissue. Inter-observer reliability was high for
106

REPRODUCIBILITY OF FAT FRACTION MAGNETIC RESONANCE IMAGING

Table 2. Summary of adipose tissue characteristics.
Supraclavicular adipose
tissue

Subcutaneous adipose
tissue

Indication of potential
brown adipose tissue*

183.3 (132.1-240.8)

74.2 (51.7-100.3)

27.3 (17.0-40.9)

84.4-310.2

34.9-179.2

10.2-58.6

82.5 (78.6-84.0)

89.7 (87.2-91.5)

68.8-86.4

76.5-93.6

Total volume (cm3)
Median (IQR)
Range
Fat fraction (%)
Median (IQR)
Range

*Volume of fat fraction values that were present in supraclavicular adipose tissue but absent in
subcutaneous adipose tissue (voxels between fat fraction percentages of 36% and 64%).

Table 3. Reliability of adipose tissue fat fraction measurements.
ICCagreement (95%CI) of Fat Fraction measurements
Intra-observer

Inter-observer

Test-retest

Supraclavicular adipose tissue

0.95 (0.89-0.98)

0.56 (0.00-0.86)

0.97 (0.92-0.99)

Subcutaneous adipose tissue

0.89 (0.51-0.96)

0.81 (0.24-0.93)

0.97 (0.94-0.98)

6

subcutaneous adipose tissue with an ICCagreement of 0.81 (0.24-0.93) and moderate
for supraclavicular adipose tissue with an ICCagreement of 0.56 (0.00-0.56). However,
when systematic differences between observers were taken into account (e.g.
a systematic mean fat fraction difference of 5.6% between observer A1 and B1)
supraclavicular inter-observer reliability increased to 0.87 (0.74-0.94, ICCconsistency)
and subcutaneous inter-observer reliability increased to (0.86-0.97). As displayed in
supplemental Table 1, ICCsagreement of test-retest, intra-observer and inter-observer
3
reliability of supraclavicular adipose tissue volume (cm ) were 0.95 (0.88-0.98),
0.95 (0.83-0.98) and 0.86 (0.54-0.95).

Agreement
Agreement of fat fraction measurements was high for test-retest and intra-observer
measurements (Figure 4). For test-retest measurements, mean differences in fat
fraction values of 0.5% (LoA -1.7 to 2.6) and 0.02% (LoA -1.7 to 1.8) were found
in supraclavicular and subcutaneous adipose tissue, respectively (Figure 4A and B).
For intra-observer measurements, mean differences in fat fraction values of -0.5%
(LoA -2.9 to 2.0) and -1.1% (LoA -3.5 to 1.3) were found in in supraclavicular
and subcutaneous adipose tissue, respectively. Third, inter-observer agreement of
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1.1 agreement

CV (%)

2.3 agreement
1.0 agreement

5.5agreement /2.3 consistency

-1.7

0.5

2.6

12.0agreement / 5.1 consistency

0.4

5.6

10.8

FF: Fat Fraction, LoA: Limit of Agreement, SDD: Smallest Detectable Difference, CV: Coefficient of Variation.

2.5 agreement

-2.9

Lower LoA

SDD

2.0
-0.5

Upper LoA

Mean difference

Figure 4A. Agreement of supraclavicular adipose tissue depot fat fraction measurements.
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1.8
0.02
-1.7
1.7 agreement
0.01 agreement

6.5
2.1
-2.2
5.9agreement / 4.3 consistency
2.4agreement /1.7 consistency

FF: Fat Fraction, LoA: Limit of Agreement, SDD: Smallest Detectable Difference, CV: Coefficient of Variation.

1.3 agreement

CV (%)

-3.5

Lower LoA
3.1 agreement

-1.1

Mean difference

SDD

1.3

Upper LoA

Figure 4B. Agreement of subcutaneous adipose tissue depot fat fraction measurements.
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supraclavicular and subcutaneous adipose tissue showed mean differences in fat
fraction values of 5.6% (LoA 0.4 to 10.8) and 2.1% (LoA -2.2 to 6.5), respectively.
Because fat fraction values can be maximally 100%, fat fraction differences between
observer A1 and B1 (inter-observer) became smaller with increasing magnitude in
both supraclavicular and subcutaneous adipose tissue. For intra-observer and testretest measurements the fat fraction differences were randomly distributed. Smallest
Detectable Differences and Coefficients of Variation are presented in Figure 4 with
a supraclavicular CVagreement of 1.0 and 1.1% for test-retest and intra-observer fat
fraction measurements. Inter-observer CVagreement was 5.5% which decreased to
2.3% when ICCconsistency was calculated. Agreement of supraclavicular adipose tissue
3
3
volume measurements was -0.9 cm (LoA -47.5 to 45.6) for test-retest, 12.4 cm
3
(LoA -24.2 to 48.3) for intra-observer and -25.3 cm (LoA -92.3 to 41.6) for interobserver measurements (Supplemental Figure 1).

DISCUSSION
Chemical-shift encoded water-fat MRI is a reproducible method with good test-retest
and intra- observer reliability and agreement to measure fat fraction in adipose tissue
depots of patients with manifest cardiovascular disease under ambient temperature
conditions. Inter-observer reliability and agreement was moderate, but was related
to systematic differences in assessment between observers. Interestingly, even in
late adulthood patients with manifest cardiovascular disease, supraclavicular adipose
tissue has a lower fat fraction representative of lower triglyceride content and higher
perfusion to the tissue compared to subcutaneous adipose tissue suggestive of distinct
morphologic characteristics such as brown adipose tissue.
So far, only one study assessed reproducibility of fat fraction measurements in a
30
population of 22 neonates. This study did not provide information on agreement,
but reported high intra- and inter-observer reliability with ICCconsistency values of
0.89 and 0.83. Our findings in patients with manifest cardiovascular disease are in
accordance with this reported reliability and are the first to evaluate reliability and
agreement of water-fat MRI in patients at late adulthood.
Whereas test-retest and intra-observer reliability and agreement were good,
improvements on inter-observer measurements can be made although differences
were mainly systematic as reliability and agreement improved when consistency
measures were estimated. For example, observer B1 on average segmented a higher
3
ROI volume compared to observer A1 (mean volume difference -25.3 cm ). This
may have increased the risk of mistakenly including non-adipose tissue and could
explain the systematic lower fat fraction values found for observer B1 (mean fat
110
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fraction difference 5.6). Because adipose tissue segmentation is time consuming and
can be difficult because of the irregular shape of the supraclavicular depot, provision
of a data training set before start of segmentation will likely improve inter-observer
measurements. When systematic differences between observers were taken into
account, reliability and agreement were good to acceptable for all measurements.
The agreement reported in this study enables longitudinal monitoring of adipose
tissue to measure changes in fat fraction values. This may prove valuable for future
intervention research, as it is now possible to compare the effects of cold stimulation
or future pharmacological stimulation against observer variance and measurement
error in adipose depots known for brown adipose tissue presence. So far, only
two small studies have evaluated the effect of cold stimulation on adipose tissue
fat fraction measurements. In a study with nine young adults, a short mild cold
exposure of three hours at 18.8 degrees Celsius resulted in a 1.94±1.83 percentage
point decrease (p=0.021) in the supraclavicular depot which sustained after reheating
45
suggesting lipid consumption rather than altered perfusion. Despite the quite wide
standard deviation of 1.83, SDDs found in the current study may indicate that results
could also be attributed to between rater or error variance. Instead, when mice were
cold exposed to 16, 23 or 30 degrees Celsius for a longer period of four weeks
(16 mice per condition, singly housed), water-fat MRI measurements resulted in
26
BAT fat fraction values of 50.9%, 61.8% and 79.4%, respectively. Additionally,
the reliability reported in this study capacitates research on the association between
fat fraction measurements and patient characteristics as it shows that measurements
are able to differentiate low from high fat fraction values in both supraclavicular
and subcutaneous adipose tissue. In neonates (n=22), infants (n=12) and children
(n=39) fat fraction values in supraclavicular adipose tissue were lower compared to
12,30
With increasing age and BMI, fat fraction values
subcutaneous adipose tissue.
within the two depots increased and fat fraction differences between the two depots
decreased. Interestingly, also in the current population of late adulthood patients
with manifest cardiovascular disease, differences in fat fraction values retained
and lower fat fraction values were found in the supraclavicular depot compared to
subcutaneous adipose tissue. Fat fraction percentages between 36% and 64% were
present in supraclavicular adipose tissue but devoid in the subcutaneous depot.
Whereas the lower boundary of 36% was somewhat higher, the upper boundary
of 64% corresponds to that of ex vivo rodent fat fraction measurements, where
classical brown adipose tissue displayed fat fraction percentages between 20% and
30
60%. Using fat fraction MRI, future research should evaluate how fat fraction
values of individual fat depots and differences between fat depots relate to patient
characteristics such as BMI and metabolic syndrome criteria. Moreover, influences
of other factors that might regulate BAT activity besides cold stimulation such as
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17

thyroid hormones or natriuretic peptides have to be determined. Advantage of MRI
is that it does not differentiate between active and non-active adipose tissue but that
it reproducibly reflects absolute morphologic differences in adipose depots and can
safely be performed in the general population without cold stimulation.
Strengths of the present study include that fat fraction measurements were based on a 7
peak fat model with multiple echoes (n=10). Reproducibility is population dependent
and this study is the first to evaluate fat fraction measurements in late adulthood
patients with manifest cardiovascular disease and variability in patient characteristics
such as age, BMI and metabolic syndrome criteria. Third, all observers carefully and
independently segmented adipose tissue and were blinded for patient characteristics.
Study limitations need to be considered and include limited spatial resolution which
may have led to partial volume effects which is inherent to MRI but also to imaging
modalities as PET-CT. Additionally, despite careful segmentation, inclusion of nonadipose tissue in the ROIs cannot completely be excluded which would have led to
underestimation of fat fraction values. However, the intriguing skewed distribution
of the supraclavicular adipose tissue (red and blue ROIs) compared to subcutaneous
adipose tissue (green and yellow ROIs) as displayed in Figure 2D is unlikely to be
explained by non-adipose tissue and partial volume effects. First, all ROI volumes
are substantial in size which minimizes influence of partial volume effects. Second,
fat fraction values in non-adipose tissue ROIs (cyan and magenta) were all lower
than 20%. These percentages are absent in all the adipose tissue ROIs. Moreover,
ROIs were segmented carefully which is supported by the results on intra-observer
agreement as observer A1’ included a lower ROI volume than observer A1 (mean
3
volume difference 12.4 cm ). Still, the mean difference of fat fraction measurements
was close to zero which indicates that observer A1 only included adipose tissue and
carefully segmented ROIs of MRI 1. Finally, with this method no firm conclusions can
be drawn on adipose metabolic functionality. Therefore, functional MRI techniques,
such as Blood Oxygen Level Dependent MRI (BOLD) and Arterial Spin Labeling
29
(ASL) are currently being investigated.
In conclusion, chemical-shift encoded water-fat MRI is a reproducible method with
good test-retest and intra-observer reliability and agreement to measure fat fraction
in adipose tissue depots of patients with manifest cardiovascular disease under
ambient temperature conditions. When systematic differences between observers are
taken into account, inter-observer reliability and agreement are good. This could be
attained by provision of a training set prior to data segmentation. Even in adult patients
with manifest cardiovascular disease, supraclavicular adipose tissue has a lower fat
fraction representative of lower triglyceride content and higher perfusion to the tissue
compared to subcutaneous adipose tissue which may suggest distinct morphologic
characteristics such as brown adipose tissue. These findings capacitate research on
112
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the association between fat fraction measurements and patient characteristics such as
BMI, age and metabolic syndrome criteria and enable longitudinal monitoring of fat
fraction values in adipose tissue depots.
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Supplemental Table 1. Reliability of adipose tissue volume measurements.
ICCagreement (95%CI) of depot volume (cm3) measurements

ICCagreement

Intra-observer

Inter-observer

Test-retest

Supraclavicular adipose tissue

0.95 (0.83-0.98)

0.86 (0.54-0.95)

0.95 (0.88-0.98)

Subcutaneous adipose tissue

NA*

NA*

NA*

*Not Applicable; subcutaneous adipose volume was intermittently sampled to estimate reference fat
fraction values for the supraclavicular depot.
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14.5 agreement / 11.8 consistency

8.4 agreement

CV (%)

LoA; Limit of Agreement, SDD; Smallest Detectable Difference, CV; Coefficient of Variation.

-92.3
82 agreement / 67 consistency

-24.2

Lower LoA

41.6
-25.3

43.3 agreement

12.4

Mean difference

SDD

48.3

Upper LoA

Supplemental Figure 1. Agreement of supraclavicular adipose tissue depot volume measurements.

8.6 agreement

45.6 agreement
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-0.9
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CHAPTER 7

ABSTRACT
Background and objectives
Brown adipose tissue (BAT) dissipates energy, is predominantly found within
the supraclavicular depot and displays a lower MRI measured Fat Fraction (FF)
compared with lipid-rich subcutaneous white adipose tissue (WAT). A smaller FF
difference between supraclavicular and subcutaneous adipose tissue indicates that
the composition of supraclavicular adipose tissue, a mixture of BAT and WAT,
increasingly resembles that of subcutaneous WAT. To evaluate whether BAT is still
present in supraclavicular adipose tissue of middle-aged patients with cardiovascular
comorbidities and to quantify how BAT presence associates with measures of obesity
and metabolic dysfunction.

Methods
Supraclavicular and subcutaneous adipose tissue FF (%) was determined with
water-fat MRI in 50 patients with clinical manifest vascular disease from
the Secondary Manifestations of ARTerial disease (SMART) cohort study.
Multivariable linear regression was used to quantify the association between BAT
presence, as measured by a higher FF difference between supraclavicular and
subcutaneous adipose tissue, and measures of obesity and metabolic dysfunction.

Results
Supraclavicular adipose tissue displays a lower FF of 82.6% (IQR 78.8-84.3)
compared to the FF of 90.2% (IQR 87.3-91.9) measured in subcutaneous WAT
(P<0.0001). BAT presence was associated with less obesity and metabolic
dysfunction. For example, 1SD lower waist circumference (11.7cm), 1SD
lower triglycerides (1.0 mmol/L) and absence of metabolic syndrome and type
2 diabetes were associated with 1.1% (95%CI 0.1; 2.0), 2.1% (95%CI 0.1;
4.1), 1.1% (95%CI 0.1; 2.0) and 4.1% (95%CI 0.1; 7.1) higher FF difference
between supraclavicular adipose tissue and subcutaneous WAT, respectively.

Conclusion
Supraclavicular adipose tissue has BAT characteristics in adult patients with clinical
50 manifest cardiovascular disease and BAT presence is associated with less obesity
and with a more favorable metabolic profile.
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BROWN ADIPOSE TISSUE, OBESITY AND METABOLIC DYSFUNCTION

INTRODUCTION
Adipose tissue can be subdivided in white adipose tissue (WAT) and brown adipose
tissue (BAT). WAT is responsible for energy preservation via storage of glucose
and triglycerides derived free fatty acids. BAT is considered to dissipate energy via
1,2
non-shivering thermogenesis to maintain body temperature during periods of cold.
BAT consists, in contrast to WAT, of small multi-locular adipocytes which contain
more intracellular water and iron-rich mitochondria and are more extensively
vascularized in order to disperse heat. BAT is mostly found in the supraclavicular
depot interspersed within WAT cells, whereas subcutaneous adipose tissue contains
WAT only. It was thought that in humans BAT is present only in infancy and that
BAT regresses with advancing age until with 18F-FDG-PET/CT BAT was recently
3-8
identified in supraclavicular adipose tissue of adult humans.
18F-FDG-PET/CT has been instrumental in advancing our understanding of BAT
over the past decade, but it is becoming apparent that this technique by itself provides
9
an incomplete picture of BAT morphology and metabolic activity. 18F-FDG-PET/
CT displays only activated BAT in a glucose metabolizing state, whereas dynamic
studies found that BAT predominantly uses triglycerides derived free fatty acids as
5,10,11
PETsubstrate and that only 10% of its metabolism is derived from glucose.
CT may thus not fully reflect the total amount of BAT in adipose tissue that could
12,13
Additionally,
potentially be activated and may underestimate BAT prevalence.
PET-CT has limited reproducibility for identifying BAT under ambient temperature
conditions and patients need to be exposed to hypothermia and radiation which limits
12,14
applicability.
Since the fat content of BAT is higher compared with lean muscle and lower compared
with lipid-rich WAT, magnetic resonance imaging (MRI) may be a good method to
15-24
With chemical-shift encoded water-fat MRI a Fat signal Fraction
measure BAT.
value (FF) is measured, representative for the amount of triglycerides, intracellular
water content and capillary density. In neonates (n=22), infants (n=12) and children
(n=39), FF values in supraclavicular adipose tissue are lower compared to FF values
15,24
which
in subcutaneous WAT suggestive of distinct morphology such as BAT
16,18,22,25
FF cutoff values for BAT presence
presence was histologically confirmed.
are currently unknown and would require invasive sampling. However, a smaller
FF difference between supraclavicular and subcutaneous adipose tissue indicates
that the composition of supraclavicular adipose tissue, a mixture of BAT and WAT,
increasingly resembles that of subcutaneous WAT.
Active BAT is considered to influence metabolism via combustion of triglycerides
and glucose derived free fatty acids. In the current study we aimed to evaluate whether
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BAT is still prevalent in supraclavicular adipose tissue of middle-aged patients with
cardiovascular comorbidities and to evaluate how quantity of BAT is associated
with measures of obesity and metabolic dysfunction. Therefore, we measured MRIFF of supraclavicular and subcutaneous adipose tissue and quantified how the FF
difference between supraclavicular and subcutaneous adipose tissue associates with
measures of obesity and metabolic dysfunction in patients with clinical manifest
cardiovascular disease.

MATERIALS AND METHODS
Study population
Patients from the Secondary Manifestations of ARTerial disease study (SMART)
were invited to participate. The SMART study is an ongoing prospective single center
cohort study at the University Medical Center Utrecht (the Netherlands) designed to
establish the prevalence of concomitant arterial diseases and risk factors in a high
risk population. Participants were newly referred because of manifest atherosclerotic
disease or a cardiovascular risk factor (such as diabetes mellitus, hypertension or
hypercholesterolemia) and were screened non-invasively for manifestations of
atherosclerotic diseases and risk factors other than the qualifying diagnosis. Exclusion
criteria for the SMART study are age < 18 years, known malignancy, dependency in
daily activities or insufficient fluency in the Dutch language. A detailed description
26
of the study has been published previously. For the current study, 50 participants
with manifest cardiovascular disease were sampled selectively from the ongoing
SMART study to create a great variety in age, BMI and metabolic syndrome criteria
and subsequently invited to undergo MRI FF measurements. Patients with a current
episode or history of hormonal abnormalities such as hyper- or hypo- thyroidism,
cortisolism or aldostronism were not included. The Ethics Committee of the
University Medical Center Utrecht approved the study and all participants gave their
written informed consent.

SMART cohort measurements of obesity and metabolic dysfunction
Routine SMART cohort measurements were performed on a single day and included a
standardized questionnaire on cardiovascular history and risk factors. A standardized
26
physical examination was performed and venous blood samples were drawn. Bodymass index was calculated as weight divided by height squared. Waist circumference
was measured as the circumference in centimeters halfway between the lower rib
and the iliac crest. If duplicate measurements differed by >2 cm, a third was taken.
Intra-abdominal fat was estimated by ultrasonography using a strict protocol and
124
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was measured as the distance between the peritoneum and the lumbar spine or psoas
27
muscles using electronic calipers at the end of a quiet inspiration. Each distance
was measured three times at three different positions. Metabolic syndrome was
defined according to the National Cholesterol Education Program (NCEP) revised
28
criteria. Blood pressure was measured twice in sitting position and the average of
two measurements was calculated. Hypercholesterolemia was defined by LDL- c>2.5
mmol/L and type 2 diabetes was defined as a referral diagnosis of type 2 diabetes,
self- reported type 2 diabetes, a fasting serum glucose concentration of ≥7.0 mmol/L
at study inclusion or use of anti-hyperglycemic agents or insulin.

MRI acquisition
In addition to the SMART cohort measurements all participants underwent MRI which
was performed in a non-fasting state at room temperatures (approximately 19 degrees
Celsius) in arms- down supine position. Participants did not receive any contrast
agents, nor were they subjected to additional cold preparations or pharmacological
agents to purposely stimulate or suppress BAT activity. All MRI measurements were
performed on a 1.5 T system (Ingenia, Software release 5.1.3, Philips Healthcare)
using the torso XL array. With this coil up to 28 elements can be used in parallel.
Scans were conducted using a vendor supplied 3D mDIXON chemical-shift waterfat multi-echo pulse sequence (multi-shot TFE readout, TFE factor 19, TR=14 msec,
TE1=1.48 msec, echo spacing=1.2 msec, number of echoes=10, non-flyback readout
gradients, flip angle=5º, bandwith per pixel=1252 Hz, SENSE acceleration factor
of 3, number of signals averaged=3 and FOV=350x249x170mm (RLxAPxFH).
3
3
Resolution was 1.7x1.7x1.7 mm reconstructed to 1.6x1.6x1.7 mm . Average scan
2
time was 3m 5s. Scanner data reconstruction provided co-registered fat, water, inphase and out-phase image series and quantitative fat-signal fraction and T2* maps.
The mDIXON post processing algorithm implemented on the scanner uses a seven16,29,30
peak spectral model of fat obtained from high- resolution MR spectroscopy.
This method is optimized to minimize T1-bias. The algorithm produces fat-signal
fraction maps which accurately reflect the underlying proton density-ratios between
fat and the sum of fat and water scaled between 0-100%. This sequence has previously
been used to measure fat fractions in several other tissues such as liver, pancreas,
16,31
heart and skeletal muscle.

Quantification of supraclavicular and subcutaneous adipose tissue Fat
Fraction (FF)
MRI dicom data was converted to MATLAB files and loaded in an in-house MATLAB
quantification tool, which is available on request. Regions of Interest (ROI) were
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32

segmented according to a method previously published. This method has shown
to reproducibly measure FF values with good test- retest, intra-observer and interobserver reliability and agreement. Supraclavicular adipose tissue is the location
where BAT is most commonly described in PET-CT and histology studies and
this depot is confined by the trapezius muscle posteriorly, the sternocleidomastoid
4,5,33,34
The observer was blinded for
muscle medially and the clavicle inferiorly.
patients characteristics and Regions of Interest (ROI) for supraclavicular adipose
tissue were drawn on axial fat image series. Subcutaneous adipose tissue and nonadipose tissue such as muscle was intermittently sampled every 3-4 slices. During
segmentation of adipose tissue ROIs, care was taken to exclude major blood vessels,
bone, bone marrow and nearby muscles. This resulted in a segmented supraclavicular
adipose tissue depot as shown in Figure 1. Within the ROIs, FF histogram frequency
3
analysis was performed and mean volume (cm ) and FF (%) of the supraclavicular
and subcutaneous depot were calculated per patient.

Data analyses
Central estimators and variance measures were calculated for patients and adipose
tissue depot characteristics. The FF difference between both adipose tissue depots was
calculated by subtracting the mean supraclavicular FF from the mean subcutaneous
adipose tissue FF. To test whether supraclavicular adipose tissue and subcutaneous
adipose tissue FF differed, the paired two-sided Wilcoxon signed rank test was used.
Scatterplots were made to assess how the FF difference between supraclavicular and
subcutaneous adipose tissue was associated with body-mass index and number of
metabolic syndrome criteria. Using linear regression we determined how measures
of obesity and metabolic dysfunction were quantitatively associated with the FF
difference between supraclavicular and subcutaneous adipose tissue. In model 1
results were expressed as crude ß– regression coefficients with 95% confidence
intervals (95%CI) per standard deviation (SD) decrease for continuous risk factors
and per number decrease or risk factor absence for categorical risk factors and in
model 2 results were adjusted for age and sex. Statistical analyses were performed
with IBM SPSS version 21.0.
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Figure 1. Segmentation of the supraclavicular adipose tissue depot.

Coronal image with red lines indicating the supraclavicular adipose tissue depot.
Table 1. Patients characteristics (n=50).
Patients characteristics
Males, n(%)
Age (years)a

39 (79)
61.4 ± 7.6

Ever smoking, n(%)
Body-mass index (kg/m2)

7

7 (14)
a

Waist circumference (cm)a
Intra-abdominal fat (cm)a
Presence of metabolic syndrome, n(%)
Systolic blood pressure (mmHg)a
Diastolic blood pressure (mmHg)a
Triglycerides (mmol/L)b

26.2 ± 3.6
M 96 ± 9, F: 80 ± 8
8.5 ± 2.0
17 (34)
135 ± 16
79 ± 8
1.2 (1.0-1.9)

HDL-cholesterol (mmol/L)b
Fasting glucoseb

M: 1.2 (1.0-1.4), F: 1.6 (1.3-2.0)

LDL-cholesterol (mmol/L)a

2.7 ± 0.8

5.7 (5.4-6.2)

Medication
Blood pressure-lowering agents, n(%)

38 (76)

Beta-blocking agents, n(%)

17 (34)

Statins, n(%)

38 (76)

Aspirin, n(%)

31 (62)

Glucose-lowering agents (tablets), n(%)

2 (4)

= mean ± standard deviation, b = median with interquartile range. Metabolic syndrome (presence
of ≥3 NCEP-R metabolic syndrome criteria); HDL, High-density Lipoprotein; LDL, Low-density
Lipoprotein.

a
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RESULTS
Patients characteristics
The mean age was 61.4±7.6 years and the study population consisted of predominantly
males (N=39, 79%) as displayed in Table 1. All patients had clinical manifest
cardiovascular disease: coronary artery disease (n=33), cerebrovascular disease
(n=16) or peripheral artery disease (n=4). In total, 5 patients had type 2 diabetes
mellitus, 27 patients had hypercholesterolemia (LDL-c>2.5 mmol/L) and 24 patients
had hypertension or were using anti-hypertensive medication. The mean BMI was
2
26.2±3.6 kg/m and in 17 patients (34%) metabolic syndrome was present.

Supraclavicular and subcutaneous adipose tissue depot characteristics
The median FF of supraclavicular adipose tissue was 82.6% (IQR 78.8-84.3) which
3
was measured in a median volume of 172.4 cm (IQR 109.1-239.0) of adipose tissue.
In contrast, a higher median FF of 90.2% (IQR 87.3-91.9, P<0.0001) was measured
3
within the subcutaneous depot that contained a median volume of 54.6 cm (IQR
39.2-86.9) of sampled subcutaneous adipose tissue. FF values in non-adipose tissue
(e.g. muscle, blood) were all lower than 20%.

Measures of obesity and metabolic dysfunction in relation to the FF
difference between supraclavicular and subcutaneous adipose tissue
A higher body-mass index and a higher number of metabolic syndrome criteria
were associated with a higher supraclavicular and subcutaneous FF and a smaller
FF difference between both adipose tissue depots (Figure 2) which indicates that
the composition of supraclavicular adipose tissue, a mixture of BAT and WAT,
increasingly resembles that of subcutaneous WAT. Conversely, a higher FF difference
between the two adipose tissue depots, and thus a higher probability of BAT, was
associated with less obesity and metabolic dysfunction, for example: 1SD lower BMI
2
(3.6 kg/m ), 1SD lower waist circumference (11.7 cm) and 1SD lower intraabdominal fat (2.0 cm) were associated with a 0.8% (95%CI -0.2; 1.7), 1.1% (95%CI
0.1; 2.0) and 0.7% (95%CI -0.3; 1.7) higher FF difference between supraclavicular
adipose tissue and subcutaneous WAT (Table 2). Absence of metabolic syndrome and
a lower number of metabolic syndrome criteria were associated with a 2.1% (95%CI
0.1; 4.1) and 0.8% (95%CI -0.1; 1.6) higher FF difference indicating higher probability
of BAT. This association seemed primarily mediated via triglyceride and HDL-c:
1SD lower triglycerides (1.0 mmol/L) and 1SD lower fasting glucose (0.9 mmol/L)
were associated with a 1.1% (95%CI 0.1; 2.0) and 0.9% (95%CI -0.04; 1.9) higher
FF difference, whereas one SD higher HDL-c (0.3 mmol/L) was associated with a
-1.4% (95%CI -2.3; -0.5) lower FF difference. A higher probability of BAT presence
128
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was observed in patients with absence of type 2 diabetes which was associated with
a higher FF difference of 4.1% (95%CI 1.0; 7.1). Finally, male sex and 1SD younger
age (7.6 years) were associated with a lower FF difference of -2.6% (95%CI -4.8;0.3) and -1.1% (95%CI -2.1; -0.1) indicating less BAT. All associations with FF
values in supraclavicular subcutaneous adipose tissue separately are summarized in
Supplemental Table 1.
Figure 2. Body-mass index and number of metabolic syndrome criteria in relation to supraclavicular
and subcutaneous fat fraction in patients with manifest cardiovascular disease (n=50).

7
Metabolic syndrome criteria were drafted according to the NCEP-R definition of metabolic syndrome.
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Table 2. Association between cardiovascular disease risk factors and the fat fraction difference between
supraclavicular and subcutaneous adipose tissue (n=50).
Fat Fraction difference, ß (95% CI)
SD

Model 1
Crude

Model 2
+ age and sex

7.6

-1.1 (-2.1; -0.1)

-1.0 (-1.0; -0.04)

-2.6 (-4.8; -0.3)

-2.3 (-4.5; -0.1)
0.3 (-0.7; 1.3)

CVD risk factors*
Non-modifiable factors
Age
Male sex
Measures of obesity
Body-mass index (kg/m2)

3.6

0.8 (-0.2; 1.7)

Waist circumference (cm)

11.7

1.1 (0.1; 2.0)

0.6 (-0.5; 1.7)

Intra-abdominal fat (cm)

2.0

0.7 (-0.3; 1.7)

0.5 (-0.5; 1.5)

Metabolic syndrome (no)

2.1 (0.1; 4.1)

1.2 (-0.8; 3.3)

Metabolic syndrome (per criterion decrease)

0.8 (-0.1; 1.6)

0.5 (-0.4; 1.3)

Measures of metabolic dysfunction

Systolic blood pressure (mmHg)

16

0.4 (-0.6; 1.4)

0.7 (-0.3; 1.6)

Diastolic blood pressure (mmHg)

8

-0.02 (-1.0; 1.0)

-0.3 (-1.4; 0.7)

Triglycerides (mmol/L)

1.0

1.1 (0.1; 2.0)

1.0 (0.1; 1.9)

HDL-c (mmol/L)

0.3

-1.4 (-2.3; -0.5)

-1.0 (-2.1; 0.1)

Fasting glucose (mmol/L)

0.9

0.9 (-0.04; 1.9)

0.7 (-0.3; 1.6)

Type 2 diabetes diagnosis (no)

4.1 (1.0; 7.1)

3.8 (1.0; 6.7)

Hypercholesterolemia (no)

0.8 (-1.2; 2.9)

0.7 (-1.2; 2.7)

0.7 (-0.4; 1.7)

0.7 (-0.2; 1.7)

Other

LDL-c (mmol/L)

0.8

*
Per standard deviation (SD) decrease for continuous risk factors and per number decrease
or risk factor absence for categorical risk factors. Metabolic syndrome (presence of
≥3 NCEP-R metabolic syndrome criteria); HDL, High-density Lipoprotein; LDL, Low-density
Lipoprotein.
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DISCUSSION
Supraclavicular adipose tissue displays a lower MRI-FF than subcutaneous WAT in
patients with manifest cardiovascular disease, indicating that BAT may still be present
in patients at later age. Interestingly, a higher FF difference between supraclavicular
adipose tissue and subcutaneous WAT, and thus a higher probability of BAT presence,
was associated with lower waist circumference and with less metabolic dysfunction
such as lower triglycerides, higher HDL-c and absence of type 2 diabetes. These
observations indicate that supraclavicular adipose tissue still has BAT characteristics
in adult patients with clinical manifest cardiovascular disease and that quantity of
BAT is associated with general measures of obesity and metabolic dysfunction.
The observed FF difference between supraclavicular and subcutaneous adipose tissue
is in accordance with previous studies using water-fat MRI to determine presence
of BAT. In addition these findings add to the concept that fat tissue characteristic
of BAT, as measured with difference in MRI-FF between supraclavicular and
subcutaneous adipose tissue, decreases with ageing: 30.2% versus 67.7% in
24
15
15
neonates , 38.2% versus 77.9% in infants , 72.5% versus 86.2% in children ,
35
65.2% versus 81.5% in young adults , 82.6% versus 91.9% in the present study
36
population of middle-aged patients and 90.0% versus 93.0% in elderly. In infants
15
and in children a relation between FF values and higher BMI and age was observed.
Based on the results of the present study it could be speculated that presence of
BAT may contribute to cardiometabolic health via combustion of triglycerides and
glucose derived free fatty acids and thereby protect against development of adipose
tissue dysfunction, obesity and insulin resistance. Indeed, a higher probability of BAT
as measured by a higher FF difference between supraclavicular and subcutaneous
adipose tissue was associated with absence of type 2 diabetes in the present study.
Multiple PET-CT studies support this observation and report less uptake of 18F37,38
In
FDG active BAT in type 2 diabetic patients compared with healthy controls.
addition, this lower uptake of 18F-FDG tracer in type 2 diabetic patients corresponds
to a lower attenuation of adipose tissue on co-registered CT imaging which in turn
38
indicates an increased lipid storage within adipose tissue. Both imaging modalities
(PET and CT) therefore confirm the current MRI findings indicating lower prevalence
of BAT with a corresponding lower FF difference between supraclavicular and
subcutaneous adipose tissue (4.1%, 95%CI 1.0; 7.1) in patients with type 2 diabetes.
Notably, compared to the association between FF difference and fasting glucose,
a stronger association was observed for the relation between FF difference and
plasma triglycerides. BAT predominantly uses triglycerides derived free fatty acids
as substrate and only 10% of its metabolism is derived from glucose. It is thought
that this lipolytic processing of triglyceride-rich lipoproteins by functional BAT may
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also accelerate formation of pro-atherogenic cholesterol-rich remnants. However, as
shown by a mice model designed form human-like lipoprotein metabolism, is activated
BAT capable to prevent formation of atherosclerosis under the condition of an intact
39
hepatic apoE-LDL clearance pathway. Findings of the current study, reporting no
association between BAT presence and LDL-c argue against a hazardous effect of
BAT. Finally, age and gender related differences in adipose tissue characteristics
were observed. In accordance with PET-CT studies a greater probability of BAT
was observed in females which could be explained by a higher cold sensitivity
in women compared to men and thereby a greater likelihood to stimulate BAT at
40,41
The observation that within the current study population
equal temperature.
1SD younger age was associated with less BAT characteristics in supraclavicular
adipose tissue is discordant with the observation that between different studies the
FF difference decreases with ageing. As the older patients included in the present
study were less overweight and had a lower prevalence of metabolic abnormalities,
it may be presumed that BAT regresses with ageing but that its presence may persist
in some, relative healthy, elderly patients.
Results of the present study implicate that BAT may still be present later in life
in patients with manifest cardiovascular disease. Using 18F-FDG PET-CT, the
currently most used method to determine BAT presence, these findings may not have
been evinced as absence of 18F-FDG uptake does not necessarily means that BAT
is absent. In a study in children both modalities were combined in a hybrid PETMRI study and revealed that supraclavicular FF values are lower in PET positive
compared to PET negative patients but intra-individual changes in 18F-FDG uptake
are far more fluctuating (median change of 91% , range 10-5,621%) compared to
36
FF values in supraclavicular adipose tissue (median change of 5%, range 0-39%).
A relative short cold stimulation of two hours doubles BAT activity and increases
PET sensitivity, but the observation that individuals can move between BAT positive
and BAT negative under ambient conditions infers that regulatory factors other
40
than cold stimulation influence BAT activity. Moreover, 18F-FDG uptake only
displays activation of BAT as proliferation of BAT is unlikely to have occurred after
such short cold stimulus. Therefore, water-fat MRI is more capable to detect BAT
presence, longitudinal monitor proliferation of BAT mass and ascertain the many
environmental and physiological stimuli which have been attributed to be BAT
activators in interventional research.
Strength of the present study includes that the associations between adipose tissue FF
measurements and measures of obesity and metabolic dysfunction were evaluated in
a well phenotyped and relevant population of patients with manifest cardiovascular
disease. Study limitations need to be considered and include the cross-sectional
and observational design, which limits conclusions about causality. For example,
132
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absence of BAT may contribute to obesity, but it could also be speculated that obese
patients are better isolated against cold and thus less stimulated to proliferate BAT.
Second, whereas ROIs were substantial in size and carefully segmented according to
a reproducible method, the influence of partial volume effects cannot be completely
32
excluded which is inherent to MRI but also to imaging modalities as PET-CT.
Third, histology was not obtained because of ethical and practical reasons but
percutaneous needle biopsy techniques to sample supraclavicular adipose tissue
are currently under development and would greatly benefit human BAT research
42
to determine FF cutoff values for BAT presence. Fourth, with water-fat MRI no
firm conclusions can be drawn on functionality of BAT. Simultaneously PET/MR
imaging might provide supplemental information to study both the composition
and activation status of BAT. In addition, functional MRI techniques such as blood
oxygen level dependent MRI and specific tracers that measure turnover of fatty acids
35,38
are currently being investigated.
In conclusion, supraclavicular adipose tissue still has BAT characteristics in adult
patients with clinical manifest cardiovascular disease and BAT presence is associated
with less obesity and with a more favorable metabolic profile.
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Supplemental Table 1. Relation between cardiovascular disease risk factors and supraclavicular and
subcutaneous fat fraction (N=50).
Supraclavicular fat fraction,
ß (95% CI)
SD

Model 1
Crude

7.6

Subcutaneous fat fraction,
ß (95% CI)

Model 2
+ age and sex

SD

Model 1
Crude

Model 2
+ age and sex

-0.6 (-1.9; 0.6)

-0.6 (-1.9; 0.6)

7.6

0.5 (-0.7; 1.6)

0.3 (-0.8; 1.5)

-0.9 (-3.9; 2.1)

-0.7 (-3.7; 2.3)

1.7 (-1.0; 4.4)

1.6 (-1.1; 4.3)

CVD risk factors*
Non-modifiable risk factors
Age
Female sex
Measures of obesity
2
Body-mass index (kg/m )

3.6

2.4 (1.3; 3.4)

2.4 (1.3; 3.6)

3.6

1.6 (0.6; 2.7)

2.2 (1.1; 3.2)

Waist circumference (cm)

11.7 2.4 (1.4; 3.5)

3.3 (2.1; 4.6)

11.7 1.3 (0.3; 2.4)

2.7 (1.6; 3.9)

Intra-abdominal fat (cm)

2.0

2.3 (1.3; 3.4)

2.7 (1.6; 3.8)

2.0

1.6 (0.6; 2.7)

2.2 (1.2; 3.3)

3.8 (1.5; 6.2)

3.8 (1.2; 6.4)

1.7 (-0.6; 4.1)

2.6 (0.1; 5.0)

Metabolic derangement
Metabolic syndrome (yes)

1.7 (0.8; 2.7)

1.8 (0.8; 2.9)

0.9 (-0.02; 1.9)

1.4 (0.4; 2.4)

Systolic blood pressure (mmHg)

16

1.1 (-0.1; 2.3)

1.4 (0.1; 2.6)

16

0.7 (-0.4; 1.8)

0.7 (-0.5; 1.9)

Diastolic blood pressure (mmHg)

8

0.6 (-0.8; 2.0)

0.5 (-1.0; 2.0)

8

0.6 (-0.7; 1.9)

0.8 (-0.6; 2.2)

Triglycerides (mmol/L)

1.0

1.6 (0.4; 2.7)

1.7 (0.5; 2.9)

1.0

0.5 (-0.6; 1.6)

0.7 (-0.5; 1.8)

HDL-c (mmol/L)

0.3

-1.7 (-2.8; 0.5) -2.0 (-3.4; -0.6) 0.3

-0.2 (-1.4; 0.9)

-1.0 (-2.4; 0.4)

Fasting glucose (mmol/L)

0.9

1.1 (-0.1; 2.3)

1.0 (-0.3; 2.3)

0.2 (-1.0; 1.3)

0.3 (-0.8; 1.5)

Type 2 diabetes diagnosis (yes)

2.0 (-2.1; 6.1)

1.8 (-2.3; 6.0)

-2.1 (-5.8; 1.6)

-2.0 (-5.8; 1.8)

Hypercholesterolemia (yes)

-0.7 (-3.2; 1.8)

-0.9 (-3.5; 1.7)

-1.5 (-3.8; 0.8)

-1.6 (-4.0; 0.7)

0.4 (-0.9; 1.7)

0.4 (-0.9; 1.7)

-0.2 (-1.4; 0.9)

-0.4 (-1.6; 0.8)

Metabolic syndrome (per number increase)

0.9

Other

LDL-c (mmol/L)

0.8

0.8

Per standard deviation (SD) increase for continuous risk factors and per number increase or risk
factor presence for categorical risk factors. Metabolic syndrome (presence of ≥3 NCEP-R metabolic
syndrome criteria); HDL, High-density Lipoprotein; LDL, Low-density Lipoprotein.
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Adipose tissue can be subdivided in white adipose tissue (WAT) and brown adipose
tissue (BAT). WAT is responsible for energy preservation via storage of glucose
and triglycerides derived free fatty acids. BAT is predominantly located within the
supraclavicular adipose tissue depot interspersed within WAT cells. BAT metabolizes
glucose and triglycerides and is considered to dissipate energy via non-shivering
1,2
thermogenesis to maintain body temperature during periods of cold. About 80%
of WAT is located subcutaneously and the remainder around the organs in the form
of visceral fat. During periods of chronic positive energy balance nutrients are
preferably stored within subcutaneous WAT (Figure 1).
However, adipocytes have limited expandability for safe storage of glucose and
triglycerides derived free fatty acids. Hypertrophic adipocytes instigate hypoxia and
3
macrophage infiltration in adipose tissues and lipotoxicity in non-adipose tissues.
Subsequently, a chronic low-grade inflammatory state is induced which disables
effective extracellular matrix remodeling, instigates excess collagen deposition in
adipose tissue and creates a downward spiral for adipocyte expandability. Once the
subcutaneous adipose tissue depot is no longer able to expand safely, quantity and
function of visceral adipose tissue depots are increasingly affected of which for
example intra-abdominal adipose tissue is closely related to development of insulin
4
resistance and atherosclerosis.

Risk of cardiovascular disease: adipose tissue quantity versus adipose
tissue (dys)function.
Several systemic metabolic consequences of adipose tissue dysfunction are
captured by the definition of metabolic syndrome. However, a considerable variety
in metabolic phenotypes of obesity exists. For example, in patients at high risk
for cardiovascular events, metabolic dysfunction is present in 33% of normal
weight patients but absent in 26% of obese patients. Some studies even refer to
‘healthy obese’ when considering patients who are overweight without metabolic
dysfunction. However, when these ‘healthy obese’ patients are followed-up in time,
overweight and obesity increase the risk for developing adipose tissue dysfunction
and type 2 diabetes compared with normal-weight patients. Quantity of adipose
tissue can therefore be considered as instigator and important risk factor for adipose
tissue dysfunction and subsequent development of metabolic abnormalities and
cardiovascular disease. Conversely, the observation that metabolic dysfunction is
present in approximately one-third of normal- weight patients indicates that adipose
tissue functionality is not solely a consequence of increased adipose tissue quantity.
Once metabolic dysfunction is present the risk of developing type 2 diabetes is
strongly increased in all BMI categories. This high risk related to adipose tissue
dysfunction, especially in normal-weight patients, may easily go unnoticed and
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indicates that it is insufficient to only assess an individual’s BMI as metabolic
status largely determines the risk of developing diabetes and cardiovascular disease.
Moreover, when the effect of obesity and adipose tissue dysfunction are evaluated in
a population of patients with established type 2 diabetes and an accordingly higher
risk for cardiovascular events, evaluation of metabolic status becomes increasingly
important to estimate cardiovascular risk. In these high risk patients, body-mass
index, waist circumference and intra- abdominal fat alone do not add, or add only
little to cardiovascular risk anymore. However, when the metabolic consequences
of adipose tissue dysfunction are taken into account, highest cardiovascular risk is
observed for patients who already experience adipose tissue dysfunction at a low
level of intra- abdominal fat volume. It could be argued that intra-abdominal fat
of obese patients with type 2 diabetes more adequately and safely stores nutrients
compared to intra-abdominal fat of relative thin type 2 diabetic patients who have
established their disease at lower BMI. Patients with type 2 diabetes and higher
levels of intra-abdominal fat may be more capable to safely expand their adipocytes
and thereby delay the chronic low-grade inflammatory state related to adipose tissue
dysfunction and postpone the development of atherosclerosis and insulin resistance.
Therefore, quantity of adipose tissue is an important risk factor for development of
adipose tissue dysfunction but functionality of adipose tissue not solely relies on its
quantity. Presence of adipose tissue dysfunction increases cardiovascular risk and
with increasing severity of cardiovascular burden the metabolic consequences of
adipose tissue dysfunction become more important than strict measures of adipose
tissue quantity to estimate cardiovascular risk. These findings underline the urge for
timely detection of (dys)functional adipose tissue.

Can adipose tissue composition be determined with imaging?
Functionality of adipose tissue is accompanied by local structural changes in
adipose tissue composition that precede the systemic metabolic consequences of
adipose tissue dysfunction (Figure 1). For example, adipose tissue dysfunction is
associated with adipocyte hypertrophy and, once the adipocyte extracellular matrix
can no longer be efficiently remodeled, inflammation, formation of fibrosis and
impairment of tissue vascularization. In addition, brown adipose tissue differs in
morphology as it consists out of smaller multi-locular adipocytes that contain more
intracellular water in contrast to white adipose tissue. In this thesis we propose
that a variety of imaging techniques are able to ascertain intrinsic differences in
adipose tissue composition and thereby provide information on adipose tissue
functionality and cardiovascular risk in addition to the quantity of adipose tissue.
First, Computed Tomography (CT) characterizes tissues by an attenuation factor
in Hounsfield Units (HU) with adipose tissue typically in the range between -190
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and -30 HU. Based on small experimental studies it is hypothesized that differences
in adipose tissue attenuation are associated with differences in adipose tissue
composition. Adipose tissue with higher attenuation, corresponding to higher HU
values, indicates better adipose tissue vascularity, lower lipid content and a higher
5,6
concentration of mitochondria. Adipose tissue with lower HU is associated with
adipocyte hypertrophy and lipid dense adipose tissue reflecting an unfavorable
6,7
metabolic state related to systemic low-grade inflammation. A particular form of
visceral adipose tissue whose enlargement is associated with cardiovascular risk is
epicardial adipose tissue. In this thesis we show that an adverse cardiovascular risk
factor profile, which increases the risk on developing adipose tissue dysfunction, is
independent of epicardial adipose tissue volume associated with structural changes in
epicardial adipose tissue composition as measured by lower attenuation of epicardial
adipose tissue. Interestingly, multiple early systemic markers of adipose tissue
dysfunction such as HOMA-IR, triglycerides and fasting glucose were, probably
due to their strong association with adipocyte hypertrophy that on CT imaging is
characterized by lower HU values, associated with attenuation of epicardial adipose
8
tissue. Second, Magnetic Resonance Imaging (MRI) may also be able to evaluate
differences in adipose tissue composition. Water-fat MRI measures a Fat signal
Fraction value (FF) in adipose tissue, representative for the amount of triglycerides,
intracellular water content and capillary density. In this thesis we show that waterfat MRI reproducibly measures FF values and that an adverse cardiovascular risk
factor profile, which increases the risk on developing adipose tissue dysfunction,
is associated with higher MRI-FF measurements and an increased lipid content of
supraclavicular and subcutaneous adipose tissue. In addition, MRI may be a good
method to determine presence of BAT that is considered to decelerate development
of adipose tissue dysfunction. Since the fat content of BAT is lower compared with
lipid-rich WAT, a smaller FF difference between supraclavicular adipose tissue, a
mixture of BAT and WAT, and subcutaneous WAT may indicate that the composition
9of supraclavicular adipose tissue increasingly resembles that of subcutaneous WAT.
18
Third, when we compare findings of this thesis with literature we can observe that
three different modalities (MRI, CT and Positron Emission Tomography or PET)
process similar results, which indicates that consistent differences in adipose tissue
composition and/or function can be measured with imaging of adipose tissue. For
example, in this thesis a lower prevalence of MRI measured BAT was observed in
patients with type 2 diabetes. When we compare this observation against findings
of a distinct imaging modality such as PET, multiple studies report lower 18F-FDG
uptake in supraclavicular adipose tissue of patients with type 2 diabetes compared
19,20
Interestingly, this lower 18F-FDG uptake corresponds to
with healthy controls.
lower adipose tissue attenuation on co-registered CT imaging which in turn indicates
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20

increased lipid storage within adipose tissue. Both imaging modalities (PET and
CT) therefore confirm the current MRI findings indicating lower prevalence of BAT
with a corresponding lower FF difference between supraclavicular and subcutaneous
adipose tissue (4.1%, 95%CI 1.0; 7.1) in patients with type 2 diabetes. Finally, CT
or MRI measured (dys)functionality of adipose tissue associates with cardiovascular
risk in three distinct adipose tissue depots including epicardial, supraclavicular and
subcutaneous adipose tissue. This observation supports the idea that differences in
adipose tissue composition exert relevant systemic metabolic consequences. These
findings indicate that CT and MRI are able to measure adipose tissue composition
and provide information on adipose tissue (dys)function associated cardiovascular
risk independent of adipose tissue quantity.

Applications of imaging adipose tissue composition
Imaging of adipose tissue composition may find multiple applications. First, imaging
may prove valuable to advance our etiological understanding of how obesity
contributes to systemic metabolic derangements and subsequent development of
cardiovascular disease. In addition, dysfunctional adipose tissue is likely to exert
local and direct effects on surrounding tissues that may be quantified with imaging.
Epicardial adipose tissue, which is in direct contact with the heart and coronary
arteries without interception of a fascial layer, is an interesting depot to study the
paracrine effects of adipose tissue. In this thesis we show that low CT attenuation
of epicardial adipose tissue, as a measure of epicardial adipose tissue dysfunction,
associates with higher amounts of coronary artery calcium in men at high risk or
with manifest cardiovascular disease, independent of epicardial adipose tissue
volume and BMI. Presumably, the direct contact between epicardial adipose tissue
and coronary arteries may enable an outside-to-inside contribution of dysfunctional
adipose tissue that accelerates coronary artery plaque formation and calcification via
21
spillover of macrophage released matrix vesicles and free fatty acids. Second, with
imaging techniques effects of interventions such as weight loss, physical activity
or pharmacotherapy on adipose tissue composition may be evaluated. For example,
intensive versus moderate statin therapy decreases epicardial depot volume.
However, this effect does not seems related to low-density lipoprotein lowering
but may be secondary to statin related anti-inflammatory effects which with CT
measured epicardial adipose tissue density as a measure of adipose tissue function
22
may be evaluated in larger sample sizes compared to experimental research. Third,
imaging of adipose tissue may contribute to research on BAT. In this thesis we show
that in patients with manifest cardiovascular disease supraclavicular adipose tissue,
presumably a mixture of BAT and WAT, displays a lower MRI-FF compared with
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subcutaneous WAT, indicating that BAT may still be present in patients at later age.
Interestingly, a higher FF difference between supraclavicular adipose tissue and
subcutaneous WAT, and thus a higher probability of BAT presence, was associated
with less obesity and a favorable metabolic profile such as lower triglycerides, higher
HDL-c and absence of type 2 diabetes. It could therefore be speculated that presence
of BAT contributes to cardiometabolic health and protects against development of
adipose tissue dysfunction, obesity and insulin resistance.

Limitations and challenges in imaging of adipose tissue composition
All imaging studies included in this thesis were cross-sectional and observational in
design, which limits conclusions about causality. Whereas these innovative findings
unravel the etiologic consequences of adipose tissue (dys)function, its incremental
value in risk prediction over traditional risk factors has yet to be proven. In literature
only few longitudinal studies on the relation between adipose tissue attenuation
and cardiovascular endpoints are performed. In the Framingham Heart Study 1SD
higher attenuation of intra-abdominal adipose tissue was related to a lower risk for
incident cardiovascular disease (HR 0.78; 95%CI 0.64-0.98) after a follow up of 7
5
years. Instead, per SD HU increase, risk for all- cause mortality was higher (HR
1.99; 95%CI 1.47-2.69) which was driven by higher risk for cancer and non-CVD
5,6
related mortality. It is argued that cytokine release and local chronic low-grade
inflammation induced by dysfunctional adipose tissue may induce a shared pathway
that promotes both tumor growth and excess collagen deposition within adipose tissue
5,23
For
of which the latter on CT imaging is characterized by less negative HU values.
example, higher HU values in subcutaneous adipose tissue increase the propensity to
store fat viscerally, most likely due to inflammation, defective extracellular matrix
24,25
In
remodeling and development of fibrosis which limits adipocyte expandability.
this thesis we show that lower attenuation of epicardial adipose tissue associates with
an adverse cardiovascular risk factor profile and presence of CAC. However, higher
attenuation of epicardial adipose tissue was observed in patients with a history of
CABG surgery. We presume that this relates to the fact that epicardial adipose tissue
of CABG patients expresses a more inflammatory and pro-fibrotic profile compared to
26,27
The strength of the
epicardial adipose tissue obtained during valve replacement.
relation between epicardial adipose tissue attenuation and cardiovascular risk factors
may thus depend on the severity of chronic inflammation and fibrosis formation and
the stage of cardiovascular disease development. Alternatively, it cannot be excluded
that the surgical intervention itself may have altered adipose tissue attenuation in
CABG patients. Therefore, longitudinal and experimental studies are needed to
further elucidate the pathophysiological mechanisms underlying adipose tissue
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attenuation and to ascertain how composition or attenuation of adipose tissue depots
contributes to the development of cardiovascular disease. With growing international
interest for screening of CAC as a marker of cardiovascular risk, longitudinal studies
on epicardial adipose tissue attenuation may be designed and executed easily. If the
association between adipose tissue attenuation and cardiovascular risk ultimately
weakens due to excess collagen deposition, as characterized by higher HU values,
the interpretation of this measure may become complicated in patients with high
cardiovascular burden.
This problem may be overcome by using other imaging modalities such as adipose
tissue MRI. Whereas MRI has a lower spatial resolution and a longer acquisition
time it may be less influenced by excess collagen deposition and accurately assess
morphology of adipose tissue based on water and fat content. However, comparable
to CT density as imaging modality, longitudinal and experimental studies are
recommended to further elucidate adipose tissue composition underlying adipose
tissue Fat Fraction and to ascertain its relation with cardiovascular risk. For example,
a great challenge in BAT research would be to acquire human histology samples
to determine FF cutoff values for BAT quantification and subsequently set up
longitudinal studies to ascertain the many environmental and physiological stimuli
such as physical activity and capsaicin, which have been attributed to be activators
of BAT proliferation. In addition to these morphology based characterizations of
adipose tissue, imaging of adipose tissue (dys)function may benefit from modalities
that estimate metabolism of adipose tissue. PET studies measure tracer turnover in
adipose tissue, but mostly rely on 18F-FDG uptake whereas triglyceride metabolism
may gain more knowledge of adipose tissue physiology. For example, in BAT
research, absence of 18F-FDG uptake does not necessarily means that BAT is absent
as only 10% of BAT metabolism is estimated to be derived from glucose uptake.
Consequently, findings of BAT characteristics in supraclavicular adipose tissue of
adult patients with clinical manifest cardiovascular disease as observed in this thesis
may not have been evinced. Specific PET tracers that measure turnover of fatty
acids are currently under development and may greatly benefit research on adipose
20,28
Finally, because each imaging modality has its strengths
tissue metabolism.
and limitations combining different modalities may cancel out disadvantages. To
study both morphology and functionality of (brown) adipose tissue hybrid imaging
modalities such as PET-MRI may hold great promise.
In conclusion, in this thesis it was shown that (brown) adipose tissue associated
metabolic dysfunction increases the risk on development of cardiovascular disease
in high risk patients. With increasing severity of cardiovascular burden the metabolic
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consequences of adipose tissue dysfunction become even more important than
strict measures of adipose tissue quantity to estimate cardiovascular risk. These
findings underline the urge for timely detection of dysfunctional adipose tissue.
Various imaging techniques such as CT and MRI are able to assess differences
in adipose tissue composition that associate with local and systemic metabolic
consequences of adipose tissue dysfunction. Findings of this thesis may help to
advance our understanding of adipose tissue associated metabolic (dys)function in
the development and risk assessment of cardiovascular disease. Longitudinal and
experimental studies are recommended to further elucidate mechanisms underlying
imaging of adipose tissue composition and to assess whether imaging of adipose
tissue composition is able to predict cardiovascular disease risk.

Highlights of this thesis
•

•

•

•

•

•

146

To estimate the risk of developing type 2 diabetes it is insufficient to assess an
individual’s BMI as this risk is largely influenced by the systemic consequences
of adipose tissue dysfunction as clustered within the definition of metabolic
syndrome.
In patients with type 2 diabetes, the metabolic consequences of adipose tissue
dysfunction are even more important than strict measures of adiposity when
estimating risk of cardiovascular events and mortality.
CT attenuation of epicardial adipose tissue provides information on cardiovascular
risk in addition to epicardial adipose tissue volume and may serve as a measure of
epicardial adipose tissue dysfunction.
CT attenuation of epicardial adipose tissue is associated with higher scores of
CAC in men and may provide insight in the functional role of epicardial adipose
tissue in atherosclerosis development.
Supraclavicular adipose tissue still has brown adipose tissue characteristics in
adult patients with clinical manifest cardiovascular disease and brown adipose
tissue quantity is associated with less obesity and with a more favorable metabolic
profile.
Water-fat MRI reproducibly measures adipose tissue fat fraction in patients with
manifest cardiovascular disease, which enables research on determinants and
longitudinal monitoring of brown adipose tissue.
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Figure 1. Adipose tissue associated metabolic dysfunction in the pathogenesis of cardiovascular
disease.

8
*ECM, Extracellular Matrix.
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CHAPTER 9

SUMMARY
Obesity increases the risk of type 2 diabetes, cardiovascular disease and cancer. In
2010 obesity was estimated to be responsible for 3.4 million deaths, 3.9% of years
life lost and 3.8% of disability adjusted life years globally. Since 1997 obesity has
been formally recognized as a global epidemic by the World Health Organization.
Adipose tissue is a heterogenous and powerful endocrine organ with plasticity
in its composition depending on its functionality and lineage. Body-mass index
(BMI) is the most easy to use and widely accepted method to quantify overweight.
However, a considerable variety in phenotypes of obesity exists with ditto variety
in cardiovascular risk. Besides measuring adipose tissue quantity, which fits the
paradigm of obesity functioning as a passive storage depot, it may be more helpful to
determine how adipose tissue is distributed among the body and how it functionally
contributes to cardiovascular risk. Therefore, aim of this thesis was to gain insight in
(brown) adipose tissue associated metabolic dysfunction and cardiovascular disease
risk in patients at high risk for or with manifest cardiovascular disease.
In chapter 2, we quantified the risk of BMI, in the presence and absence of the
metabolic syndrome, on the development of type 2 diabetes in 6,997 patients at high
risk for cardiovascular events or with manifest cardiovascular disease. We observed
that 26% of the obese patients did not suffer from metabolic abnormalities, whereas
metabolic dysfunction was present in 33% of normal weight patients. After a
median follow-up of 6.0 years (interquartile range (IQR) 3.1–9.1 years) 519 patients
developed type 2 diabetes. Even in the absence of metabolic dysfunction, adiposity
increased the risk of type 2 diabetes compared with normal weight patients (HR 2.5,
95%CI 1.5–4.2 for overweight and HR 4.3, 95%CI 2.2–8.6 for obese patients). In the
presence of metabolic dysfunction, an increased risk of type 2 diabetes was observed
in patients with normal weight (HR 4.7, 95%CI 2.8–7.8), overweight (HR 8.5, 95%
CI 5.5–13.4), and obesity (HR 16.3, 95% CI 10.4–25.6) compared with normal
weight patients without metabolic dysfunction. We conclude that adiposity, even in
the absence of metabolic dysfunction, is a risk factor for type 2 diabetes. Moreover,
presence of metabolic dysfunction increases the risk of type 2 diabetes in all BMI
categories which supports assessment of both adiposity and metabolic dysfunction in
patients with vascular disease or at high risk for cardiovascular events.
Given the central role of obesity and insulin resistance in the pathogenesis of both
type 2 diabetes and atherosclerosis, it is likely to assume an increased cardiovascular
risk in obese patients with established type 2 diabetes. Consequently, in chapter 3,
we quantified the risk of obesity and its associated metabolic dysfunction on the
development of cardiovascular events and mortality in patients with type 2 diabetes.
In total, 217 patients died from cardiovascular causes and 338 patients developed
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the composite endpoint of cardiovascular events during a median follow-up of
7.0 years (IQR 3.9 to 10.5 years). No increased risk for cardiovascular events and
mortality was observed per SD higher BMI, waist circumference and intra-abdominal
adipose tissue (HR varying from 1.00, 95%CI 0.88-1.14 to 1.13, 95%CI 0.96-1.33).
Compared to the first tertile of intra-abdominal adipose tissue without metabolic
dysfunction, presence of metabolic dysfunction increased risk of cardiovascular
events in all tertiles of intra-abdominal adipose tissue with the highest risk observed
for metabolic dysfunction in the first tertile of intra-abdominal adipose tissue (HR
2.47, 95%CI 1.32-4.62). We conclude that body-mass index, waist circumference
and intra-abdominal adipose tissue are not related to the risk of cardiovascular events
and mortality in patients with type 2 diabetes. Instead, in these patients the metabolic
consequences of adipose tissue dysfunction are more important than strict measures
of adiposity when estimating cardiovascular risk.
Functionality of adipose tissue is usually accompanied by local structural changes
in adipose tissue composition that precede the systemic metabolic consequences of
adipose tissue dysfunction and can be evaluated with various imaging techniques. In
Computed Tomography (CT) imaging studies, adipose tissue is characterized with a
radiodensity typically in the attenuation range between -190 and -30 Hounsfield Units
(HU). Based on experimental studies it is hypothesized that differences in adipose
tissue attenuation are associated with differences in adipose tissue composition. In
chapter 4 we conclude that an adverse cardiovascular risk factor profile is associated
with CT density of epicardial adipose tissue independent of epicardial adipose tissue
volume in 140 patients at high risk or with clinical manifest cardiovascular disease.
Cardiovascular risk factors most strongly associated with epicardial adipose tissue
density were sex, BMI and intra-abdominal adipose tissue with a lower adipose tissue
attenuation of 3.5 (95%CI 2.0-5.0) HU for female sex, 1.6 (95%CI 0.2-2.9) HU for
2
BMI>25 kg/m and 1.3 (95%CI 0.6-2.0) HU for 1SD higher intra-abdominal adipose
tissue quantity, adjusted for age, sex, CABG history and epicardial adipose tissue
volume. Interestingly, also multiple early markers of adipose tissue dysfunction
and insulin resistance such as HOMA-IR, fasting glucose and triglycerides were
associated with epicardial adipose tissue density. Therefore, CT density of epicardial
adipose tissue may provide information on cardiovascular risk that is not explained
by epicardial adipose tissue volume and serve as a measure of epicardial adipose
tissue quality in addition to epicardial adipose tissue volume.
In chapter 5 we evaluated if epicardial adipose tissue density, as a measure of
epicardial adipose tissue quality, is associated with presence, distribution and density
of coronary artery calcification (CAC) which is considered a marker of coronary
plaque burden. We observed that one SD lower attenuation (5 HU) was associated
with a 1.90 (95%CI 1.14-3.19) higher odds for men and a 1.07 (95%CI 0.41-2.75)
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higher odds for women of being in a higher class of CAC (0, 1-100, 101-400 and
>400), independent of age, CABG history, epicardial adipose tissue volume and
BMI. One SD lower attenuation was not associated with more diffuse distribution
of CAC, but increased the odds of being in a higher tertile of CAC density per
plaque (OR 1.77, 95%CI 1.18-2.66) which indicates that epicardial adipose tissue
may not be the instigator but merely an accelerant of coronary artery calcification.
We conclude that low epicardial adipose tissue CT attenuation is associated with
higher CAC scores in men at high risk for cardiovascular disease. Attenuation of
epicardial adipose tissue is not associated with a more diffuse distribution of CAC,
but is associated with a higher calcium density per plaque. These findings indicate
the potential role for epicardial adipose tissue density as a measure of adipose tissue
function in the development of coronary atherosclerosis.
Besides white adipose tissue (WAT) another type of adipose tissue, named brown
adipose tissue (BAT), may exist in humans. BAT is predominantly located within the
supraclavicular adipose tissue depot interspersed within WAT cells and is estimated
to weigh around 50 grams. Whereas WAT is responsible for energy preservation,
BAT is hypothesized to dissipate energy via non-shivering thermogenesis to maintain
body temperature during periods of cold. Since the fat content of BAT is higher
compared with lean muscle and lower compared with lipid-rich WAT magnetic
resonance imaging (MRI), which is able to measure a Fat signal Fraction value (FF)
in adipose tissues, may be a good method to quantify BAT. In chapter 6 we first
assessed the reproducibility of this method and reliability, defined as the ability of
a measurement to effectively distinguish low from high FF values, and agreement,
defined as the degree to which FF values of observers are identical, were estimated
in 25 patients with manifest cardiovascular disease. Supraclavicular FF reliability
(intraclass correlation coefficientagreement, ICCagreement) was 0.97 for test–retest,
0.95 for intra-observer and 0.56 for inter-observer measurements, which increased
to 0.88 when ICCconsistency was estimated. Supraclavicular FF agreement displayed
mean differences of 0.5% (limit of agreement (LoA) -1.7 to 2.6) for test–retest,
0.5% (LoA -2.9 to 2.0) for intra-observer and 5.6% (LoA 0.4 to 10.8) for interobserver measurements. We conclude that water– fat MRI is a reproducible method
to measure adipose tissue FF in patients with manifest cardiovascular disease. These
findings enable research on determinants of FF and enable longitudinal monitoring
of FF within adipose tissue depots.
A smaller FF difference between supraclavicular and subcutaneous adipose tissue
indicates that the composition of supraclavicular adipose tissue, a mixture of BAT and
WAT, increasingly resembles that of subcutaneous WAT. In chapter 7, we evaluated
whether supraclavicular adipose tissue displays a lower FF compared to subcutaneous
WAT and quantified how the FF difference between supraclavicular adipose tissue and
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subcutaneous WAT associates with measures of obesity and metabolic dysfunction in
50 patients with manifest cardiovascular disease. We observed that supraclavicular
adipose tissue displays a lower FF of 82.6% (IQR 78.8-84.3) compared to the FF
of 90.2% (IQR 87.3-91.9) measured in subcutaneous WAT (P<0.0001). A smaller
FF difference between supraclavicular adipose tissue and subcutaneous WAT was
associated with measures of obesity and metabolic dysfunction. For example,
1SD lower waist circumference (11.7cm), 1SD lower triglycerides (1.0 mmol/L)
and absence of metabolic syndrome and type 2 diabetes were associated with
1.1% (95%CI 0.1; 2.0), 2.1% (95%CI 0.1; 4.1), 1.1% (95%CI 0.1; 2.0) and 4.1%
(95%CI 0.1; 7.1) higher FF difference between supraclavicular adipose tissue and
subcutaneous WAT. These observations indicate that supraclavicular adipose tissue
still has BAT characteristics in adult patients with clinical manifest cardiovascular
disease and that BAT presence is associated with general measures of obesity and
with metabolic dysfunction.
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SAMENVATTING (VOOR NIET INGEWIJDEN)
Obesitas is een risicofactor voor het ontstaan van type 2 diabetes, hart- en
vaatziekten en kanker. In 2010 was obesitas verantwoordelijk voor 3.4 miljoen
overlijdens en 3.9% verloren levens jaren wereldwijd. Sinds 1997 is obesitas door de
Wereldgezondheidsorganisatie officieel erkend als epidemie. Waar van oudsher werd
gedacht dat vetweefsel slechts een passief depot was verantwoordelijk voor de opslag
van vetzuren wordt dit diverse weefsel tegenwoordig beschouwd als een orgaan met
sterke endocriene eigenschappen. Van een bepaald soort vet, genaamd bruin vet,
wordt zelfs gedacht dat het in staat is vetzuren te verbranden en zo overgewicht tegen
te gaan. Body-mass index (BMI) is de meest gebruikelijke en eenvoudige maat om
overgewicht te meten. Er bestaan echter veel verschillende typen van overgewicht,
zoals bijvoorbeeld de traditioneel bekende ‘appel’ en ‘peer’ figuren, welke elk een
verschillend risico op het ontstaan van hart- en vaatziekten met zich meedragen.
Daarnaast is de kwaliteit van het vetweefsel, oftewel de mate waarin het veilig en
adequaat vetzuren op kan slaan, van belang. Bij het schatten van het cardiovasculair
risico ten gevolge van overgewicht is het daarom belangrijk naast de kwantiteit van
het vetweefsel ook te kijken naar de kwaliteit van het vetweefsel en er rekening
mee te houden hoe het vetweefsel is verdeeld is over het lichaam. Algeheel doel van
dit proefschrift is dan ook om inzicht te verkrijgen in de rol van (bruin) vet bij het
ontstaan van metabole disfunctie en hart- en vaatziekten in patiënten met een hoog
cardiovasculair risico.
Wanneer mensen langdurig meer eten dan zij nodig hebben zullen vetcellen steeds
groter worden tot zij op een gegeven moment niet meer in omvang kunnen toenemen.
Hierdoor ontstaat er zuurstoftekort in het vetweefsel en gaan de vetcellen uiteindelijk
vetzuren lekken. Het vetweefsel wordt ‘disfunctioneel’ en trekt afweercellen
aan waardoor er ontsteking en verlittekening ontstaat in het vetweefsel. Lokaal
disfunctioneren van vetweefsel leidt uiteindelijk tot metabool disfunctioneren in het
gehele lichaam. Metabole gevolgen van disfunctioneel vetweefsel zijn onder andere
laaggradige systemische inflammatie, verhoogde bloeddruk, verstoring van de
vetstofwisseling en een verhoogde neiging tot bloedstolling en insuline resistentie.
Deze afwijkingen zijn grotendeels samengevat in de definitie van het ‘metabool
syndroom’. In hoofdstuk 2, hebben we gekeken wat het risico van BMI is op het
ontstaan van type 2 diabetes naarmate men in meer of mindere mate lijdt onder
de metabole gevolgen van disfunctioneel vetweefsel. We zagen dat 26% van de
mensen met overgewicht weinig tot geen metabole disfunctie hadden en dat 33%
van de mensen met een normaal gewicht wel metabole disfunctie hadden. Wanneer
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we deze mensen gemiddeld zes jaar volgden in de tijd zagen we dat overgewicht en
obesitas het risico op type 2 diabetes verhogen zelfs indien er geen sprake is van
metabole disfunctie. Het hebben van overgewicht verhoogde ook de kans op het
ontstaan van metabool disfunctioneren wat weer de kans op het krijgen van type 2
diabetes verhoogt. Ook bij mensen met een normaal BMI en metabole disfunctie,
welke mogelijk in de spreekkamer bij de dokter niet als hoog risico zouden zijn
ingeschat, is het risico sterk verhoogd. Om bij patiënten met een hoog risico op harten vaatziekten het risico op type 2 diabetes in te schatten is het daarom onvoldoende
alleen naar BMI te kijken. Dit risico wordt voor een groot deel beïnvloed door de
mate waarop iemand lijdt aan de metabole gevolgen van disfunctioneel vetweefsel.
Aangezien obesitas een belangrijke risicofactor is voor het ontstaan van type 2
diabetes èn een belangrijke risicofactor is voor het ontstaan van hart- en vaatziekten
is het aannemelijk dat mensen met obesitas èn type 2 diabetes ook een verhoogd
risico hebben op het ontstaan van hart- en vaatziekten. In hoofdstuk 3, hebben we bij
mensen met type 2 diabetes gekeken naar het risico van overgewicht op het ontstaan
van fatale en niet fatale vasculaire events zoals een hart- of herseninfarct. Nadat
we deze mensen gemiddeld 7 jaar volgden in de tijd zagen we dat een hoger BMI,
een grotere middelomtrek en een grotere hoeveelheid buikvet alleen niet tot een
hoger cardiovasculair risico leiden. Echter, wanneer we rekening hielden met de
metabole gevolgen van disfunctioneel vetweefsel zagen we dat indien men ‘last’
had van het vetweefsel het risico op het ontstaan van fatale en niet fatale vasculaire
events verhoogd was ongeacht de hoeveelheid buikvet. Het hoogste risico werd
zelfs gezien bij mensen die al de metabole gevolgen van disfunctioneel vetweefsel
ondervonden bij een kleine hoeveelheid buikvet. Mogelijk is het buikvet van mensen
met overgewicht en type 2 diabetes beter in staat uit te zetten dan het buikvet van
relatief dunne type 2 diabeten en daardoor beter in staat de nadelige gevolgen van
disfunctioneel vetweefsel langer uit te stellen. Bij mensen met type 2 diabetes is
het daarom belangrijker naar de metabole gevolgen van disfunctioneel vetweefsel
te kijken dan naar strikte maten van overgewicht om het risico op het ontstaan van
fatale en niet fatale vasculaire events in te schatten.
Disfunctionaliteit van vetweefsel gaat gepaard met veranderingen in de samenstelling
van het vetweefsel zoals bijvoorbeeld het ontstaan van vergrootte vetcellen en een
verslechtering van de vetweefsel doorbloeding. Er bestaat dus een wisselwerking tussen
de functionaliteit van vetweefsel enerzijds en de samenstelling van het vetweefsel
anderzijds. De samenstelling van het vetweefsel kan afgebeeld worden met onder
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andere Computed Tomography (CT) waarbij er vanuit een röntgenbuis straling door
een weefsel geschoten. Afhankelijk van de dichtheid van het weefsel waar de straling
doorheen moet wordt meer of minder straling door het lichaam tegen gehouden. De
mate waarin het weefsel de straling verzwakt wordt uitgedrukt in Hounsfield Units
(HU). Vetweefsel wordt gekarakteriseerd doordat het röntgenstraling tegenhoud met
waarden tussen de -190 en de -30 HU. Echter, binnen deze schaal kan het vetweefsel,
afhankelijk van zijn samenstelling, fluctueren in HU waarden bijvoorbeeld doordat
er meer vetzuren aanwezig zijn of doordat er verlittekening in het vetweefsel is
opgetreden. In hoofdstuk 4 van dit proefschrift hebben we aangetoond dat naarmate
mensen meer risicofactoren voor hart- en vaatziekten bezitten de HU waarde van het
vet rondom het hart verandert. Zo is bijvoorbeeld het hebben van overgewicht en het
hebben van meer buikvet geassocieerd met andere HU waarden in het vet rondom het
hart. Ook naarmate mensen meer kenmerken van disfunctioneel vetweefsel hebben,
zoals insuline resistentie en verhoogde vetzuren in het bloed, veranderen de HU
waarden van het vet rondom het hart. Daarom denken we dat de HU waarden van
vetweefsel kunnen dienen als een maat voor de samenstelling en de kwaliteit van het
vetweefsel.
In hoofdstuk 5, hebben we gekeken of de HU waarde van het vetweefsel rondom
het hart, als een maat voor de kwaliteit van het vetweefsel, geassocieerd is met
de aanwezigheid en de uitbreiding van de hoeveelheid slagaderverkalking in
de kransslagaderen van het hart. De kransslagaderen voorzien het hart van bloed
en naarmate we ouder worden ontstaat er steeds meer slagaderverkalking in de
kransslagaderen die daardoor steeds meer vernauwd kunnen raken. We zagen dat
als de HU waarden in het vet rondom het hart lager waren, er bij mannen meer
sprake was van meer slagaderverkalking. Bij vrouwen werd deze relatie niet gezien,
maar er zaten ook weinig vrouwen in de studie. De toename in slagaderverkalking
leek voornamelijk gerelateerd aan een hogere dichtheid van kalk en niet aan
een uitgebreidere distributie van kalk in de kransslagaderen van het hart. Deze
bevindingen duiden erop dat disfunctioneel vetweefsel rondom het hart, gemeten met
HU waarden, mogelijk niet bij draagt aan het ontstaan maar wel aan het versnellen
van slagaderverkalking in de kransslagaderen rondom het hart.
Naast wit vet word gedacht dat kinderen ongeveer 50 gram aan bruin vet bezitten,
maar dat dit verdwijnt naarmate men ouder wordt. Bruine vetcellen bevinden
zich voornamelijk tussen witte vetcellen in het supraclaviculaire vet depot tussen
de schouderbladen en sleutelbeenderen. Waar wit vet primair verantwoordelijk is
voor de opslag van vetzuren, wordt gedacht dat bruin vet juist energie verbruikt om
warmte te kunnen maken wanneer mensen het koud hebben. In de natuur hebben
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knaagdieren bijvoorbeeld veel bruin vet zodat zij warmte kunnen maken wanneer zij
in winterslaap gaan en zij weinig spieractiviteit hebben om zichzelf warm te houden.
Bruin vet bestaat uit kleinere vetcellen die meer water en ijzerrijke mitochondriën
bevatten en is beter doorbloed om warmte te kunnen verspreiden. De vetfractie
in bruin vet is dus lager in vergelijking met wit vet en hoger in vergelijking met
spierweefsel. Door deze verschillen in samenstelling is het mogelijk met Magnetic
Resonance Imaging bruin vet in beeld te brengen. Echter, om nieuwe beeldvormende
diagnostiek op waarde te schatten is het belangrijk de reproduceerbaarheid
van een methode te onderzoeken. Momenteel is PET-CT is de meest gangbare
methode om bruin vet activiteit te meten maar deze methode heeft een beperkte
reproduceerbaarheid en is gebaseerd op glucose verbruik terwijl bruin vet activiteit
juist voornamelijk afhankelijk is van de verbranding van vetzuren en maar voor 10%
van glucose. Hierdoor onderschat PET-CT ook mogelijk de aanwezigheid van bruin
vet. In hoofdstuk 6 hebben we de reproduceerbaarheid van MRI beoordeeld. Om
de reproduceerbaarheid te bepalen hebben we de ‘reliability’, oftewel het vermogen
van een beoordelaar om lage en hoge vetfracties te onderscheiden en de ‘agreement’,
oftewel het vermogen in hoeverre twee metingen exact dezelfde uitslagen geven, van
deze MRI techniek bepaald. Het blijkt dat MRI zowel in reliability als in agreemeent
een reproduceerbare methode is om de vetfractie in vetweefsel te meten. Hierdoor is
het mogelijk met deze methode onderzoek te doen naar bruin vet.
Aanwezigheid van bruin vet wordt voornamelijk beschreven in het supraclaviculaire
vetdepot. Subcutaan vet (oftewel vet dat net onder de huid zit) bestaat uit alleen witte
vetcellen. Een kleiner verschil in vetfractie tussen supraclaviculair vet en subcutaan
vet betekent dus dat de samenstelling van supraclaviculair vet (een mengeling van
wit en bruin vet) meer gelijkenis vertoont met de samenstelling van subcutaan wit
vet en dus een lagere kans op aanwezigheid van bruin vet. In hoofdstuk 7 blijkt dat
supraclaviculair vet van volwassenen met manifest vaatlijden nog steeds een lagere
vetfractie bevat dan subcutaan vet wat mogelijk duidt op aanwezigheid van bruin vet.
Daarnaast is een hogere kans op bruin vet, oftewel een groter vetfractie verschil,
geassocieerd met een kleinere buikomtrek, minder vetzuren in het bloed en
afwezigheid van metabool syndroom en type 2 diabetes. Deze resultaten indiceren
dat supraclaviculair vet van volwassenen met manifest vaatlijden nog steeds bruin
vet karakteristieken bevat en dat aanwezigheid van bruin vet geassocieerd is met
mate van obesitas en metabole ontregeling.
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waar we met zijn allen nog even één, twee of misschien drie biertjes gingen drinken in de
stad (oké nog eentje dan) om vervolgens nog wat te eten bij de griek of de clochard of een
dansje te doen in de stad. Ook op sportief gebied wisten wij wel te presteren. De Giro en
later de Grand Départ werden door Lotte Kaas, Guido, Jannick, Janine, mij en uiteraard
Corien met gemak verreden. Op dinsdag werd wekelijks door Joep, Ilse, Melvin, Manon,
Johanneke, Guido, mij èn Shahnam met hardlopen de basisconditie onderhouden. Ook
hielden wij wel van een reisje. Oerol, ISA (AMC versus UMC bowling) en het American
Heart congres in Dallas (drink some more wine papa) waren echt onvergetelijk. Voor een
cultureel avondje Minions waren we ook niet te min. Ik kijk er naar uit om weer in de
kliniek te starten maar ik ga jullie ook echt wel missen. Het deed dan ook wel een beetje
pijn om mijn bureau op te ruimen. Oké.. vooruit, jullie hebben gelijk. Bij het zien van
mijn bureau zou iedereen (rug)pijn krijgen. Dat overigens gevuld is met slechts creatieve,
interessante en onderzoek waardige ideeën. Laten we contact houden! Avondje derrick!?
Beste Corien & Margie en beste fellows (of inmiddels bazen), Gerben, Gideon,
Hendrina, Ilse en Remy. Bedankt dat jullie altijd zo laagdrempelig beschikbaar
waren voor vragen of overleg. Ik vond het leuk dat jullie (letterlijk) zo dicht bij de
Vascu onderzoekers stonden.
Mijn nieuwe collega’s in Apeldoorn wil ik bedanken voor het warme welkom. Fijn
om in zo’n leuke groep terecht te komen. Ik heb zin om de komende tijd veel bij jullie
te leren en ook aan andere leuke activiteiten ontbreekt het volgens mij gelukkig niet.
Bart, David, Eric, Floris, Frank, Joachim, Joost, Jordie, Mart, Maurits, Misha, Steef
en Steven. Eindelijk, daar is hij dan. Inclusief een mooie samenvatting. Hoewel
velen van jullie inmiddels alweer langere tijd in Amsterdam wonen en ik jullie daar
met veel plezier op zoek vind ik het mooi om jullie allen vandaag weer terug te zien
in ons stadsie. Bedankt voor jullie interesse in bruin vet. Dat blijft toch iets magisch.
Ik hoop dat ik na 45 minuten kan zeggen dat ik, als jullie eerste doctor zijnde, mijzelf
goed verdedigd heb. Laten we proosten!
Anouk, Jorick, Liselot, Maaike, Loek, Marc, Sophie, Teije, Jan en Gijs. Ik ben blij dat
ik jullie tijdens mijn studententijd heb leren kennen. Bij alle ’culturele’ activiteiten
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die wij organiseerden konden wij onze creativiteit en ruimdenkendheid goed kwijt.
Ik geniet ontzettend van de weekend trips die we naar Londen hebben gemaakt en zie
graag nog vele Cuco weekenden tegemoet.
Wouter, Martijn, Juliette en Robbert. Misschien ligt dat meer bij mij maar ik had in het
eerste jaar van Geneeskunde niet per se gedacht dat wij alle vijf zo ambitieus zouden
worden. Mooi om te zien hoe ieder zijn weg vindt binnen verschillende differentiaties.
Bedankt voor alle leuke avonden, pizza’s shoarma bij tinus en spareribs bij de clochard
tijdens mijn promotietijd.
Kirsten, Maurice, Peter, Sirio en Kim. We go way back. Niet dat ik nu zoveel veranderd
ben (denk ik), maar ik waardeer het heel erg om nog mensen om mij heen te hebben die
mij van vroeger kennen. Kirsten, ik vind het fijn dat onze vriendschap steeds hechter
is geworden sinds wij allebei in Utrecht zijn gaan studeren. Veel van jullie zeiden
altijd al dat ik dokter zou gaan worden, hoewel ik daar zelf in het begin niet per se van
overtuigd was. Jullie kregen gelijk!
Alle lieve vrienden die ik via Janine heb mogen leren kennen; alle jaarclubgenootjes,
alle bmw vriendinnetjes, alle summies en alle collega’s. Jullie zijn een verrijking.
Kerstdiners, feesten op het dakterras, bruiloft weekenden in Rome en in Polen. Ik wil
nog veel van dit soort mooie dingen met jullie meemaken.
Nienke en Floris, beste paranimfen, met jullie oprechte nieuwsgierigheid en relaxte
houding moet die verdediging zeker goed komen. Fijn dat jullie achter mij staan.
Lieve familie en schoonfamilie, hartelijk dank voor jullie interesse en betrokkenheid.
Lieve ouders, lieve Nienke, wat is het toch fijn om uit zo’n warm nest te komen.
Jullie zijn er altijd in mijn leven om mij te steunen en met mij mee te denken. Lieve
papa en mama, mooi om te zien hoe jullie eropuit trekken en van het leven genieten.
Papa, bedankt voor het doorsturen van alle artikelen en nieuwswaardige feitjes over
bruin vet. Lieve Nienke, bedankt voor je steun en je scherpe blik bij het lezen van
m’n proofs. Laten we nog vele jaren van elkaar genieten.
Over van het leven genieten gesproken. Hoe dat moet hebben wij samen uitgevonden,
lieve Nien. Daar zouden wij nóg wel een boekje over kunnen schrijven. Avontuurlijke
trips en culinaire hoogstandjes, laat dat maar aan ons over. Je versterkt me en je vult
me aan. Je hebt een hart van goud en je maakt me supergelukkig. Bedankt voor alles.
Ik houd van je.
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