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General introduction and outline






Introduction

GENERAL INTRODUCTION AND OUTLINE

Over the past decades, the number of individuals with type 2 diabetes has been growing
worldwide (1,2), which is largely driven by the increasing prevalence of obesity (3-5). Type
2 diabetes is a major health concern, as it is related to several conditions, including heart
failure (6,7) and coronary heart disease (8,9). Despite remarkable advances in cardiovascular
prevention and treatment, heart disease remains a common cause of death and an important
contributor to health loss globally (10,11).

The aim of the studies in this thesis was to gain more insight into diabetic cardiomyopathy
and the cardiometabolic actions of type 2 diabetes medication by using magnetic resonance
techniques (Part ). In addition, we aimed to contribute to improving cardiovascular risk
stratification in individuals who received hematopoietic stem cell transplantation in childhood,
which is associated with cardiometabolic disease later in life (Part Il), and in patients with
ischemic heart disease, who have an increased susceptibility of ventricular arrhythmia (Part Ill).

Phenotypic Characterization with Magnetic Resonance Techniques

In this thesis, we used a variety of magnetic resonance methods for the phenotypic
characterization of cardiometabolic disease. Whereas the concept ‘phenotype’initially referred
to the outward appearance of an organism (12), today, this term has also been adopted to
describe the manifestation of disease as characterized by radiologic imaging techniques (13).
The disease phenotype is the result of a complex interaction between genetic predisposition
and environmental conditions, including socioeconomic, occupational and behavioral factors.
Starting from the mid-twentieth century, there has been an increasing awareness of the
relationship between health behavior and disease, especially in cardiovascular medicine. For
example, in 1953, the first study was published on the relation of physical activity to coronary
heart disease (14). With the growing evidence of the role of modifiable risk factors (15),
contemporary cardiology has expanded its focus beyond treatment to include prevention and
early detection of disease. As part of personalized medicine, there is more and more interest in
both genotypic and phenotypic characterization, which may help to identify high-risk groups
for cardiometabolic diseases and to select appropriate treatment strategies for specific patient
populations (16).

Whereas medical research in the fifteenth century was more or less confined to human
anatomy (17), the area of physiology started to develop in the mid-ninetieth century (18). In the
last hundred years, research in the field of cell and molecular biology has resulted in important
insights in human biological processes (18). At present, organ-based but also system-wise
thinking is part of medical reasoning (19). Interestingly, in view of the super specialization of
medical disciplines, some argue that doctors should also have a generalist approach to medical
care (20). For example, obesity and type 2 diabetes are closely related to cardiovascular health
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10 | Chapter1

and, in this respect, holistic thinking beyond the highly specialized fields of, for example,
internal medicine, cardiology and radiology may be beneficial for patient outcome.

The studies in this thesis were performed in the department of Radiology and were in
close collaboration with the department of Internal Medicine. We used several cardiovascular
magnetic resonance techniques including 2D and 4D flow imaging, feature tracking
cine imaging, T1 mapping and proton-magnetic resonance spectroscopy ('H-MRS). With
these methods, it is possible to assess anatomical structures but also organ function and
tissue characteristics (21). As such, the thought behind this thesis was that imaging-based
phenotyping in radiology might contribute to insights into mechanisms of diseases in the field
of internal medicine.

Part | Type 2 Diabetes

Type 2 diabetes has become a major public health challenge, as its prevalence is increasing
worldwide due to lifestyle changes related to economic development, rapid urbanization and
population aging (2). Whereas type 2 diabetes was affecting 4.7% of the global population in
1980, the world prevalence had risen to 8.5% by 2014 (1).

Although obesity, unhealthy diet and physical inactivity are strong risk factors for the
development of type 2 diabetes (22-25), type 2 diabetes is most likely to represent a complex
interplay between genetic susceptibility and environmental factors. In the United States,
highest prevalences of type 2 diabetes have been reported among Hispanic, Asian and
African American individuals (22.6%, 21.8% and 20.6%, respectively, compared with 11.3% in
individuals of European descent) (26), whereas in the Netherlands, the highest prevalence of
type 2 diabetes has been documented among South Asian Surinamese (16.7% (35-44 years)
and 35.0% (45-60 years), as compared with 4.2% and 8.2%, respectively, among ethnic Dutch)
(27). Although environmental conditions, for example cultural and socioeconomic factors, vary
between ethnic groups, the disparities in type 2 diabetes prevalence may be in part explained
by genetic predisposition (28). Proposed mechanisms for the increased risk of type 2 diabetes
among South Asian ethnicities comprise a susceptibility to visceral rather than subcutaneous
fat storage, a high mitochondrial efficiency, an intrauterine disadvantageous environment and
low vitamin D serum levels, in combination with lifestyle factors including a high carbohydrate
diet and insufficient physical activity (29).

In the Framingham Heart Study in 1974, for the first time, the association between type
2 diabetes and congestive heart failure, independent of other cardiovascular risk factors,
was documented in a large, population-based study (6). The risk of congestive heart failure
associated with type 2 diabetes was approximately two to five times increased for men and
women, respectively (6). Similarly, other observations have reported rate ratios of incident
heart failure of 1.85-2.5 in individuals with compared to those without type 2 diabetes (7,30).
Furthermore, a recent study including 1.9 million people has shown that heart failure is a
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common initial presentation of cardiovascular disease in type 2 diabetes, accounting for 14.1%
of the first cardiovascular manifestations (31). Likewise, another study in older patients with
type 2 diabetes has demonstrated that heart failure often develops in the absence of ischemic
heart disease (among the individuals who developed heart failure, 27.2% had no preceding of
concomitant vascular event and 36.8% had no prior coronary artery disease), and, importantly,
heart failure hospitalization in type 2 diabetes patients was associated with high mortality,
also in individuals without coronary artery disease (the annual mortality rate after heart failure
hospitalization was 21.3% and 24.6% in type 2 diabetes patients with and without preceding
vascular disease, respectively) (32). In this context, it has been argued that there should be more
attention to heart failure as complication of type 2 diabetes, also in the absence of ischemic
cardiomyopathy (33).

Heart failure in type 2 diabetes patients without prior myocardial infarction is characterized
by preserved ejection fraction, and is preceded by progressive diastolic dysfunction (34).
Heart failure with preserved ejection fraction (HFpEF) in patients with type 2 diabetes is
considered to be multifactorial, resulting from coronary atherosclerosis, high blood pressure,
extracellular fluid volume expansion and, possibly, diabetic cardiomyopathy (35). The concept
‘diabetic cardiomyopathy’ has been introduced to refer to the direct detrimental effect of
type 2 diabetes on the myocardium, independent of other conditions such as coronary artery
disease or hypertension (36), but there is no agreed definition (34). Molecular mechanisms
which have been implicated in diabetic cardiomyopathy comprise coronary microvascular
dysfunction, chronic inflammation, disturbed insulin and renin-angiotensin-aldosterone
signaling, lipotoxicity, altered substrate metabolism, impaired calcium handling, mitochondrial
dysfunction, modification of structural proteins by advanced glycation end-products, and
perturbations in cell homeostatic processes including apoptosis, autophagy and endoplasmic
reticulum stress (37,38).

Although diabetic cardiomyopathy has been recognized as a distinct clinical entity (39),
the pathogenesis is still incompletely understood and the phenotypic characterization remains
to be elucidated (40,41). Also, until recently, there were no glucose-lowering agents with
cardioprotective effects to reduce the risk of heart failure in type 2 diabetes patients (42,43).
In Part |, we explored the imaging features of diabetic cardiomyopathy and investigated the
effects of an antidiabetic agent with potentially beneficial effects on intrinsic myocardial
function.

Chapter 2

The difficulty in characterizing diabetic cardiomyopathy is the strong association between
obesity and type 2 diabetes, with approximately 80 percent of the type 2 diabetes patients
being obese (44). Therefore, the separation of the cardiovascular effects of type 2 diabetes,
obesity or other factors associated with type 2 diabetes and obesity is challenging (45). The
population-based Netherlands Epidemiology of Obesity (NEO) study from Leiden was designed
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to disentangle the pathways leading to common disease in obesity (46). In Chapter 2, we
examined the role of insulin resistance in cardiovascular remodeling in individuals with obesity
from the NEO cohort. Strength of this study was the assessment of specific adiposity metrics
rather than overall measures of obesity (eg, body weight), which enabled the adjustment for
the confounding effects of adipose tissue.

Chapter 3

In the population-based study in Chapter 2, we evaluated standard magnetic resonance
parameters of cardiac structure and function. Nonetheless, magnetic resonance also allows for
the assessment of myocardial steatosis (47) and diffuse fibrosis (48), as well as cardiac strain as a
more sensitive measure of systolic function (49), which were examined in Chapter 3. It has been
hypothesized that these myocardial tissue characteristics may be affected in type 2 diabetes,
preceding abnormalities in diastolic function (50,51).

Furthermore, there has been limited research on the putative differences in diabetic
cardiomyopathy among different type 2 diabetes patient groups, although the pathogenesis
of type 2 diabetes and type 2 diabetes-related cardiovascular disease seems different in
South Asian compared with other ethnicities (29,52,53). It is known that individuals of South
Asian descent have a high risk of developing coronary heart disease, which is not completely
explained by excess cardiometabolic risk factors (54). Furthermore, in South Asians, type 2
diabetes increases the mortality of ischemic heart disease nearly threefold, while in Europeans,
the excess mortality related to type 2 diabetes estimates 1.5-fold (55). Likewise, previous findings
indicate that the etiology of HFpEF in type 2 diabetes may be distinct in South Asian compared
with other ethnic groups. For example, it has been demonstrated that the impact of type 2
diabetes on cardiac function is worse in South Asians than in Europeans (56). Furthermore,
the population attributable risk of type 2 diabetes for HFpEF appears to be higher among
South Asians, as type 2 diabetes is threefold more common in HFpEF patients of South Asian
than in those of European origin (56). Also, type 2 diabetes has been reported to have a more
adverse impact on heart failure hospitalization and mortality in individuals of South Asian than
those of European ethnicity (57). Thus far, it has not been demonstrated that the treatment of
type 2 diabetes or the prevention of type 2 diabetes-related cardiovascular disease should be
different in South Asians. Nonetheless, because of the disparities in cardiometabolic profile
between ethnic groups, current guidelines take ethnicity into account in recommendations
for cardiovascular risk management and screening for type 2 diabetes (58). For example, body
mass index (BMI) cut points to define overweight are lower for South Asians (BMI >23 kg/m?
instead of BMI >25 kg/m?) (59,60). Also, screening for type 2 diabetes is justified above 35 years
among South Asians, compared with screening at the age of 45 years and older in other ethnic
groups (27).

In the area of The Hague, a large percentage of the type 2 diabetes population is
of Surinamese Hindustani descent. In Chapter 3, we aimed to characterize diabetic
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cardiomyopathy by using various magnetic resonance techniques, and, additionally, in view of
the ethnic differences regarding type 2 diabetes and diabetic heart failure, we compared the
cardiovascular remodeling characteristics between Dutch South Asian and Dutch European
type 2 diabetes groups.

Chapter 4and 5

In recent years, several types of antidiabetic agents have been introduced including liraglutide.
Liraglutide is a long-acting, glucagon-like peptide 1 (GLP-1) receptor agonist, which, in contrast
to native GLP-1, is resistant to degradation by dipeptidyl peptidase 4 (DPP-4) (61). Liraglutide
influences blood glucose levels through several mechanisms, including increase of glucose-
dependent insulin secretion, decrease of postprandial glucagon, slowed gastric emptying
and reduced food intake (62). Because of the excess cardiovascular burden in type 2 diabetes
patients and the concerns about potentially higher cardiovascular risks associated with certain
antidiabetic agents, since 2008, authorities have mandated cardiovascular safety trials to secure
the approval of novel glucose-lowering drugs (63). In the months that we started with the
liraglutide study in Leiden, the results of such a cardiovascular safety trial (the LEADER trial)
were published. The LEADER trial reported that liraglutide compared to placebo added to
standard care is beneficial for cardiovascular mortality in patients with type 2 diabetes and
high cardiovascular risk, presumably because of anti-atherosclerotic effects (64). In addition,
in prior preclinical and clinical studies, liraglutide proved to exert pleiotropic favorable effects
on blood pressure, lipids, inflammation and other metabolic factors (62). However, the effect
of liraglutide on intrinsic myocardial function in type 2 diabetes patients with asymptomatic
heart failure remained to be addressed.

Previously in Leiden, the effect of the antidiabetic agent pioglitazone on diastolic function
has been investigated (65). This thesis reports the results of a similar trial on the effect of
liraglutide on diastolic function in type 2 diabetes patients of South Asian descent living in
the Netherlands, whereas a parallel study was performed in Dutch European type 2 diabetes
patients (66). In Chapter 4, we described the metabolic effects of liraglutide (effects on ectopic
fat accumulation and glucose regulation), and in Chapter 5, we assessed the cardiovascular
actions of liraglutide (effects on cardiac diastolic and systolic function, aortic stiffness,
myocardial triglyceride content and myocardial extracellular volume) in Dutch South Asian
type 2 diabetes patients.

Part Il Pediatric Hematopoietic Stem Cell Transplantation

Chapter 6

As the long-term survival after pediatric hematopoietic stem cell transplantation has been
improved drastically, current research is aimed at enhancing quality of life (67,68). From
previous studies it is known that pre-transplant or transplant-related therapies in childhood
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are associated with several risks in adulthood, including endocrine and cardiovascular disease
(69,70). In Chapter 6, we aimed to find early magnetic resonance-derived features which may
be used to select patients at high cardiovascular risk who may require frequent follow-up.

Part lll Ischemic Heart Disease

Chapter7 and 8

In Part I, we examined diastolic dysfunction as complication of obesity and type 2 diabetes.
However, metabolically unhealthy individuals have an increased susceptibility of developing
HFpEF, but they are also at risk of heart failure with reduced ejection fraction (HFrEF). Although
the clinical expression of HFpEF and HFrEF is similar (symptoms of dyspnea, fatigue, exercise
intolerance and signs of edema), HFpEF and HFrEF are two separate entities with distinct
pathogeneses and epidemiologic differences (71). In general, HFrEF (or systolic heart failure)
is caused by coronary artery disease, whereas hypertension, obesity and type 2 diabetes are
frequent conditions in HFpEF (or diastolic heart failure) (40,72). In Part lll, we addressed ischemic
heart disease and heart failure after myocardial infarction.

In Chapter 7, we reviewed the currently available cardiovascular magnetic resonance
techniques, with special attention given to the protocols without use of gadolinium-based
contrast material. Late gadolinium enhancement (LGE) imaging is an important technique for
the clinical evaluation of myocardial scar (73). Interestingly, native T1 mapping may evolve as
a non-contrast alternative for myocardial tissue characterization in ischemic heart disease (74).

An important risk in patients with prior myocardial infarction and low ejection fraction is
sudden death due to ventriculararrhythmia, but also non-sudden death due to decompensated
HFrEF (75). In Chapter 8, we retrospectively evaluated the cardiac magnetic resonance
examinations of patients with ischemic heart disease and implantable cardioverter defibrillator
(ICD) therapy. We hypothesized that left ventricular function parameters, which are known to
be associated with cardiac remodeling, may be used as risk stratifiers for ventricular arrhythmia
and decompensated heart failure in post-infarct patients with highly depressed systolic
function. In this hypothesis-generating study we assessed the associations between systolic
and diastolic strain parameters and the risk of appropriate ICD therapy and all-cause mortality,
as surrogate markers of ventricular arrhythmia and decompensated heart failure, respectively.



Introduction

OBJECTIVES

The general aim of the studies presented in this thesis was to characterize cardiovascular
remodeling associated with metabolic disturbances, using various magnetic resonance
techniques. It was hypothesized that imaging-based phenotyping may contribute to a
better understanding of cardiometabolic disease and help to identify patients at increased
cardiovascular risk. We investigated the cardiovascular phenotype in relation to type 2
diabetes and in response to treatment with liraglutide (Part 1), after hematopoietic stem cell
transplantation (Part 1) and in ischemic heart disease (Part Ill).
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ABSTRACT

Background

The separate cardiovascular effects of type 2 diabetes and adiposity remain to be examined.
This study aimed to investigate the role of insulin resistance in the relations of visceral (VAT),
abdominal subcutaneous (aSAT) adipose tissue and total body fat (TBF) to cardiovascular
remodeling.

Methods

In this cross-sectional analysis of the population-based Netherlands Epidemiology of Obesity
study, 914 middle-aged individuals (46% men) were included. Participants underwent magnetic
resonance imaging. Standardized linear regression coefficients (95%Cl) were calculated,
adjusted for potential confounding factors.

Results

All fat depots and insulin resistance (HOMA-IR), separate from VAT and TBF, were associated
with lower mitral early and late peak filling rate ratios (E/A): -0.04 (-0.09,0.01) per SD (54 cm?)
VAT; -0.05 (-0.10;0.00) per SD (94 cm?) aSAT; -0.09 (-0.16;-0.02) per SD (8%) TBF; -0.11 (-0.17;-0.05)
per 10-fold increase in HOMA-IR, whereas VAT and TBF were differently associated with left
ventricular (LV) end-diastolic volume: -8.9 (-11.7;-6.1) mL per SD VAT, +5.4 (1.1,9.7) mL per SD
TBF. After adding HOMA-IR to the model to evaluate the mediating role of insulin resistance,
change in E/A was -0.02 (-0.07;0.04) per SD VAT; -0.03 (-0.08;0.02) per SD aSAT; -0.06 (-0.13;0.01)
per SDTBF, and change in LV end-diastolic volume was -7.0 (-9.7;-4.3) mL per SD VAT. In women,
adiposity but not HOMA-IR was related to higher aortic arch pulse wave velocity.

Conclusion
Insulin resistance was associated with reduced diastolic function, separately from VAT and TBF,
and partly mediated the associations between adiposity depots and lower diastolic function.

Highlights
We examined the separate relations of HOMA-IR and body fat to cardiac remodeling.
All adipose tissue depots were associated with reduced diastolic function.
Visceral but not total body fat was related to a smaller left ventricular volume.
HOMA-IR was linked to diastolic dysfunction, separately from body fat.
HOMA-IR mediated the relation of body fat to diastolic dysfunction.
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INTRODUCTION

Type 2 diabetes, in the absence of significant coronary artery disease, hypertension or other
potential etiologies, is associated with myocardial remodeling (1). This concept is referred to
as diabetic cardiomyopathy (2). Although diabetic cardiomyopathy has been recognized as
a distinct clinical entity (3), its phenotypic characterization remains unclear (1). One of the
difficulties in phenotyping diabetic cardiomyopathy is the strong association between obesity
and type 2 diabetes (4). Due to their coexistence, it is challenging to isolate the contribution of
type 2 diabetes and obesity to cardiovascular remodeling.

Obesity has been related to a variety of alterations in left ventricular (LV) morphology
and function, vascular function and hemodynamics (5-9). Interestingly, visceral (VAT)
and subcutaneous (SAT) adipose tissue are metabolically distinct and show differential
incidence rates of cardiovascular disease (10). VAT in particular secretes proinflammatory
and proatherogenic cytokines including tumor necrosis factor-alpha and interleukin-6 (11),
whereas VAT produces less adiponectin, which protects the heart from adverse remodeling
(12). Particularly VAT may predispose to type 2 diabetes, as low adiponectin levels and chronic
inflammation are considered to mediate the effects of obesity in the pathogenesis of insulin
resistance (13). Of importance, VAT and SAT appear to be differently associated with cardiac
structure and hemodynamics (9,14). Overall obesity and SAT have been related to increases in
LV dimensions and cardiac output, presumably as a result of intravascular volume expansion
(9,14,15). In contrast, VAT has been associated with reduced LV end-diastolic volume and
increased LV mass, possibly due to the release of prohypertrophic adipokines (9,14,16).
Furthermore, previous large-scale studies have reported associations of type 2 diabetes with
LV functional impairments, particularly diastolic dysfunction, but also with increased cardiac
mass (17-21). Although VAT has been related to impaired diastolic function as well (22), a direct
causal link between type 2 diabetes and diastolic dysfunction is supported by alterations in
cardiac metabolism associated with insulin resistance (23-27). In contrast, LV morphological
changes in type 2 diabetes may be explained predominantly by hemodynamic mechanisms
associated with increased body size and altered body composition (9,28). Previously, only a
few population-based studies have assessed imaging-based metrics of VAT and SAT in addition
to generalized measures of obesity, when examining LV structure and function in obese
individuals (9,14,29), but the association of type 2 diabetes with cardiovascular remodeling,
separate from adipose tissue, remains to be investigated.

Furthermore, it has been demonstrated that not merely type 2 diabetes but rather the
insulin resistance continuum has adverse effects on cardiac structure and function (17,18,30-
33). As such, assessment of the role of insulin resistance in adipose tissue-related cardiovascular
remodeling in the general population may contribute to the phenotypic characterization
of diabetic cardiomyopathy. Thus far, the relation of insulin resistance to cardiovascular
remodeling, independent of the body fat depots, has not been examined in a population-
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based cohort, whereas adjustment for overall obesity may not fully separate the cardiovascular
effects of insulin resistance and VAT.

The aim of this study was to investigate the role of insulin resistance in the associations of
VAT, abdominal SAT (@SAT) and total body fat (TBF) with cardiovascular remodeling, assessed by
LV massand dimensions, systolic and diastolic function, stroke volume, cardiac output and aortic
stiffness, using magnetic resonance imaging (MRI), in the middle-aged general population.
As depicted in Figure 1, this implies 1) assessment of the relation of insulin resistance to
cardiovascular parameters after adjusting for potential confounding by adiposity, and 2)
examination of the attenuation of the association of adiposity with cardiovascular parameters
after adding insulin resistance as a potential mediator to the regression models. Our hypothesis
is that insulin resistance is associated with reduced diastolic function, separately from VAT and
TBF, and that insulin resistance is a mediator in the relation of adiposity to reduced diastolic
function.

METHODS

Study design and study population

The Netherlands Epidemiology of Obesity (NEO) study is a prospective, population-based
cohort study in 6,671 individuals (34). Between 2008 and 2012, men and women aged between
45 and 65 years, with a self-reported body mass index (BMI) of 27 kg/m? or higher, from Leiden
and the surrounding area were invited to participate. To obtain a reference distribution of BMI,
men and women from Leiderdorp in the same age range were invited irrespective of their BMI.
A random subset of the participants underwent MRI. The Medical Ethics Committee of Leiden
University Medical Center approved the study protocol. All participants provided written
informed consent.

The present study is a cross-sectional analysis of the baseline measurements of the NEO
study. Participants included those who underwent cardiac and abdominal MRI. Exclusion
criteria were use of glucose-lowering medication (oral hypoglycemic agents or insulin) in
the month before study visit and a history of cardiovascular disease (congestive heart failure,
myocardial infarction, angina pectoris and/or heart rhythm abnormalities). Participants with
missing data were excluded.
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A Insulin resistance Cardiovascular remodeling
(independent variable/exposure) (dependent variable)
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TBF HOMA-IR cardiac output
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(mediator)

Figure 1. Study aim and MRI-derived adiposity and cardiovascular parameters. (A) This study sought to
examine the role of HOMA-IR in the associations of VAT, aSAT and TBF with cardiovascular remodeling,
assessed by LV mass and dimensions, systolic and diastolic function, stroke volume, cardiac output and
aortic stiffness. (B) VAT (upper image) and aSAT (lower image) were assessed on transverse slices at the
level of the fifth lumbar vertebra. (C) LV systolic function was quantified as the LV ejection fraction, derived

(]

from short-axis cine MRI. LV structure was assessed by measurement of LV mass and end-diastolic volumes
(left panel). LV diastolic function was examined by calculating the ratio of the early and late diastolic flow
rates across the mitral valve, using velocity-encoded MRI (right panel). (D) Aortic stiffness was quantified
as the velocity of the systolic pulse wave, from ascending aorta to distal abdominal aorta, using velocity-
encoded MRI. Abbreviations: aSAT: abdominal subcutaneous adipose tissue, HOMA-IR: homeostatic
model assessment of insulin resistance, LV: left ventricular, TBF: total body fat, VAT: visceral adipose tissue.
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Data collection

Self-reported ethnicity was categorized into white and other, education into low and high
(higher vocational school, university and postgraduate education) and tobacco smoking into
never (reference), former and current smoker. Physical activity was expressed in metabolic
equivalents of task (MET)-hours per week. Data on the frequency, duration and intensity of
physical activity during leisure time was collected using the Short Questionnaire to Assess
Health-enhancing physical activity (SQUASH). In women, the use of hormones (contraceptives
or hormone replacement therapy) was grouped into current and no use of estrogens and
menopausal state into postmenopausal (reference), peri- and premenopausal. Data on
anthropometry and blood pressure and blood samples were obtained in the morning after
an overnight fast of at least ten hours. Hypertension was defined as systolic blood pressure
> 140 mmHg and/or diastolic blood pressure > 90 mmHg, and/or use of antihypertensive
drugs (35). Fasting glucose and insulin were examined using an enzymatic colorimetric
assay (Roche Modular P800 Analyzer, Roche Diagnostics, Mannheim, Germany) and a two-
site chemiluminescent immunometric assay (Siemens Immulite 2500, Siemens Healthcare
Diagnostics, Breda), respectively. Details on the data collection can be found elsewhere (34).

Insulin resistance, adiposity and cardiovascular parameters

We used the homeostatic model assessment of insulin resistance (HOMA-IR). HOMA-IR was
calculated according to: fasting glucose (in mmol/L) multiplied by fasting insulin (in mU/L),
divided by 22.5 (36,37).

The MRI studies were at the same morning as the clinical data collection. Abdominal
and cardiac MRI was performed on a 1.5 Tesla MR scanner (Philips Medical Systems, Best, the
Netherlands). The MRI data were analyzed using MASS and FLOW (Leiden University Medical
Center, Leiden, the Netherlands).

VAT and aSAT were quantified as the mean area on three transverse images at the level of
the fifth lumbar vertebra. Such cross-sectional single-slice areas strongly correlate with the total
VAT and aSAT volumes (38). We estimated the TBF percentage using the Tanita bio-impedance
balance (TBF-310; Tanita International Division, Yiewsley, United Kingdom). Lean body mass
was calculated from body weight and TBF percentage.

LV mass was evaluated in the end-diastolic phase. LV stroke volume was defined as the
difference between end-diastolic volume and end-systolic volume. Similarly to several previous
studies, LV mass and volumes were adjusted for lean body mass (9,39,40). LV concentricity was
defined as the LV mass-to-volume ratio. We calculated the LV ejection fraction by dividing
stroke volume by end-diastolic volume, multiplied by 100%, and cardiac output by multiplying
stroke volume by heart rate. Diastolic function was assessed using the ratio of the mitral early
and late peak filling rate (E/A ratio). We examined the aortic pulse wave velocity (PWV), as a
measure of aortic stiffness, for the total aorta and regionally for the aortic arch and descending
aorta. Details on the image acquisition are provided as Supplementary Material.
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Statistical analyses

In the NEO study, individuals with a BMI of 27 kg/m? or higher were oversampled. For a correct
representation of the associations in the general population, individuals were weighted
toward the BMI distribution of participants from the Leiderdorp municipality, whose BMI
distribution was similar to the BMI distribution of the Dutch general population, to adjust for
the oversampling of individuals with a BMI of 27 kg/m? or higher (34).

Baseline characteristics were expressed as mean and standard deviation (SD), median and
interquartile range, or percentage. We performed standardized linear regression analysis to
assess the associations of VAT, aSAT, TBF and HOMA-IR with cardiovascular parameters. We used
the standard deviation of the adiposity parameters and the normally-distributed log-transform
of HOMA-IR. Regression coefficients were calculated for the total population and for men
and women separately. Sex interaction was examined by assessment of the sex interaction
coefficients. Similarly to others (9), we assessed the relation of insulin resistance and adipose
tissue to LV mass and dimensions by adjusting for lean body mass, which is a stronger correlate
for cardiac structure than body surface area or height*” (39,40).

In the first model, the standardized linear regression coefficients with 95% confidence
intervals (95%Cl) for the associations between adiposity and cardiovascular parameters were
calculated with adjustment for the potential confounding factors age, sex, ethnicity, education,
smoking, physical activity, use of hormones and menopause, in addition to hypertension
and lean body mass. As adiposity parameters are highly correlated (41), the first model was
additionally adjusted for either VAT or TBF. The coefficients of VAT were adjusted for TBF and vice
versa, as VAT is closely related to overall obesity. The coefficients of aSAT were adjusted for VAT,
as the abdominal fat depots are strongly associated. In contrast, the coefficients of aSAT were
not adjusted for TBF, as in general TBF mainly consists of subcutaneous fat.

In the second model, the mediating role of insulin resistance in the association between
adiposity and cardiovascular parameters was evaluated, by adding HOMA-IR to the first model,
after assessment of the mediator conditions (42,43). First, we evaluated the independent
association between HOMA-IR and cardiovascular parameters, by adjusting for adiposity (VAT
andTBF), age, sex, ethnicity, education, smoking, physical activity, use of hormones, menopause,
hypertension and lean body mass. Second, we calculated the interaction coefficients between
adipose tissue (VAT, aSAT and TBF) and HOMA-IR to rule out exposure-mediator interaction,
whereas the relations between the fat depots and insulin resistance were confirmed previously
(44). Third, we assessed the mediating role of HOMA-IR by visual inspection of the change in
regression coefficient of the adiposity parameter after adding HOMA-IR to the model. Mediation
by HOMA-IR was supported if the regression coefficient was fully or partly attenuated towards
the null. P values <0.05 were considered to indicate significant interaction. Stata Statistical
Software (release 14; StataCorp, College Station, TX) was used for the statistical analyses.
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RESULTS

Baseline characteristics

In total, 6,671 participants were included in the NEO study. Cardiac MRI was acquired in a
subsample of 1,207 participants. Data on both systolic and diastolic function and aortic PWV
were available in 1,163 individuals. After exclusion of n=87 participants due to technical errors
in systolic and/or diastolic cardiac MRI and/or aortic PWV (n=48 for systolic cardiac MRI, n=20
for diastolic cardiac MRI, n=22 for aortic PWV), consecutively n=59 because of use of glucose-
lowering medication, n=65 because of a history of cardiac disease and n=38 due to missing
data, the total number of participants was 914.

Table 1. Demographic, clinical and biochemical characteristics by BMI categories

Normal weight Overweight Obese
BMI < 25 kg/m?> BMI 25-30 kg/m? BMI = 30 kg/m?

Proportion of study population 42% 45% 13%
Demographic
Agey 55 4) 55 (6) 56 (11)
Sex, % men 34 58 46
Ethnicity, % white 98 96 94
Education, % high 55 45 32
Median physical activity, hours/week 376 (16.5,57.8) 30.2(183,47.3) 28.0(13.3,46.0)
Clinical
Postmenopausal, % (women) 58 58 64
Current use of hormones, % (women) 8 12 5
Tobacco smoking, %

Current smoker 10 14 14

Ever smoker 40 45 52

Never smoker 50 41 34
Heart rate, bpm 63 (5) 64 (11) 67 (18)
Systolic blood pressure, mmHg 129 (11) 131(17) 135 (30)
Diastolic blood pressure, mmHg 82 (6) 85(11) 87(18)
Use of antihypertensive drugs, % 12 19 33
Hypertension, % 39 46 64
Use of lipid-lowering medication, % 3 9 13
Biochemical
Fasting glucose, mmol/L 51(0.3) 55(09) 58(1.5)
HbA1c, % 52(0.1) 53(04) 55(0.8)
Median fasting insulin, mU/L 6.0 (4.4,9.0) 8.9 (6.0,12.8) 14.1 (9.9, 20.7)
Median HOMA-IR, units 14(1.0,2.1) 21(14,30) 34(24,52)

Fasting triglycerides, mg/dL 1.0(0.3) 14(0.8) 1.7 (1.8)
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Table 1. Demographic, clinical and biochemical characteristics by BMI categories

Normal weight Overweight Obese

BMI <25 kg/m? BMI25-30 kg/m?> BMI = 30 kg/m?
Fasting total cholesterol, mmol/L 5.7(0.5) 58(1.1) 5.7(1.9)
Fasting HDL cholesterol, mmol/L 1.7(0.2) 1.5(04) 1.3(0.6)
Fasting LDL cholesterol, mmol/L 35(05) 3.7(1.0) 36(1.7)

Data are means (SD) or medians (interquartile ranges). Results are based on analyses weighted toward the
BMI distribution of the general population (n=914). Please note that the absolute number of individuals
in each BMI category is not provided because of the weighted analysis. Abbreviations: HbATc: glycated
hemoglobin, HOMA-IR: homeostatic model assessment of insulin resistance. Due to missing values, for
heart rate: n=904, HbA1c: n=910.

The study population (46% men) had a mean age (SD) of 55 (6) years, BMI of 25.9 (3.9) kg/
m?, VAT of 113 (58) cm? (men) and 67 (40) cm? (women), aSAT: 208 (77) cm? (men) and 260 (98)
cm? (women), TBF: 25 (5)% (men) and 36 (6)% (women), LV mass: 96 (25) g, LV end-diastolic
volume: 148 (32) mL, LV concentricity: 0.66 (0.13), LV ejection fraction: 64 (6)%, E/A ratio: 1.33
(0.46), aortic PWV: 6.6 (1.4) m/s, cardiac output: 6.2 (1.4) L/min and HOMA-IR: 2.4 (2.0). Baseline
characteristics stratified by BMI are shown in Table 1 and 2. In contrast to aortic arch PWV,
which was obtained in all participants (n=914), total aortic PWV and descending aortic PWV
was available in 911 and 832 participants, respectively. Baseline characteristics of the excluded
participants were similar to those of the included study population (43% men, mean age (SD):
56 (6), BMI: 26.4 (4.6) kg/m?).

Table 2. Adiposity and cardiovascular characteristics by BMI categories

Normal weight Overweight Obese
BMI < 25 kg/m? BMI 25-30 kg/m? BMI = 30 kg/m?
Adiposity
Median BMI, kg/m? 22.6(215,23.8) 26.8 (25.8,27.9) 323(31.0,345)
Waist circumference, cm
Men 89 (3) 99 (6) 113(12)
Women 77 (3) 91 (8) 105 (15)
Hip circumference, cm
Men 98 (2) 105 (4) 113 (10)
Women 96 (3) 106 (5) 118 (14)
Waist/hip ratio
Men 0.90 (0.02) 0.94 (0.05) 1.00 (0.09)
Women 0.81(0.03) 0.86 (0.06) 0.90(0.11)
Body weight, kg
Men 759 (4.3) 88.5 (8.0) 1064 (17.7)

Women 62.2(3.2) 75.0 (7.8) 92.0(18.0)
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Table 2. Adiposity and cardiovascular characteristics by BMI categories

Normal weight Overweight Obese
BMI < 25 kg/m? BMI 25-30 kg/m? BMI = 30 kg/m?

Lean body mass, kg

Men 61.0 (3.4) 65.8 (5.7) 71.2(12.5)

Women 420(14) 455(3.2) 496 (6.4)
TBF, %

Men 20(2) 26 (3) 33(8)

Women 32(2) 39 (4) 46 (6)
VAT, cm?

Men 75017) 120 (50) 178 (109)

Women 45(13) 77 (33) 128 (90)
aSAT, cm?

Men 155 (20) 210 (52) 331(142)

Women 193 (30) 294 (56) 435(170)
Cardiovascular MRI
LV end-diastolic volume, mL 138 (16) 154 (33) 160 (59)
LV end-systolic volume, mL 50(7) 56 (17) 60 (31)
LV mass, g 88 (11) 101 (26) 104 (54)
LV concentricity, g/mL 0.65 (0.06) 0.66 (0.14) 0.66 (0.26)
LV ejection fraction, % 64 (3) 64 (6) 63(11)
E/Aratio 1.39(0.25) 1.31(0.50) 1.17 (0.61)
LV stroke volume, mL 88 (10) 98 (22) 100 (37)
LV cardiac output, L 59(0.7) 6.4 (1.4) 6.7 (2.6)
Aortic PWV, m/s

Total aorta 6.7 (0.9) 6.6 (1.2) 6.7 (2.1)

Aortic arch 6.5(1.1) 6.6 (2.3) 6.8 (4.0)

Descending aorta 70(1.3) 6.8 (1.8) 6.9 (2.9)

Data are means (SD) or medians (interquartile ranges). Abbreviations: aSAT: abdominal subcutaneous
adipose tissue, E/A ratio: ratio of mitral early and late peak filling rate, LV: left ventricular, LV concentricity:
LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT: visceral adipose tissue. Results
are based on analyses weighted toward the BMI distribution of the general population (n=914). Due to
missing values, for PWV total aorta: n=911, PWV descending aorta: n=832.
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Adiposity and cardiovascular parameters

The regression coefficients for the relation of adiposity to cardiovascular parameters, in the
total population and in men and women separately are presented in Supplemental Table 1
and Table 3, respectively. In the total population (Supplemental Table 1), VAT as compared
with TBF was differently associated with most of the cardiovascular parameters, except for LV
diastolic function. In general, the associations between aSAT and the cardiovascular parameters
were weaker than for VAT and TBF. VAT was associated with a smaller LV end-diastolic volume
(-89 (-11.7;-6.1) mL per SD VAT) and reduced stroke volume and cardiac output, whereas for
TBF those parameters were higher (LV end-diastolic volume: +5.4 (1.1,9.7) mL per SDTBF). There
were no associations between aSAT and LV end-diastolic volume and cardiac output.

For VAT, the reduction in LV end-diastolic volume was paralleled by a small decrease in LV
mass (-3.3 (-5.1-1.6) g per SD VAT) and therefore, LV concentricity was slightly higher (+0.02
(0.00;0.03) per SD VAT). For TBF, the increase in LV end-diastolic volume was larger than the
slight increase in LV mass (+0.6 (-1.7;2.9) g/mL per SD TBF). As a result, TBF was associated with
a slightly lower LV concentricity (-0.02 (-0.04;,0.00) g/mL per SD TBF). Results were generally
similar in the analyses with indexing to height*” instead of adjusting for lean body mass
(Supplemental Table 2).

The aSAT- and TBF-related changes in LV end-diastolic volume and/or stroke volume
resulted in small changes in LV ejection fraction. Of importance, all fat parameters were or
tended to be associated with a small reduction in E/A ratio: -0.04 (-0.09;0.01) per SD VAT, -0.05
(-0.10,0.00) per SD aSAT; -0.09 (-0.16-0.02) per SD TBF. In the total population, the regression
coefficients for the associations between the adiposity parameters and total and regional
aortic PWV were all around zero.

Sex differences were present in the association of TBF and aSAT with LV mass and LV
concentricity and in the relation of adiposity to aortic arch PWV (Table 3 and Figure 2). TBF
tended to be related to a higher LV mass in men, but not in women (P interaction=0.04), and
aSAT was associated with a lower LV mass in women, but not in men (P interaction=0.01).
As a result, the differential relation of VAT versus TBF and aSAT with LV concentricity (higher
versus lower LV concentricity, respectively) was more pronounced in women than in men.
Furthermore, VAT, aSAT and TBF were associated with a higher aortic arch PWV in women, but
not in men (P interaction=0.001, 0.048 and 0006, respectively).
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Table 3. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters, stratified by sex

Adjusted standardized difference
in cardiovascular parameters (95%Cl)

LV structure
LV'mass, g
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

LV end-diastolic volume, mL

Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

LV concentricity, g/mL

Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

LV function

LV ejection fraction, %

Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

E/A ratio
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

Aortic stiffness

Total aorta, m/s
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

Men (46%)

-36(-72100.1)
-34(-571t0-1.2)
02(-23t028)
26(-14t06.5)

-10.5(-15.21t0-5.9)
-7.6 (-11.31t0-3.9)
25(-1.7t06.6)
64(0.1t012.7)

0.03 (0.00 to 0.05)

0.01 (-0.01 t0 0.03)
-0.01 (-0.03 t0 0.01)
-0.01 (-0.04 t0 0.02)

0.7 (-05t0 1.8)
04(-05t01.2)
-0.3(-121t0 0.6)
-1.3(-26100.0)

-0.17 (-0.27 t0 -0.07)
-0.01 (-0.08 to 0.06)
-0.06 (-0.13 t0 0.00)
-0.12 (-0.22 t0 -0.02)

0.1 (-0.1t0 04)
-0.1(-02t00.1)
0.1(-0.1t00.3)
0.1(-0.2t00.3)

Women (54%)

-50(-79to0-2.1)

-4.2(-72t0-1.2)

-40(-6.0t0-2.0)
0.6(-23t03.7)

-6.4(-104 10 -2.5)
-11.1 (<151 to-7.1)
-30(-62100.2)
43(-231t010.9)

-0.01 (-0.03 to 0.01)
0.02 (0.00 to 0.05)
-0.02 (-0.03 to 0.00)
-0.02 (-0.05 to0 0.01)
-0.5(-1.5t00.5)
-03(-14t00.8)

-09(-1.7t0-0.2)
-04(-1.5t0 0.6)

-0.04 (-0.12 t0 0.03)
-0.09 (-0.16 t0 -0.02)
-0.04 (-0.11 to 0.04)
-0.07 (-0.18 t0 0.05)

-0.1(-0.3t00.2)
0.1(-0.2t0 04)
-0.1(-03t0 0.1)
-0.1(-04t00.2)

P interaction

0.09
0.06
0.01
0.04

06
0.2
03
04

0.02
0.8
04
04

0.3
0.7
0.5
0.6

0.2
0.3
0.7
08

09
0.3
06
0.7
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Table 3. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters, stratified by sex

Adjusted standardized difference
in cardiovascular parameters (95%Cl)

Men (46%) Women (54%) P interaction
Aortic arch, m/s
Log HOMA-IR 00(-05t00.5) -0.1(-0.61t00.3) 0.3
VAT (SD: 54 cm?) -0.1(-05t00.2) 0.3(0.0t0 0.6) 0.001
aSAT (SD: 94 cm?) 00(-03t00.3) 0.1 (-0.1t004) 0.048
TBF (SD: 8%) 00(-05t00.5) 0.3(0.0t00.7) 0.006
Descending aorta, m/s
Log HOMA-IR 0.2 (-0.1t00.6) -0.2(-051t00.2) 0.3
VAT (SD: 54 cm?) -0.1(-0.31t00.1) 0.0 (-05t00.6) 08
aSAT (SD: 94 cm?) 0.1 (-0.1t0 04) -02(-05t00.1) 0.1
TBF (SD: 8%) 0.1(-02t004) -02 (-0.7t0 0.3) 0.5
Hemodynamics
Stroke volume, mL
Log HOMA-IR -53(-8710-1.9) -46(-73t0-1.9) 09
VAT (SD: 54 cm?) -43(-6.8t0-1.9) -7.5(-102t0 -4.8) 0.2
aSAT (SD: 94 cm?) 09(-19t03.7) -34(-54t0-13) 03
TBF (SD: 8%) 20(-22t06.1) 1.9(-22t06.1) 0.7
Cardiac output, mL
Log HOMA-IR 181 (-76 t0 438) -144 (-371 to 84) 0.2
VAT (SD: 54 cm?) -126 (-308 to 56) -321(-519t0-122) 09
aSAT (SD: 94 cm?) 71 (-126 t0 267) -128 (-280to 23) 1.0
TBF (SD: 8%) 125 (-158t0 407) 264 (-10to 537) 04

Results represent regression coefficients per 10-fold increase in HOMA-IR or per SD of measure of adiposity
and are corrected for age, ethnicity, education, smoking, physical activity, use of hormone therapy,
menopausal state, hypertension, lean body mass and adiposity (HOMA-IR is adjusted for VAT and TBF, VAT
is adjusted for TBF, and aSAT and TBF are adjusted for VAT). P values for interaction by sex. Abbreviations:
aSAT: abdominal subcutaneous adipose tissue, E/A ratio: ratio of mitral early and late peak filling rate,
log HOMA-IR: log-transformation of the homeostatic model assessment of insulin resistance, LV: left
ventricular, LV concentricity: LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT:
visceral adipose tissue. Results are based on analyses weighted toward the BMI distribution of the general
population (n=914). Due to missing values, for PWV total aorta: n=911, PWV descending aorta: n=832.
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Figure 2. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters for men and women.
Adjusted standardized regression coefficients (95%Cl) in men and women for the association of HOMA-IR
(log-transformation) (=solid diamond), VAT (SD: 54 cm?) (=solid circle), aSAT (SD: 94 cm?) (=open circle) and
TBF (SD: 8%) (=open square) with cardiovascular parameters (after adjustment for potential confounding
factors, see Table 3). Abbreviations: aSAT: abdominal subcutaneous adipose tissue, E/A ratio: ratio of mitral
early and late peak filling rate, HOMA-IR: homeostatic model assessment of insulin resistance, LV: left
ventricular, LV concentricity: LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT:

visceral adipose tissue.
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Table 4. Mediating role of HOMA-IR in the associations of VAT, aSAT and TBF with cardiovascular
parameters

Adjusted standardized difference
in cardiovascular parameters (95%CI

Model 1: Model 2:
adjusted for model 1 + adjusted for
confounding factors insulin resistance

LV end-diastolic volume, mL

VAT (SD: 54 cm?) -89 (-11.7t0-6.1) -7.0(-9.7 to -4.3)

aSAT (SD: 94 cm?) -05(-291t0 1.8) 04(-18t02.7)

TBF (SD: 8%) 54(1.1t09.7) 75(.1t011.9)
Stroke volume, mL

VAT (SD: 54 cm?) -56(-7.5t0-37) -44(-6.210-2.6)

aSAT (SD: 94 cm?) -14(-29100.2) -0.8(-241t00.8)

TBF (SD: 8%) 2.2 (-05t04.9) 35(061t06.3)
E/A ratio

VAT (SD: 54 cm?) -0.04 (-0.09 to 0.01) -0.02 (-0.07 to 0.04)

aSAT (SD: 94 cm?) -0.05 (-0.10 to 0.00) -0.03 (-0.08 to 0.02)

TBF (SD: 8%) -0.09 (-0.16 t0 -0.02) -0.06 (-0.13t0 0.01)

Results represent regression coefficients per SD of measure of adiposity. Model 1: adjusted for age, sex,
ethnicity, education, smoking, physical activity, use of hormone therapy, menopausal state, hypertension,
lean body mass and adiposity (VAT is adjusted for TBF, and aSAT and TBF are adjusted for VAT). Model 2:
model 1 + adjusted for HOMA-IR. For abbreviations, see Table 3.

Mediating role of insulin resistance

In the total population (Supplemental Table 1), HOMA-IR was associated with a lower E/A
ratio and smaller LV end-diastolic volume (-0.11 (-0.17;-0.05) and -8.5 (-11.5,-5.5) mL per 10-fold
increase in HOMA-IR, respectively), paralleled by a reduction in LV mass, a slightly higher LV
concentricity, and a reduced stroke volume. Results were similar when indexing to height?’
instead of accounting for lean body mass (Supplemental Table 2). In contrast, HOMA-IR was
not associated with LV ejection fraction, cardiac output or aortic PWV. In the analyses stratified
by sex (Table 3 and Figure 2), HOMA-IR was associated with a higher LV concentricity in men,
but not in women (P interaction=0.02).

As HOMA-IR appeared to be related to a lower E/A ratio and smaller LV dimensions, similarly
in men and women, HOMA-IR was included as a mediating variable in the models on the
association of adiposity with E/A ratio, LV end-diastolic volume and stroke volume, after ruling
out exposure-mediator interaction (P interaction >0.2 for all associations). As shown in Table 4
and Figure 3, HOMA-IR attenuated the association between the fat depots and E/A ratio, and
between VAT and LV end-diastolic volume and stroke volume.
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Figure 3. Mediating role of HOMA-IR in the associations of VAT, aSAT and TBF with cardiovascular
parameters. Adjusted standardized regression coefficients (95%Cl) in the total population for the
association of HOMA-IR (log-transformation) (=solid diamond) and VAT (SD: 54 cm?) (=solid circle), aSAT
(SD: 94 cm?) (=open circle) and TBF (SD: 8%) (=open square) with cardiovascular parameters. Regression
coefficients for adiposity are presented after adjustment for potential confounding factors (model 1, see
Table 4) (each left bar, in black) and after adding HOMA-IR as a mediator to the model (model 2, see Table
4) (each right bar, in gray). For abbreviations, see Figure 2.

DISCUSSION

In previous studies, the separate effects of insulin resistance, visceral and subcutaneous
fat in obesity-related cardiovascular remodeling have not been fully disentangled. In this
population-based study including middle-aged men and women without use of glucose-
lowering medication and no history of cardiovascular disease, insulin resistance was associated
with a lower diastolic function, independently of VAT and TBF; in contrast, insulin resistance
was not associated with systolic function and aortic stiffness. Furthermore, insulin resistance
partly mediated the relations of VAT, aSAT and TBF to reduced diastolic function as well as
the relationship of VAT to a smaller LV end-diastolic volume. Interestingly, all fat depots were
associated with a lower diastolic function, while VAT and TBF demonstrated distinct associations
with LV dimensions. In this population-based study, the differential association between
VAT versus TBF fat with LV structure and dimensions (higher versus lower LV concentricity,
respectively) was more pronounced in women than in men, and all adiposity parameters were
associated with a higher aortic arch PWV in women, but not in men.

Insulin resistance
Our results expand current literature on the relation of insulin resistance, abnormal glucose
metabolism and type 2 diabetes to diastolic dysfunction (17,18,32,33,45). Several large-scale
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studies have described reduced diastolic function in association with abnormalities in glucose
regulation; for example, the Strong Heart Study reported a lower Doppler E/A ratio in non-
diabetic, non-hypertensive individuals with impaired fasting glucose and/or impaired glucose
tolerance than in those with normal glucose tolerance (17), and the ARIC (Atherosclerosis Risk
In the Community) study demonstrated higher echocardiography-derived LV filling pressures
associated with glycemic status (normal, prediabetes or type 2 diabetes), independent of BMI
(18). Whereas BMI is less complex, expensive and time consuming than direct adipose tissue
measures, it is an inaccurate metric of excess body fat and visceral adiposity (46). Therefore,
the cardiovascular effects of insulin resistance and VAT might not be fully disentangled
by adjustment for BMI. Importantly, this study confirms the relation of insulin resistance to
reduced diastolic function in the middle-aged general population, separately from VAT and TBF.
Also, our study allows for the appreciation of the relative contribution of insulin resistance, in
comparison with adipose tissue, to impairments in diastolic function.

Unlike the findings of previous population-based studies (7,8,17-21,29-31), in our study,
insulin resistance was not associated with increased cardiac mass but neither was adiposity,
which might be attributable to the lower degree of obesity in our population (BMI of ~25.9 kg/
m2). Interestingly, several population-based studies have reported an increasing LV mass with
worsening abnormalities in glucose metabolism, particularly in women (18,19,47,48). In view
of these previous findings, our observation of a higher LV concentricity with increasing HOMA-
IR in men, but not in women, is remarkable. However, it should be noted that this HOMA-IR-
related increase in LV concentricity in men was without an increase in LV mass. Also, we did not
observe sex differences in the associations of HOMA-IR with LV end-diastolic volume and LV
mass, which prevents us from drawing definitive conclusions regarding sex-related differences
in the impact of HOMA-IR on LV concentric remodeling.

Proposed mechanisms for reduced diastolic function in insulin-resistant individuals
comprise abnormalities in myocardial energetics and calcium homeostasis (25,26,49).
Interestingly, the contribution of metabolic processes to impairments in diastolic function may
be larger as compared with LV geometric remodeling (25). Insulin resistance has been shown
to alter the myocardial substrate preference, which is associated with adenosine triphosphate
(ATP) shortage (23,24). Diastolic rather than systolic function has been demonstrated to be
primarily affected by energy shortage (26). Additionally, altered myocardial tissue characteristics,
including collagen deposition and triglyceride accumulation, may increase myocardial stiffness
and contribute to impaired LV relaxation (50,51), although the association between insulin
resistance and impaired diastolic function has been shown to be independent of myocardial
fibrosis (52). In our study, insulin resistance and VAT were also associated with a smaller LV
end-diastolic volume. Interestingly, a recent study in type 2 diabetes patients described
a link between cardiac steatosis and phosphocreatine (PCr)-to-ATP ratios and concentric
LV remodeling, suggesting a role for myocardial lipotoxicity and energetic status in type 2
diabetes-related LV morphologic changes (51).
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Adipose tissue
The various fat depots were differently associated with LV dimensions and hemodynamics. TBF
was related to a higher cardiac output, presumably due to increased metabolic demands (53),
whereas VAT was associated with lower blood flow rates. This divergent association of VAT and
SAT with LV morphology and hemodynamic parameters is in keeping with the UK Biobank data
(14), the Dallas Heart Study (9) and the MESA (Multi-Ethnic Study of Atherosclerosis) (29,30).
VAT in particular may attract macrophages and this chronic low-grade inflammatory state may
cause endothelial dysfunction (11). In our study, VAT was associated with a smaller LV end-
diastolic volume and higher LV concentricity, particularly in women. Accordingly, it has been
previously shown that cardiac adaptations to obesity are more severe in women, which might
be attributable to sex differences in biological factors associated with adipose tissue (54).
Interestingly, in the UK Biobank study (14), women showed a stronger relation of VAT
to increased total vascular stiffness as compared with men. In our study, adiposity-related
aortic arch stiffening was present in women, but not in men. In addition to hyperleptinemia,
increased circulating inflammatory markers and local inflammation of perivascular fat (8,55),
in some studies, insulin resistance has been implicated in obesity-related aortic stiffening
(56,57); however, a mediating role of HOMA-IR in the relation of adiposity to increased aortic
stiffness was not supported by our data. While age- and hypertension-related aortic stiffening
is thought to be due to progressive declines in elastin primarily in the proximal aorta (58), the
mechanisms by which adiposity might impair total and regional vascular function remain to be
elucidated and in particular the impact of sex may warrant further research.

Implications

In our population, the observed reductions in diastolic function were small, as MRI-derived
E/A ratio values in normal diastolic function range from 0.8 to 1.5 (59). Also, insulin resistance
did not completely mediate the associations between adipose tissue and reduced diastolic
function, which implies that other factors including inflammation, increased leptin and
autonomic dysfunction are likely to may play a role in the pathogenesis of diastolic dysfunction
in obesity (60,61). Nonetheless, the results of this study confirm that insulin resistance, separate
from adipose tissue, is associated with reduced diastolic function, thereby supporting that
diastolic dysfunction is indeed a characteristic of diabetic cardiomyopathy. Furthermore,
concentric remodeling has been associated with an increased susceptibility of heart failure
events (62). In this context, our results reaffirm the clinical importance of differentiating visceral
and subcutaneous adiposity, as VAT but not TBF was associated with a smaller LV end-diastolic
volume.

Limitations
Some limitations need to be addressed. The cross-sectional design does not allow to draw
conclusions on causality, neither on the direction of the associations. Also, our study may not
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have sufficient power to draw conclusions on sex differences in obesity-related cardiovascular
remodeling, as the observed changes in cardiovascular parameters related to adiposity and
insulin resistance were small. We excluded individuals using type 2 diabetes medication, who
may have the largest impairments in diastolic function, because glucose-lowering drugs
may influence insulin resistance or modify the relation of insulin resistance to cardiovascular
parameters (37). Furthermore, we used HOMA-IR as afeasible alternative for the hyperinsulinemic
euglycemic clamp, which is considered the gold standard for whole-body insulin resistance.
HOMA-IR is widely used in epidemiologic studies and corresponds well to estimates of insulin
resistance in clamp studies (63). Interestingly, advanced PET/MR protocols which enable the
measurement of tissue-specific insulin sensitivity may help to gain more insight into the
association of myocardial insulin resistance with cardiac remodeling (64). In the NEO study,
diastolic function is derived from MRI. MRI values for the E/A ratio are highly reproducible and
strongly correlate with echocardiography measurements (65-67). However, in clinical patients,
the diagnosis of diastolic dysfunction is based on echocardiography, using multiple diastolic
function parameters, in combination with the evaluation for signs or symptoms of congestive
heart failure (68). For example, we did not have data on left atrial size, which can be used as
a measure of chronic diastolic dysfunction. Furthermore, we examined LV ejection fraction,
whereas systolic strain is considered a more sensitive measure for LV contractility (18,20).
Accordingly, in the Strong Heart Study, insulin resistance was related to lower systolic strain and
reduced measures of myocardial mechano-energetic efficiency, whereas LV ejection fraction
was unaltered (69).

CONCLUSION

In this cross-sectional population-based imaging study in middle-aged men and women, we
document that insulin resistance has a mediating role in the relation between adipose tissue
and a lower E/A ratio and between VAT and a smaller LV end-diastolic volume. All fat depots
including VAT, aSAT and TBF were related to reduced diastolic function, whereas VAT but not
TBF was associated with smaller LV dimensions. We assessed specific adiposity metrics rather
than excess body weight. The present study demonstrates that insulin resistance is associated
with a lower E/A ratio and a smaller LV end-diastolic volume, separately from VAT and TBF,
supporting reduced diastolic function and smaller LV dimensions as adiposity-independent
characteristics of insulin resistance-related cardiovascular remodeling, in the middle-aged
general population.

39




40 | Chapter2

ACKNOWLEDGEMENTS

We express our gratitude to all individuals who participate in the Netherlands Epidemiology
of Obesity (NEO) study. We are grateful to all participating general practitioners for inviting
eligible participants. We furthermore thank PR. van Beelen and all research nurses for data
collection, PJ. Noordijk and her team for sample handling and storage, and I. de Jonge for data
management.

FUNDING

This project was funded by the ‘Cardio Vascular Imaging Group (CVIG), Leiden University
Medical Center (Leiden, the Netherlands). The NEO study is supported by the participating
Departments, the Division and the Board of Directors of the Leiden University Medical Center,
and by the Leiden University, Research Profile AreaVascular and Regenerative Medicine!



REFERENCES

Seferovic PM, Paulus WJ. Clinical diabetic
cardiomyopathy: a two-faced disease with
restrictive and dilated phenotypes. Eur Heart J
2015;36(27):1718-1727,1727a-1727c.

Rubler S, Dlugash J, Yuceoglu YZ, Kumral
T, Branwood AW, Grishman A. New type
of  cardiomyopathy  associated with
diabetic glomerulosclerosis. Am J Cardiol
1972,30(6):595-602.

Richardson P McKenna W, Bristow M, et al.
Report of the 1995 World Health Organization/
International  Society and Federation of
Cardiology Task Force on the Definition and
Classification of cardiomyopathies. Circulation
1996,93(5):841-842.

Mokdad AH, Ford ES, Bowman BA, et al
Prevalence of obesity, diabetes, and obesity-
related health risk factors, 2001. JAMA
2003;289(1):76-79.

Lauer MS, Anderson KM, Kannel WB, Levy D.
The impact of obesity on left ventricular mass
and geometry. The Framingham Heart Study.
JAMA 1991;266(2):231-236.

Heckbert SR, PostW,Pearson GD, etal. Traditional
cardiovascular risk factors in relation to left
ventricular mass, volume, and systolic function
by cardiac magnetic resonance imaging: the
Multiethnic Study of Atherosclerosis. J Am Coll
Cardiol 2006;48(11):2285-2292.

Brunner EJ, Shipley MJ, Ahmadi-Abhari
S, et al. Adiposity, obesity, and arterial
aging: longitudinal study of aortic stiffness
in the Whitehall II' cohort. Hypertension
2015;66(2):294-300.

Britton KA, Wang N, Palmisano J, et al. Thoracic
periaortic and visceral adipose tissue and their
cross-sectional associations with measures
of vascular function. Obesity (Silver Spring)
2013;21(7):1496-1503.

Neeland 1), Gupta S, Ayers CR, et al. Relation
of regional fat distribution to left ventricular
structure and function. Circ Cardiovasc Imaging
2013;6(5):800-807.

Neeland 1J, Turer AT, Ayers CR, et al. Body
fat distribution and incident cardiovascular
disease in obese adults. J Am Coll Cardiol
2015;65(19):2150-2151.

Hamdy O, Porramatikul S, Al-Ozairi E. Metabolic
obesity: the paradox between visceral
and subcutaneous fat. Curr Diabetes Rev
2006;2(4):367-373.

20.

21.

22.

Insulin resistance and cardiovascular function

Ziemke F, Mantzoros CS. Adiponectin in insulin
resistance: lessons from translational research.
Am J Clin Nutr 2010;91(1):2585-261S.

Li S, Shin HJ, Ding EL van Dam RM.
Adiponectin levels and risk of type 2 diabetes:
a systematic review and meta-analysis. JAMA
2009;302(2):179-188.

van Hout MJP, Dekkers IA, Westenberg JJM,
Schalij MJ, Scholte A, Lamb HJ. The impact
of visceral and general obesity on vascular
and left ventricular function and geometry: a
cross-sectional magnetic resonance imaging
study of the UK Biobank. Eur Heart J Cardiovasc
Imaging 2019.

Wade KH, Chiesa ST, Hughes AD, et al
Assessing the causal role of body mass
index on cardiovascular health in young
adults:  Mendelian  randomization  and
recall-by-genotype  analyses.  Circulation
2018;138(20):2187-2201.

Cho DH, Kim MN, Joo HJ, Shim WJ, Lim DS, Park
SM. Visceral obesity, but not central obesity, is
associated with cardiac remodeling in subjects
with suspected metabolic syndrome. Nutr
Metab Cardiovasc Dis 2019:29(4):360-366.
Capaldo B, Di Bonito P, laccarino M, et al.
Cardiovascular  Characteristics in Subjects
With Increasing Levels of Abnormal Glucose
Regulation The Strong Heart Study. Diabetes
Care 2013,36(4):992-997.

Skali H, Shah A, Gupta DK, et al. Cardiac
structure and function across the glycemic
spectrum in elderly men and women free of
prevalent heart disease: the Atherosclerosis
Risk In the Community study. Circ Heart Fail
2015;8(3):448-454.

Galderisi M, Anderson KM, Wilson PW, Levy D.
Echocardiographic evidence for the existence
of a distinct diabetic cardiomyopathy (the
Framingham Heart Study). Am J Cardiol
1991,68(1):85-89.

Devereux RB, Roman MJ, Paranicas M, et al.
Impact of diabetes on cardiac structure and
function: the strong heart study. Circulation
2000;101(19):2271-2276.

Bertoni AG, Goff DC, Jr, D'Agostino RB, Jr, et
al. Diabetic cardiomyopathy and subclinical
cardiovascular disease: the Multi-Ethnic Study
of Atherosclerosis (MESA). Diabetes Care
2006;29(3):588-594.

Sawada N, Daimon M, Kawata T, et al. The

41




42 | Chapter2

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

Significance of the Effect of Visceral Adiposity
on Left Ventricular Diastolic Function in the
General Population. Sci Rep 2019;9(1):4435.
Rider OJ, Cox P, Tyler D, Clarke K, Neubauer S.
Myocardial substrate metabolism in obesity. Int
J Obes (Lond) 2013;37(7):972-979.

Rijzewijk LJ, van der Meer RW, Lamb HJ, et al.
Altered myocardial substrate metabolism and
decreased diastolic function in nonischemic
human diabetic cardiomyopathy: studies with
cardiac positron emission tomography and
magnetic resonance imaging. J Am Coll Cardiol
2009;54(16):1524-1532.

Rayner JJ, Banerjee R, Holloway CJ, et al.
The relative contribution of metabolic and
structural abnormalities to diastolic dysfunction
in obesity. Int J Obes (Lond) 2018;42(3):441-
447.

Rider OJ, Francis JM, Ali MK, et al. Effects of
catecholamine stress on diastolic function and
myocardial energetics in obesity. Circulation
2012;125(12):1511-1519.

von Bibra H, St John Sutton M. Diastolic
dysfunction in diabetes and the metabolic
syndrome: promising potential for diagnosis
and prognosis. Diabetologia 2010;53(6):1033-
1045.

Chinali M, de Simone G, Roman MJ, et al. Impact
of obesity on cardiac geometry and function in
a population of adolescents: the Strong Heart
Study. J Am Coll Cardiol 2006;47(11):2267-2273.
Abbasi SA, Hundley WG, Bluemke DA, et
al. Visceral adiposity and left ventricular
remodeling:  The Multi-Ethnic ~ Study  of
Atherosclerosis. Nutr Metab Cardiovasc Dis
2015;25(7):667-676.

Shah RV, Abbasi SA, Heydari B, et al. Insulin
resistance, subclinical left  ventricular
remodeling, and the obesity paradox: MESA
(Multi-Ethnic Study of Atherosclerosis). J Am
Coll Cardiol 2013;61(16):1698-1706.

Velagaleti RS, Gona P, Chuang ML, et al.
Relations of insulin resistance and glycemic
abnormalities to cardiovascular magnetic
resonance measures of cardiac structure and
function: the Framingham Heart Study. Circ
Cardiovasc Imaging 2010;3(3):257-263.
Stahrenberg R, Edelmann F Mende M,
et al. Association of glucose metabolism
with diastolic function along the diabetic
continuum.  Diabetologia  2010;53(7):1331-
1340.

Fontes-Carvalho R, Ladeiras-Lopes R,
Bettencourt P Leite-Moreira A, Azevedo
A. Diastolic dysfunction in the diabetic

34

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

continuum: association with insulin resistance,
metabolic syndrome and type 2 diabetes.
Cardiovasc Diabetol 2015;14:4.

de Mutsert R, den Heijer M, Rabelink TJ, et al.
The Netherlands Epidemiology of Obesity
(NEO) study: study design and data collection.
Eur J Epidemiol 2013;28(6):513-523.

Williams B, Mancia G, Spiering W, etal. 2018 ESC/
ESH Guidelines for the management of arterial
hypertension. Eur Heart J 2018;39(33):3021-
3104.

Matthews DR, Hosker JP, Rudenski AS, Naylor
BA, Treacher DF, Turner RC. Homeostasis model
assessment: insulin resistance and beta-cell
function from fasting plasma glucose and
insulin concentrations in man. Diabetologia
1985;28(7):412-419.

Wallace TM, Levy JC, Matthews DR. Use and
abuse of HOMA modeling. Diabetes Care
2004;27(6):1487-1495.

Schweitzer L, Geisler C, Pourhassan M, et al.
What is the best reference site for a single MRI
slice to assess whole-body skeletal muscle and
adipose tissue volumes in healthy adults? Am J
Clin Nutr 2015;102(1):58-65.

Bella JN, Devereux RB, Roman MJ, et al.
Relations of left ventricular mass to fat-free and
adipose body mass: the strong heart study. The
Strong Heart Study Investigators. Circulation
1998;98(23):2538-2544.

Daniels SR, Kimball TR, Morrison JA, Khoury P,
Witt S, Meyer RA. Effect of lean body mass, fat
mass, blood pressure, and sexual maturation
on left ventricular mass in children and
adolescents. Statistical, biological, and clinical
significance.  Circulation  1995;92(11):3249-
3254,

Seidell JC, Bouchard C. Visceral fat in relation
to health: is it a major culprit or simply an
innocent bystander? Int J Obes Relat Metab
Disord 1997;21(8):626-631.

Richiardi L, Bellocco R, Zugna D. Mediation
analysis in epidemiology: methods,
interpretation and bias. Int J Epidemiol
2013;42(5):1511-1519.

Robins JM, Greenland S. Identifiability and
exchangeability for direct and indirect effects.
Epidemiology 1992;3(2):143-155.

de Mutsert R, Gast K, Widya R, et al. Associations
of Abdominal Subcutaneous and Visceral Fat
with Insulin Resistance and Secretion Differ
Between Men and Women: The Netherlands
Epidemiology of Obesity Study. Metab Syndr
Relat Disord 2018;16(1):54-63.

From AM, Scott CG, Chen HH.The development



46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

of heart failure in patients with diabetes
mellitus and pre-clinical diastolic dysfunction
a population-based study. J Am Coll Cardiol
2010;55(4):300-305.
Ortega FB, Llavie CJ,
and  Cardiovascular
2016;118(11):1752-1770.
Rutter MK, Parise H, Benjamin EJ, et al. Impact
of glucose intolerance and insulin resistance
on cardiac structure and function: sex-related
differences in the Framingham Heart Study.
Circulation 2003;107(3):448-454.

llercil A, Devereux RB, Roman MJ, et al.
Relationship of impaired glucose tolerance
to left ventricular structure and function: The
Strong Heart Study. Am Heart J 2001;141(6):992-
998.

Lebeche D, Davidoff AJ, Hajjar RJ. Interplay
between impaired calcium regulation and
insulin  signaling abnormalities in diabetic
cardiomyopathy. Nat Clin Pract Cardiovasc Med
2008;5(11):715-724.

Wong TC, Piehler KM, Kang IA, et al. Myocardial
extracellular  volume fraction quantified
by cardiovascular magnetic resonance is
increased in diabetes and associated with
mortality and incident heart failure admission.
Eur Heart J 2014;35(10):657-664.

Levelt E, Mahmod M, Piechnik SK, et al.
Relationship  Between  Left  Ventricular
Structural and Metabolic Remodeling in Type 2
Diabetes. Diabetes 2016:65(1):44-52.
Ladeiras-Lopes R, Moreira HT, Bettencourt N,
et al. Metabolic Syndrome Is Associated With
Impaired Diastolic Function Independently of
MRI-Derived Myocardial Extracellular Volume:
The MESA Study. Diabetes 2018;67(5):1007-
1012,

Collis T, Devereux RB, Roman MJ, et al. Relations
of stroke volume and cardiac output to
body composition: the strong heart study.
Circulation 2001;103(6):820-825.

De Simone G, Devereux RB, Chinali M, et al.
Sex differences in obesity-related changes in
left ventricular morphology: the Strong Heart
Study. J Hypertens 2011,29(7):1431-1438.

Rider OJ, Tayal U, Francis JM, et al. The effect
of obesity and weight loss on aortic pulse
wave velocity as assessed by magnetic
resonance imaging. Obesity (Silver Spring)
2010;18(12):2311-2316.

Webb DR, Khunti K, Silverman R, et al. Impact
of metabolic indices on central artery stiffness:
independent association of insulin resistance
and glucose with aortic pulse wave velocity.

Blair
Disease.

SN.  Obesity
Circ  Res

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Insulin resistance and cardiovascular function

Diabetologia 2010;53(6):1190-1198.

Poon AK, Meyer ML, Tanaka H, et al. Association
of insulin resistance, from mid-life to late-
life, with aortic stiffness in late-life: the
Atherosclerosis Risk in Communities Study.
Cardiovasc Diabetol 2020;19(1):11.

Safar ME, Levy BI, Struijker-Boudier H. Current
perspectives on arterial stiffness and pulse
pressure in hypertension and cardiovascular
diseases. Circulation 2003;107(22):2864-2869.
Westenberg JJ. CMR for Assessment of Diastolic
Function. Curr Cardiovasc Imaging Rep
2011;4(2):149-158.

Paulus WJ, Tschope C. A novel paradigm
for heart failure with preserved ejection
fraction: comorbidities drive myocardial
dysfunction and remodeling through coronary
microvascular endothelial inflammation. J Am
Coll Cardiol 2013;62(4):263-271.
Fontes-Carvalho R, Pimenta J, Bettencourt
P Leite-Moreira A, Azevedo A. Association
between plasma leptin and adiponectin
levels and diastolic function in the general
population.  Expert Opin Ther Targets
2015;19(10):1283-1291.

Zile MR, Gottdiener JS, Hetzel SJ, et al
Prevalence and significance of alterations in
cardiac structure and function in patients with
heart failure and a preserved ejection fraction.
Circulation 2011;124(23):2491-2501.

Bonora E, Targher G, Alberiche M, et al.
Homeostasis model assessment closely mirrors
the glucose clamp technique in the assessment
of insulin sensitivity: studies in subjects with
various degrees of glucose tolerance and
insulin sensitivity. Diabetes Care 2000;23(1):57-
63.

Johansson E, Lubberink M, Heurling K, et al.
Whole-Body Imaging of Tissue-specific Insulin
Sensitivity and Body Composition by Using an
Integrated PET/MR System: A Feasibility Study.
Radiology 2018;286(1):271-278.

Ashrafpoor G, Bollache E, Redheuil A, et
al. Age-specific changes in left ventricular
diastolic  function: a  velocity-encoded
magnetic resonance imaging study. Eur Radiol
2015;25(4):1077-1086.

Buss SJ, Krautz B, Schnackenburg B, et al.
Classification of diastolic function with phase-
contrast cardiac magnetic resonance imaging:
validation with echocardiography and age-
related reference values. Clin Res Cardiol
2014;103(6):441-450.

Rathi VK, Doyle M, Yamrozik J, et al. Routine
evaluation of left ventricular diastolic function

43




44 | Chapter2

68.

by cardiovascular magnetic resonance: a
practical approach. J Cardiovasc Magn Reson
2008;10:36.

Nagueh SF, Smiseth OA, Appleton CP et
al. Recommendations for the Evaluation
of Left Ventricular Diastolic Function by
Echocardiography: An Update from the
American Society of Echocardiography and
the European Association of Cardiovascular

69.

Imaging.J Am SocEchocardiogr2016,29(4):277-
314,

Mancusi C, de Simone G, Best LG, et al.
Myocardial mechano-energetic efficiency and
insulin resistance in non-diabetic members
of the Strong Heart Study cohort. Cardiovasc
Diabetol 2019;18(1):56.



Insulin resistance and cardiovascular function

SUPPLEMENTARY MATERIAL

Image acquisition

VAT and aSAT were assessed by acquiring three transverse images at the level of the fifth
lumbar vertebra, using a turbo spin-echo protocol, with imaging parameters: repetition/echo
time (TR/TE) 300/20 ms, flip angle (FA) 907, slice thickness 10 mm, slice gap 2 mm.

For LV structure and systolic function, the LV was imaged in short-axis orientation using
electrocardiographically (ECG)-gated breath-hold balanced steady-state free precession
(bSSFP), with imaging parameters: TR/TE 3.4/1.7 ms, FA 359, slice thickness 10 mm, no slice gap,
field of view (FOV) 400x400 mm, matrix size 256x256.

To determine diastolic function, an ECG-gated gradient echo sequence with velocity
encoding over the mitral valve was used, with imaging parameters: TR/TE 6.5/1 ms, FA 20°, slice
thickness 8 mm, FOV 350x350 mm, matrix size 256x256, velocity-encoding gradient 150 cm/s,
number of phases 40.

Aortic PWV was derived from retrospectively ECG-gated gradient echo sequences
with velocity-encoding (200 cm/s), acquired perpendicular to the ascending and proximal
descending aorta and distal descending aorta (just above the aortic bifurcation). Aortic PWV
was calculated by dividing the aortic path length by the transit time of the arrival of the systolic
wave front, as previously described (1).
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1. Widya RL, de Mutsert R, Westenberg JJM, Gast Pulse Wave Velocity and Carotid Intima-Media
KB, den Heijer M, le Cessie S, et al. Is Hepatic Thickness? The Netherlands Epidemiology of

Triglyceride Content Associated with Aortic Obesity Study. Radiology 2017;285:73-82.
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Supplemental Table 1. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters in

the total population

Standardized difference in
cardiovascular parameters (95%Cl)

LV structure

LV'mass, g
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

LV end-diastolic volume, mL
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

LV concentricity, g/mL
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

LV function

LV ejection fraction, %
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

E/Aratio
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

Aortic stiffness

Total aorta, m/s
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

Crude

-40 (-6.0to -2.0)
-1.9(-3.2t0-0.5)
-24(-3.6t0-1.3)
-0.8 (2210 0.6)

-8.6(-1141t0-5.8)
-6.1 (-8.3t0-4.0)
08 (-1.1t02.7)
35(1.2t05.8)

0.02 (0.01 to 0.04)
0.03 (0.02 to 0.04)
-0.02 (-0.03 to -0.01)
-0.04 (-0.05 to -0.03)

-0.2 (-09t0 04)
-0.3(-0.8t0 0.1)
-0.5(-09t0-0.1)
0.1(-041t00.5)

-0.18 (-0.24 t0 -0.12)
-0.12 (-0.16 to -0.08)
-0.04 (-0.08 to 0.00)
-0.05 (-0.09 to 0.00)

0.2(0.0toc04)
0.1(0.0t00.2)
00(-0.1t00.1)
02(0.0t00.3)

Adjusted

-4.1(-6410-1.9)
-33(-5.1to-1.6)
-25(-40to-1.0)
06 (-1.7t02.9)
-85 (-11.5t0-5.5)
-89 (-11.7t0-6.1)
-0.5(-291t0 1.8)
54(1.1t09.7)

0.01 (-0.01 t0 0.02)
0.02 (0.00 to 0.03)
-0.01 (-0.03 to 0.00)
-0.02 (-0.04 to 0.00)

0.0(-08t00.8)
0.1(-06t00.7)
-0.7 (-1.2t0-0.1)
-0.8 (-1.6t0 0.0)

-0.11 (-0.17 t0 -0.05)
-0.04 (-0.09 to 0.01)
-0.05 (-0.10 to 0.00)
-0.09 (-0.16 to -0.02)

0.1t00.2
0.1t0 0.1
0.2t0 0.1

0.0 (+
0.0 (-
0.0 (-
00(-02t00.1

)
)
)
)
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Supplemental Table 1. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters in
the total population

Standardized difference in
cardiovascular parameters (95%Cl)

Crude Adjusted
Aortic arch, m/s
Log HOMA-IR 0.2(0.0t004) 00 (-04t00.3)
VAT (SD: 54 cm?) 0.2(0.1t004) 00(-03t00.2)
aSAT (SD: 94 cm?) 0.1(-0.1t00.2) 0.1 (-0.1t00.3)
TBF (SD: 8%) 0.1 (-0.1t00.3) 0.2 (-0.1t00.5)

Descending aorta, m/s

Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

Hemodynamics

Stroke volume, mL
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

Cardiac output, mL
Log HOMA-IR
VAT (SD: 54 cm?)
aSAT (SD: 94 cm?)
TBF (SD: 8%)

0.2 (-0.1t0 04)
0.1(-0.1t00.2)
0.0(-0.1t00.2)
0.2(0.1t004)

-54(-74t0-35)

-4.1(-5.6t0-2.6)

-0.3(-1.6to 1.0
16(00t03.2)

=24 (17210 124)
-115(-227t0-2)
34 (-57 t0 125)
155 (37 t0 273)

0.1(-02t00.3)
00(-02t00.2)
-0.1(-03t0 0.1)
-0.1(-05t00.2)

-5.1(-72t0-3.0)
-56(-75t0-3.7)
-14(-29t00.2)
2.2 (-05t04.9)

-30 (210 to 150)
-223 (-359t0-88)
-13(-121t0 94)
242 (66 10 419)

Results represent regression coefficients per 10-fold increase in HOMA-IR or per SD of measure of
adiposity. In the left column, regression coefficients for LV structure and volumes (LV mass, LV end-diastolic
volume, LV stroke volume and cardiac output) are corrected for lean body mass. In the right column,
regression coefficients are corrected for age, sex, ethnicity, education, smoking, physical activity, use of
hormone therapy, menopausal state, hypertension, lean body mass and adiposity (HOMA-IR is adjusted
for VAT and TBF, VAT is adjusted for TBF, and aSAT and TBF are adjusted for VAT). Abbreviations: aSAT:
abdominal subcutaneous adipose tissue, E/A ratio: ratio of mitral early and late peak filling rate, log HOMA-
IR: log-transformation of the homeostatic model assessment of insulin resistance, LV: left ventricle, LV
concentricity: LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT: visceral adipose
tissue. All analyses are weighted towards the BMI distribution of the general population (n=914). Due to
missing values, for PWV total aorta: n=911, PWV descending aorta: n=832.
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Supplemental Table 2. Associations of HOMA-IR, VAT, aSAT and TBF with LV mass and volumes indexed
to height?”

Standardized difference in
cardiovascular parameters (95%Cl)

Crude Adjusted

LV mass/height?’, g/m?’

Log HOMA-IR
VAT (SD: 54 cm?)

aSAT (SD: 94 cm?)

TBF (SD: 8%)

LV end-diastolic volume/height?’, L/m?*’

Log HOMA-IR
VAT (SD: 54 cm?)

aSAT (SD: 94 cm?)

TBF (SD: 8%)

Stroke volume/height*’, mL/m?’

Log HOMA-IR
VAT (SD: 54 cm?)

aSAT (SD: 94 cm?)

TBF (SD: 8%)

Cardiac output/height*’, mL/m?’

Log HOMA-IR
VAT (SD: 54 cm?)

aSAT (SD: 94 cm?)

TBF (SD: 8%)

0.1(-05t00.7)
1.0(06to 1.3)

-0.1(-04100.2)

-0.7 (-1.0to -04)

-08(-1.6t0-0.1)
0.0(-05t00.5)
100510 1.5)
0.7(02to1.2)

-06(-1.1t0-0.1)
-0.1(-04t00.2)
0.5(0.1t00.8)
04(0.1t00.8)

28 (-7 t0 63)
14 (-9 to 36)
44 (22 to 65
42 (

)
1910 65)

-0.8(-1410-0.2)
-0.2(-0.7t0 0.3)
03(0.0t00.7)
06 (-0.1to 1.3)

-16(-251t0-0.8)
-1.0(-1.71t0-0.3)
140810 1.9)
21(09t03.3)

-1.0(-1.6t0-04)
-06 (-1.1t0-0.2)
06(0.2t0 1.0
1.0(03t0 1.8)

-1(-41 to 40)
-18(-50t0 13)
45 (20 to 70)
79 (3210 125)

Results represent regression coefficients per 10-fold increase in HOMA-IR or per SD of measure of adiposity.
Adjusted regression coefficients are corrected for age, sex, ethnicity, education, smoking, physical activity,
use of hormone therapy, menopausal state, hypertension, lean body mass and adiposity (HOMA-IR is
adjusted for VAT and TBF, VAT is adjusted for TBF, and aSAT and TBF are adjusted for VAT). For abbreviations,
see Supplemental Table 1.
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ABSTRACT

Background

The pathogenesis and cardiovascular impact of type 2 diabetes (T2D) may be different in
South Asians compared with other ethnic groups. The phenotypic characterization of diabetic
cardiomyopathy remains debated and little is known regarding differences in T2D-related
cardiovascular remodeling across ethnicities. We aimed to characterize the differences in left
ventricular (LV) function and structure, myocardial tissue characteristics and aortic stiffness
between T2D patients and controls and to assess the differences in T2D-related cardiovascular
remodeling between South Asians and Europeans.

Methods

T2D patients and controls of South Asian and European descent underwent 3 Tesla
cardiovascular magnetic resonance imaging (CMR) and cardiac proton magnetic resonance
spectroscopy ("H-MRS). Differences in cardiovascular parameters between T2D patients and
controls were examined using ANCOVA and were reported as mean (95%Cl). Ethnic group
comparisons in the association of T2D with cardiovascular remodeling were made by adding
the interaction term between ethnicity and diabetes status to the model.

Results

Atotal of 131 individuals were included (54 South Asians (50.148.7 years, 33% men, 33 patients
vs. 21 controls) and 77 Europeans (58.8+7.0 years, 56% men, 48 patients vs. 29 controls)). The
transmitral early and late filling rate ratio (E/A) was lower in T2D patients compared with controls,
in South Asians (-0.20 (-0.36;-0.03), P=0.021) and Europeans (-0.20 (-0.36;-0.04), P=0.017),
whereas global longitudinal strain and aortic pulse wave velocity were similar. South Asian T2D
patients had a higher LV mass (+22 g (15;30), P<0.001) (P for interaction by ethnicity=0.005)
with a lower extracellular volume fraction (-1.9% (-3.4;-0.4), P=0.013) (P for interaction=0.114),
whilst European T2D patients had a higher myocardial triglyceride content (+0.59% (0.35,0.84),
P=0.001) than their control group (P for interaction=0.002).

Conclusion

Diabetic cardiomyopathy was characterized by impaired LV diastolic function in South Asians
and Europeans. Increased LV mass was solely observed among South Asian T2D patients,
whereas differences in myocardial triglyceride content between T2D patients and controls
were only present in the European cohort. The diabetic cardiomyopathy phenotype may differ
between subsets of T2D patients, for example across ethnicities, and tailored strategies for T2D
management may be required.
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BACKGROUND

Type 2 diabetes (T2D), independent of other cardiovascular risk factors, is associated with an
increased risk of heart failure (1). South Asians, who represent 20% of the world's population,
are at particular risk of developing T2D (2,3). Individuals of South Asian descent appear to have
a metabolically disadvantageous phenotype with a relatively high total body fat percentage
(4,5). Also, the metabolic sensitivity to excess fat mass may be more pronounced among
South Asians compared with other ethnic groups, as indicated by increased insulin resistance
at similar adiposity levels (6,7). In individuals of South Asian descent, the release of adipose
tissue metabolites may be disturbed (8). Also, in South Asians in particular, excess fat mass may
cause a state of chronic inflammation (9). Importantly, the impact of T2D on cardiac function

may be greater among South Asians compared with Europeans (10). However, most previous
studies on diabetic cardiomyopathy were performed in white populations or ethnicity was
not reported (11-13). Little is known regarding the differences in the diabetic cardiomyopathy
phenotype across ethnicities, whereas increased insight into the ethnic-specific cardiovascular
consequences may guide the development of tailored strategies for the management of T2D.
By using cardiovascular magnetic resonance (CMR), the impact of T2D on the left ventricle
(LV) can be characterized on a functional, structural and myocardial tissue level. Strain
echocardiography studies have shown that not merely LV diastolic function, which may be most
susceptible to myocardial energy depletion, but also LV systolic function might be impaired
(14). The introduction of feature tracking has enabled the assessment of both longitudinal and
circumferential strain based on standard cine images, which can be considered more sensitive
measures of myocardial contractility compared with LV ejection fraction (15). Myocardial
diffuse fibrosis, as the result of hyperglycemia and systemic inflammation in T2D, may be an
early hallmark of LV remodeling, preceding functional impairments (16). Also, myocardial
steatosis has been proposed as an important contributing factor to both LV structural and
functional remodeling in patients with T2D (12-14). In this study, we aimed to characterize
the differences in CMR-derived LV systolic and diastolic function, LV structure and myocardial
tissue characteristics and aortic stiffness between T2D patients and controls and to assess the
differences in T2D-related cardiovascular remodeling between South Asians and Europeans.

METHODS

Study population

This is a single-center, cross-sectional study. The data of the T2D patients of European and
South Asian origin (i.e. Hindustani Surinamese, Indian, Pakistani, Bangladeshi or Sri Lankan)
were derived from the baseline measurements of two previous randomized controlled trials
(ClinicalTrials.gov NCT01761318 (17) and NCT02660047 (18), respectively). In addition, healthy
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controls of European and South Asian descent in the same age range and with a similar sex
distribution as compared with the T2D patients were prospectively enrolled. Ethnicity was
based on self-identified origin and self-reported origin of both biological parents and their
ancestors. Written informed consent was obtained prior to inclusion. The study complied with
the revised Declaration of Helsinki and was approved by the institutional review board (Leiden
University Medical Center, Leiden, the Netherlands).

Al T2D patients were obese (body mass index (BMI) >25 kg/m? for Europeans and >23 kg/
m? for South Asians) and used metformin, sulfonylurea derivatives and/or insulin. Initially, the
inclusion criteria for the European and South Asian study population were similar. However,
due to the insufficient number of eligible patients, the inclusion criteria for the South Asian
T2D patients were adjusted. For the European and South Asian T2D patients, respectively, age
ranged from 18-70 and 18-75 year, glycated hemoglobin (HbA1c) was >52.5 and <86.5 mmol/
mol (=7.0and <10.0%) and >47.5 and <96.5 mmol/mol (=6.5 and <11.0%), systolic and diastolic
blood pressure was <150/85 mmHg and <180/110 mmHg, estimated glomerular filtration rate
(eGFR) was >60 ml/min/1.73m? and >30 ml/min/1.73m? no history of significant coronary
artery disease for the European T2D group (significant coronary artery disease was defined
as: a history of coronary artery bypass grafting and/or percutaneous coronary intervention or
significant coronary artery stenosis proven by coronary angiography or non-invasive imaging),
and no acute coronary accident in the preceding 30 days for the South Asian T2D group. Main
exclusion criteria were: any contra-indication for contrast-enhanced CMR and heart failure
New York Heart Association class Ill-IV. All T2D patients were screened for abnormalities on rest
echocardiography (ECG). For the present study, all T2D patients with significant coronary artery
disease or valvular disease were excluded.

The healthy controls were recruited by advertisements in Leiden University Medical Center
(Leiden, the Netherlands) and in local newspapers. Individuals aged 40-70 years without a
history of cardiovascular disease, no medication use and no contra-indications for contrast-
enhanced CMR were eligible for participation in the healthy control group. Exclusion criteria
were: prediabetes or diabetes (fasting glucose >6.1 mmol/L, 2-h glucose after 75 glucose
>7.8 mmol/L or HbATc =39 mmol/mol (25.7%)), metabolic syndrome (=2 of the following
criteria: systolic and diastolic blood pressure blood pressure >140/90 mmHg; triglycerides >1.7
mmol/L; HDL-cholesterol <0.9 mmol/L for men or <1.0 mmol/L for women; obesity (BMI >30
kg/m?) or abdominal obesity (waist/hip ratio: >0.9 for men or >0.85 for women or high waist
circumference: >102 cm for men or >88 cm for women (Europeans); >90 cm for men or >80 cm
for women (South Asians))), abnormalities upon physical examination, laboratory assessment
(blood count, liver and kidney function) or rest ECG.

Data collection
Study participants were included after a screening visit. Clinical and CMR examinations were
scheduled either in the morning or evening, after an overnight or 6 hour fast, respectively
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(for T2D patients, the insulin dose was adjusted and other glucose-lowering medication was
temporarily discontinued). Smoking status was self-reported and was categorized as currently
vs. previously or never. Blood pressure was measured in seated position on the right arm
after rest, using a validated automatic oscillometric device (SureSigns VS3 Vital signs monitor,
Philips, Best, the Netherlands) and was the mean of two consecutive measurements. HbATc
was examined with ion-exchange high-performance liquid chromatography (HPLC; Tosoh G8,
Sysmex Nederland B.V,, Etten-Leur, the Netherlands). Lipid levels were assessed on a Modular
P800 analyzer (Roche Diagnostics, Mannheim, Germany) with calculation of low-density
protein (LDL)-cholesterol according to the Friedewald formula. The total body fat percentage
was derived from bioelectrical impedance analysis (BIA; Bodystat 1500, Bodystart Ltd., Douglas,
United Kingdom).

CMR acquisition and analysis

CMR scans were acquired using a 3 Tesla MR scanner with a dStream Torso anterior coil and a
FlexCoverage posterior coil, with up to 32 coil elements for signal reception (Ingenia, Philips,
Best, the Netherlands).

VAT and abdominal SAT

Visceraland abdominal subcutaneous adipose tissue (VAT and abdominal SAT) were assessed on
2-point Dixon water-fat separated transverse images of the abdomen. VAT and abdominal SAT
were semi-automatically measured based on pixel intensity thresholding on three reformatted
transverse slices at the level of the fourth and fifth lumbar vertebrae, with slice thickness of 10
mm and slice gap of 12 mm (repetition time (TR) 3.5 ms, first/second echo time (TE) 1.19/2.3
ms, flip angle (FA) 10°, field of view (FOV) 500x365 mm?, acquired voxel size 1.60x1.70 mm?,
slice thickness 4 mm, slice gap -2 mm, number of slices 140). VAT and abdominal SAT were
quantified as the mean area in squared centimeters of all three slices (MASS version 2015-EXP,
Leiden University Medical Center, Leiden, the Netherlands).

LV systolic and diastolic function
LV function was examined on breath-hold ECG-triggered short-axis and 2-, 3- and 4-chamber
long-axis cine balanced steady-state free precession (TE/TR 1.5/3.0 ms, FA 45°, FOV 350x350
mm? (4-chamber) and 400x352 mm? (short-axis), acquired voxel size 2.0x1.6 mm? (4-chamber)
and 1.5x1.5 mm? (short-axis), slice thickness 8 mm, number of phases 30 (4-chamber) and 35
(short-axis)) and free-breathing ECG-gated whole-heart gradient-echo 4D velocity-encoded
MR (venc 150 cm/s, TE/TR 4.6/9.0 ms, FA 10°, FOV 360x360 mm?, acquired voxel size 3.0x3.0
mm?, slice thickness 3 mm, number of slices 41, number of phases 30, sensitivity encoding
(SENSE) factor 2).

LV systolic function parameters included LV ejection fraction measured on short-axis
cines (MASS version 2015-EXP, Leiden University Medical Center, Leiden, the Netherlands)
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and global longitudinal and circumferential strain (GLS and GCS) derived from long-axis and
short-axis cines using feature tracking (QStrain 2.0, Medis Suite 3.0, Medis medical imaging
systems, Leiden, the Netherlands). LV contours were semi-automatically drawn in the short-axis
images in the end-diastolic and end-systolic phase, to quantify the end-diastolic LV mass, LV
end-diastolic and end-systolic volumes, LV stroke volume, ejection fraction, cardiac output and
cardiac index. GLS was the average of the peak systolic strain on 2-, 3- and 4-chamber cines.
GCS was the peak systolic strain in the mid-ventricular short-axis cines.

LV diastolic strain parameters included the global longitudinal early peak diastolic strain
rate (GLSR-E) (average of the early peak diastolic strain rate in 2-, 3- and 4-chamber view) and
the global circumferential early peak diastolic strain rate (GCSR-E) (the early peak diastolic strain
rate in the mid-ventricular short-axis cines). LV diastolic function parameters derived from 4D
velocity-encoded MR included the ratio of the transmitral early (E) and late (A) peak filling rate
(E/A ratio), the peak deceleration slope of the E wave (Edec), the estimated LV filling pressure
(the ratio of the transmitral early peak velocity and the early peak diastolic mitral septal tissue
velocity (Ea) measured on 4-chamber cines) and the estimated LV compliance (the ratio of LV
end-diastolic volume and the estimated LV filling pressure) (19). The transmitral flow rate curves
were constructed after retrospective mitral valve tracking, perpendicular to the streamlines of
inflow across the mitral valve, at the location of peak flow velocity, with correction for through-
plane motion of the LV myocardial wall (MASS version 2015-EXP, Leiden University Medical
Center, Leiden, the Netherlands) (20,21).

Aortic stiffness

Aortic stiffness was quantified by the aortic pulse wave velocity, which was derived from a
double-oblique aorta scout view and two free-breathing 2D velocity-encoded MR scans at
the level of the ascending and abdominal aorta (venc 200 cm/s and 150 cm/s, respectively;
TE/TR 2.5/4.4 ms, FA 20°, FOV 350x282 mm?, slice thickness 8 mm, acquired voxel size 2.8x2.8
mm?, temporal resolution 10 ms). The aortic pulse wave velocity was calculated by dividing
the distance between ascending and abdominal aorta by the transit time of the systolic wave
front (MASS version 2015-EXP, Leiden University Medical Center, Leiden, the Netherlands and
in-house developed software) (22).

Myocardial steatosis

Myocardial steatosis was examined using ECG-triggered, respiratory-navigated cardiac proton-
magnetic resonance spectroscopy ("H-MRS) in a voxel of 40x15x25 mm? in the mid-ventricular
septum, using a high permittivity pad on the thorax (TE 35 ms, TR 3.5 or 9 seconds (water-
suppressed and non-water suppressed acquisition, respectively), acquired samples 2048
(spectral resolution 0.73 Hz/sample), number of signal averages 64 or 6 (water-suppressed and
non-water suppressed acquisition, respectively)) (23). Starting values for the fit of the acquired
spectrum were: triglyceride methyl (CH,) 0.9 ppm, triglyceride methylene (CH )" 1.3 ppm, COO-
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CH, 2.05 ppm, creatine 3.05 ppm, trimethylamines (TMA) 3.25 ppm. The myocardial triglyceride
content was quantified as the amplitude of (CH )" divided by the amplitude of unsuppressed
water, multiplied by 100%) (24) (in-house developed software and the Java-based MR user
interface, ]MRUI v5.0; MRUI Consortium) (25,26).

Myocardial diffuse fibrosis

Myocardial diffuse fibrosis was quantified using native and post-contrast modified Look-
Locker inversion recovery (MOLLI) T1 mapping, obtained in short-axis orientation at the mid-
ventricular level (TE/TR 1.1/2.3 ms, FA 20°, FOV 350x300 mm?, slice thickness 8 mm, acquired
voxel size 2.1x2.1 mm?, SENSE factor 2). Post-contrast T1 mapping was acquired 20-25 minutes
after administration of 0.15 mmol gadoterate meglumine (0.5 mmol/mL Dotarem; Guerbet

Villepinte, France) per kilogram of body weight. Because of ongoing optimization of the T1
mapping protocols throughout the study, native and post-contrast MOLLI acquisition schemes
were adjusted (for the European T2D patients: 3b(3b)3b(3b)5b and 3b(3b)3b(3b)5b; for the
European controls: 3b(3s)3b(3s)5b and 3b(3s)3b(3s)5b; for the South Asian T2D patients and
controls: 55(3s)3s and 4s(15)3s(15)2s, respectively). T1 relaxation times were measured in the
mid-ventricular septum, after manual correction for motion (QMap 2.2.18, Medis Suite 3.0,
Medis medical imaging systems, Leiden, the Netherlands).

Statistical analysis

Clinical characteristics, adiposity and cardiovascular parameters were presented for the T2D
and control group, for Europeans and South Asians separately, and were expressed as means
+ SD, medians (interquartile ranges) or numbers (percentages). We assessed the differences in
clinical characteristics and cardiovascular parameters between T2D patients and controls, for
Europeansand South Asians, using the Student’s t-test or the Fisher's exact test,and reported the
differences in adiposity parameters as means (95%Cl). Differences in cardiovascular parameters
between T2D patients and controls, for South Asians and Europeans, were further examined
using ANCOVA with adjustment for age, sex, systolic and diastolic blood pressure and smoking
status (currently vs. never or formerly). Ethnic group comparisons in the association of T2D with
cardiovascular remodeling were made by adding the interaction term between ethnicity and
diabetes status to the model (10). We assessed the normal distribution of the data visually. All
statistical tests were two-sided and P<0.05 was considered significant. Statistical analyses were
performed using SPSS 23 (IBM Corp, New York, United States).
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RESULTS

Clinical characteristics and adiposity parameters

In the present study, 48 of the 50 European T2D patients who participated in the trial
NCT01761318 (17) were included (n=1 was excluded because of type 1 diabetes and n=1 was
excluded because of missing CMR data due to claustrophobia). South Asian T2D patients with
age >65 years who participated in the trial NCT02660047 (18) were excluded in this study, as
we were unable to enroll South Asian healthy controls in this age category due to the high
prevalence of cardiometabolic risk factors among older South Asian individuals. In the current
study, 33 of the 47 South Asian T2D patients were included (n=6 were excluded because of age
>65 years, subsequently n=6 were excluded due to significant coronary artery disease and n=2
due to mitral valve insufficiency and/or stenosis on CMR).

Table 1. Clinical characteristics and adiposity parameters

Europeans South Asians
T2D Controls T2D Controls
(n=48) (n=29) (n=33) (n=21)
Age, years 595+6.6 576+78 513+£90 483 +8.1
Men, no. (%) 28 (58%) 15 (52%) 12 (36%) 6 (29%)
Current smoker, no. (%) 9 (19%) 1 (3%) 5(15%) 3 (14%)
BSA, m? 21+02% 19402 1.9+0.2% 1.7+02
BMI, kg/m? 32 +4* 24+3 30 +4* 24+3
Waist circumference, cm 110+ 9% 87+£9 101 +10* 82+7
Men 109 +38 91+7 103+8 86+8
Women 112+10 82+9 100+ 11 81+7
Waist-hip ratio 1.03+0.07* 0.88 +0.08 0.96 + 0.09* 0.86 + 0.07
Men 1.05 +0.06 093 +0.04 1.00 +0.08 0.93 +0.05
Women 1.00 £ 0.07 0.83+0.07 0.94 +0.08 0.84 +0.07
Systolic blood pressure, mmHg 141 +15% 126 +12 141+ 21% 124+ 14
Diastolic blood pressure, mmHg 87 £ 9% 80+38 85+ 11 80+ 12
Heart rate, beats/min 71 +12% 59+9 69 + 12% 61+8
Triglycerides, mmol/L 22+13* 1.0£04 1.9+ 1.5% 09+03
Total cholesterol, mmol/L 48+ 1.0% 57+1.1 44+10% 54+08
HDL-cholesterol, mmol/L 1.3+£03% 1.9+05 1.2+03* 16+03
LDL-cholesterol, mmol/L 26+09* 33+£10 22+09* 34+0.7
Glycated hemoglobin, mmol/mol 65.5+10.8% 355+27 66.2 +11.3% 355+24
Serum creatinine, umol/L 70+£18 76 £ 14 67 £17 73+£18
Urinary ACR, mg/mmol 0.7 (0.0;2.7) - 19(0.5;6.4) -
Microalbuminuria, no. (%) 9 (19%) - 10 (30%) -

Macroalbuminuria, no. (%) 1 (2%) - 3 (9%) -
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Table 1. Clinical characteristics and adiposity parameters

Europeans South Asians
T2D Controls T2D Controls
(n=48) (n=29) (n=33) (n=21)
Diabetes duration, years 10.7 £6.2 - 15.1+94 -
Metformin, no. (%) 48 (100%) - 32 (97%) -
Insulin, no. (%) 31 (65%) - 23 (70%) -
Insulin dose, units/day 44 (32;94) - 78 (45; 108) -
Lipid lowering drugs, no. (%) 39 (81%) - 25 (76%) -
Antihypertensive drugs, no. (%) 37 (77%) - 20 (61%) -
ACE-inhibitors, no. (%) 17 (35%) - 8 (24%) -
Total body fat, % 36.7 +9.3* 269+73 373+9.1* 323+7.1
Men 29.7 +36 21.9+3.1 273+49 233+42
Women 464 +50 322+67 425+57 360+40
Abdominal SAT, cm? 346 + 125% 200 + 69 344 +128% 248+ 109
Men 277 £ 93 173 £55 309+ 109 204+ 109
Women 442 +97 228+ 73 364+ 136 265+ 107
VAT, cm? 207 £ 75% 76 £ 34 152 +48* 73 +£30
Men 214+ 63 89 + 31 158 + 49 94+19
Women 197 + 89 62 +32 148 + 48 65+ 29

Means + SD, medians (interquartile range) or numbers (percentages) are presented. * P<0.05 vs. controls.
Microalbuminuria and macroalbuminuria: urinary albumin/creatinine ratio (ACR) 3-30 mg/mmol
and >30 mg/mmol, respectively. Missing values: n=1 for total body fat in the South Asian T2D group.
Abbreviations: ACE: angiotensin-converting enzyme; ACR: albumin/creatinine ratio; BMI: body mass index;
BSA: body surface area; HDL and LDL: high-density and low-density lipoprotein; VAT and SAT: visceral and
subcutaneous adipose tissue.

In total, the present study comprised 131 individuals (n=81 patients with T2D and n=50
healthy controls). In the European cohort (n=77), 48 patients (mean + SD age: 59.5 + 6.6 years,
diabetes duration: 10.7 + 6.2 years, 28 (58%) men) and 29 controls (mean + SD age: 57.6 + 7.8
years, diabetes duration: 15.1 + 9.4 years, 15 (52%) men) were included. The South Asian study
population (n=54) consisted of 33 patients (51.3 + 9.0 years, 12 (36%) men) and 21 controls
(48.3 £ 8.1 years, 6 (29%) men). Baseline characteristics are presented in Table 1. Whereas the
T2D and healthy control groups were similar according to age and sex distribution for both
the South Asian and European cohort, the South Asian compared with the European study
population was younger (50.1 + 8.7 vs. 58.8 + 7.0 years, P<0.001) and consisted of more women
(18/54 (33%) vs. 43/77 (56%) men, P=0.013). The European and South Asian control groups
were similar regarding smoking status (P=0.297), systolic and diastolic blood pressure (P=0.467
and 0.973, respectively), triglycerides (P=0.582), total cholesterol (P=0.285), LDL-cholesterol
(P=0.848) and HbA1c (P=0.925), except that high-density lipoprotein (HDL)-cholesterol was
lower among the South Asians (P=0.010). For the South Asian as compared with the European
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T2D patients, diabetes duration was longer (P=0.012), the daily insulin dose tended to be higher
(P=0.056), the urinary albumin/creatinine ratio was higher (P=0.045) and total cholesterol was
lower (P=0.046), whereas HbA1c was similar (P=0.801).

In both the European and South Asian populations, obesity and adipose tissue parameters,
blood pressure, cholesterol and glycemic levels were higher in the T2D compared with the
control group (Table 1). Differences in obesity and adipose tissue parameters between the
T2D and control group in the European and South Asian population were 7.8 (6.1 to 9.5) kg/m?
and 6.2 (4.1 to 8.3) kg/m? for BMI, 24 (20 to 28) cm and 19 (14 to 24) cm for waist circumference,
0.15(0.11 10 0.18) vs.0.10 (0.05 to 0.14) for waist-hip ratio, 9.8 (5.8 to 13.8)% and 5.0 (0.3 t0 9.7)%
for total body fat percentage, 131 (102 to 160) cm? and 79 (55 to 102) cm? for VAT and 146 (96
to 197) cm? and 96 (28 vs. 164) cm? for abdominal SAT, respectively.

Europeans
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Figure 1. Cardiovascular parameters (boxplots depicting median, interquartile ranges and outliers) in
European T2D patients (n=48) and controls (n=29) (* P<0.05). In European T2D patients, the E/A ratio was
lower than in the controls, LV concentricity was higher in parallel with a lower LV end-diastolic volume,
and the myocardial triglyceride content was higher. Abbreviations: E/A: transmitral early to late filling rate
ratio; ECV: extracellular volume; LV: left ventricular; Tg: triglyceride.
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Figure 2. Cardiovascular parameters (boxplots depicting median, interquartile ranges and outliers) in
South Asian T2D patients (n=33) compared with controls (n=21) (* P<0.05). In South Asian T2D patients,
the E/A ratio was lower than in the controls and LV concentricity was higher in parallel with a higher LV
mass. As both the LV extracellular volume and myocardial cell volume were higher, the ECV fraction was
slightly lower in South Asian T2D patients than in controls. Abbreviations as in Figure 1.

Association between T2D and cardiovascular parameters in Europeans
and South Asians

In univariable analyses, for both Europeans and South Asians, T2D patients as compared with
controls had LV structural alterations (higher LV concentricity), with impairments in LV diastolic
function (lower E/A ratio and higher LV filling pressure) and aortic stiffness (higher aortic pulse
wave velocity) (Table 2 and 3). The E dec peak, Ea, LV compliance and GLS were impaired in
the T2D patients compared with the controls among Europeans but not among South Asians.
Cardiovascular parameters for the T2D patients and controls are presented in Figure 1-3.
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Table 2. Cardiovascular parameters in Europeans

T2D (n=48) Controls (n=29)
LV diastolic function
E, mL/s 326+ 97 352+55
A, mL/s 366 £ 71 30175
E/A ratio 093 +0.38* 124 +£0.36
E dec peak, mL/s2 x10-3 -2.7 £1.0% -32+07
Ea, cm/s 59+17* 77+19
Estimate of LV filling pressure, mmHg 7.6+26% 51+17
Estimate of LV compliance, mL/mmHg 213 £94*% 334112
GLSR-E, 1/s 0.78+0.23 0.87+£0.28
GCSR-E, 1/s 1.15+037 1.22+037
LV systolic function
Ejection fraction, % 55+5 56+6
GLS, % -193£2.7% -21.1+£33
GCS, % -26.1 £45 -265+39
Hemodynamics
Stroke volume, mL 78+ 17% 88+ 17
Cardiac output, L/min 54+10 52+1.1
Cardiac index, L/min/m2 25+ 04% 27+05
Aorta stiffness
Aortic pulse wave velocity, m/s 85+2.2* 75£15
LV structure
End-diastolic volume, mL 142 + 29% 156 + 26
Mass, g 107 £23 96 + 24
Concentricity, g/mL 0.76 £0.12% 061 +0.09
Myocardial tissue characteristics
Myocardial Tg content, % 1.19 +£0.53% 0.58+0.18
Native T1, ms 1197 + 44% 1230+ 28
Extracellular volume fraction, % 263+25 269+27
Extracellular volume, mL 27+6 24+5
Cell volume, mL 75+ 18 67 +18

Means + SD. * P<0.05 vs. controls. Missing values in the T2D group: n=1 for all flow-derived LV diastolic
function parameters, n=3 E dec peak, n=1 GLSR-E, n=1 aortic pulse wave velocity, n=1 myocardial Tg
content, n=4 native T1, n=5 extracellular volume, cell volume, fibrosis volume; in the control group: n=1
for all flow-derived LV diastolic function parameters. Abbreviations: Ea: early peak diastolic mitral septal
tissue velocity; E and A: transmitral early and late filling rate; E dec peak: peak deceleration slope of E;
GLS and GLSR-E: global longitudinal strain and early peak diastolic strain rate, GCS and GCSR-E: global
circumferential strain and early peak diastolic strain rate; LV: left ventricular; Tg: triglyceride.
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T2D (n=33) Controls (n=21)
LV diastolic function
E, mL/s 339+£109 333+£67
A, mL/s 302 + 64* 242 £ 54
E/A ratio 1.15+037* 142 +036
E dec peak, mL/s2 x10-3 29+12 -32+07
Ea, cm/s 59£20 68+19
Estimate of LV filling pressure, mmHg 6.9+ 3.0* 50+16
Estimate of LV compliance, mL/mmHg 205490 240+7.7
GLSR-E, 1/s 0.88£0.22 098+0.16
GCSR-E, 1/s 1.32+£034 131+024
LV systolic function
Ejection fraction, % 58+6 60+ 5
GLS, % -204+£28 217 +1.7
GCS, % -276+43 -276+34
Hemodynamics
Stroke volume, mL 70+ 14 66+ 12
Cardiac output, L/min 48+ 1.0% 40£0.7
Cardiac index, L/min/m2 25+04 23+03
Aorta stiffness
Aortic pulse wave velocity, m/s 79+20% 6.5+ 1.1
LV structure
End-diastolic volume, mL 123 +£25 110+£19
Mass, g 93 + 20* 66+ 15
Concentricity, g/mL 0.77 £0.14* 0.60+0.10
Myocardial tissue characteristics
Myocardial Tg content, % 093 +0.54 0.84+043
Native T1, ms 1255+ 37 1263 +42
Extracellular volume fraction, % 262 £3.0* 282+26
Extracellular volume, mL 23+ 5% 18+4
Cell volume, mL 66 + 16* 45+ 11

Means + SD. * P<0.05 vs. controls. Missing values in the T2D group: n=1 native T1 and extracellular volume,
cell volume, fibrosis volume; in the control group: n=1 for myocardial Tg content. For abbreviations see

Table 2.
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Figure 3. Diabetic cardiomyopathy phenotype in Europeans and South Asians. (A) Impaired LV diastolic
function, as indicated by a lower ratio of the transmitral early and late filling rate (E/A) was identified
as a common characteristic of diabetic cardiomyopathy in Europeans and South Asians. The E/A ratio
was measured using 4D velocity-encoded MR after retrospective mitral valve tracking and through-plane
motion correction (leftimage). An example of the transmitral flow rate curve in aT2D patient (South Asian
62-year-old woman with E/A: 0.95) and healthy control (South Asian 57-year-old women with E/A: 1.25)
is provided (right images). (B) In South Asian but not in European T2D patients the LV mass, measured
on short-axis cine (upper image), was higher than in the control group and the extracellular volume
fraction, measured in the mid-ventricular septum using T1 mapping (lower image), was decreased. In
the presented South Asian T2D patient, LV mass was 97 g and extracellular volume fraction was 27%.
(€) Among Europeans but not among South Asians the myocardial triglyceride content was different for
T2D patients compared with controls. An example of cardiac proton-magnetic resonance spectroscopy
("H-MRS) in a 45-year-old woman with T2D (left image) and in a 48-year-old non-diabetic woman (right
image) of European descent is provided (myocardial triglyceride content (MTGC): 1.24% and 0.60%,
respectively).
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Table 4. Association between T2D and cardiovascular parameters

Adjusted mean difference (95%Cl) between

T2D patients and controls

Europeans South Asians P for interaction
(n=77) (n=54) by ethnicity

LV diastolic function
E/A -0.20 (-0.36, -0.04) -0.20 (-0.36,-0.03) 0.480
E dec peak, mL/s?*x10° 0.35(-0.13,0.83) -0.03 (-0.54, 0.49) 0.576
Ea, cm/s -1.1(-1.9,-04) -04(-14,06) 0.095
LV filling pressure, mmHg 2.3(1.0,3.6) 1.0 (-04,2.4) 0.300
LV compliance, mL/mmHg -129(-186,-7.2) -1.5(-6.1,3.1) 0.008
LV systolic function
GLS, % 06 (-09,2.1) 1.3(-0.2,2.8) 0.708
Hemodynamics
Stroke volume, mL -10(-19,-1) 3(-4,11) 0.007
Cardiac output, L/min 0.3(-03,08) 08(03,13) 0.067
Cardiac index, L/min/m? -0.2 (-04,0.0) 0.1(-0.1,0.3) 0.012
Aortic stiffness
Aortic pulse wave velocity, m/s 0.2(-08,1.2) 06(-0.2,1.4) 0.761
LV structure
End-diastolic volume, mL -20 (-34,-7) 11(0,22) 0.001
Mass, g -1(-11,8) 22 (15,30) 0.005
Concentricity, g/mL 0.10 (0.04,0.15) 0.14 (0.07,0.21) 0574
Myocardial tissue characteristics
Myocardial Tg content, % 0.59 (0.35,0.84) 0.10 (-0.20,0.41) 0.002
Native T1, ms -25(-47,-3) -6 (-31,18) 0.078
Extracellular volume fraction, % 10(-03,2.2) -1.9(-34,-04) 0.114
Extracellular volume, mL -1(-2,4) 42,7) 0.071
Cell volume, mL -3(-10,4) 17 (12,23) 0.003

Adjusted mean difference (95%Cl) with correction for age, sex, ethnicity, smoking status (currently vs.
never or previously), systolic and diastolic blood pressure. P value for the interaction by ethnicity in the
association between diabetes status and each cardiovascular parameter. For details on missing values see
Table 2 and 3. For abbreviations see Table 2.

In multivariable analyses, in both European and South Asian patients the E/A ratio remained
lower and LV concentricity persisted to be higher compared with controls, but there were no
differences in the E dec peak, GLS or aortic pulse wave velocity (Table 4). Furthermore, in
multivariable analyses, the LV filling pressure was increased or tended to be higher in European
and South Asian T2D patients, respectively, compared with their controls. In European but not
in South Asian patients, additionally, Ea and LV compliance were lower in comparison with their
controls (P=0.095 and 0.008 for interaction by ethnicity, respectively). In European T2D patients
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the stroke volume was reduced, with a slight decrease in cardiac index, whereas in South Asian
T2D patients cardiac index was preserved in comparison with their control groups (P=0.012 for
interaction by ethnicity). In European T2D patients the LV concentricity was increased in parallel
with lower end-diastolic volumes (P=0.001 for interaction by ethnicity), whereas in South Asian
T2D patients the increased LV concentricity was in parallel with a higher LV mass (P=0.005
for interaction by ethnicity). In South Asian but not in European T2D patients compared with
their controls, the myocardial cell and extracellular volumes were higher (P=0.003 and 0.071
for interaction by ethnicity, respectively). Because of a larger increase in the myocardial cell
volume than in the extracellular volume, the extracellular volume fraction was slightly lower
in the South Asian T2D patients than in the controls (P=0.114 for interaction by ethnicity). In
European but not South Asian T2D patients, the myocardial triglyceride content was higher
and native T1 was lower in comparison with their controls (P=0.002 and 0.078 for interaction
by ethnicity, respectively)

DISCUSSION

In both Europeans and South Asians, the E/A ratio was lower in relation to T2D, whereas global
systolic and diastolic strain parameters and aortic pulse wave velocity were similar in the T2D
patients and controls in multivariable analysis. Furthermore, South Asian T2D patients had a
higher LV mass with a lower extracellular volume fraction, whilst European T2D patients had a
higher myocardial triglyceride content than their control group.

LV functional and structural remodeling in T2D

In our study, in both the European and South Asian population, T2D was associated with
reduced LV diastolic function and increased LV concentricity. LV diastolic function in T2D may
be impaired due to disturbances in myocardial substrate utilization and myocardial energetics
(11,27). More recently, the pro-inflammatory state in T2D has been proposed as an important
contributing factor to the increased diastolic LV stiffness (28). LV diastolic function may be most
susceptible to energy shortage (29), whereas abnormalities in LV systolic function may develop
once myocardial energetics are substantially disturbed. Furthermore, in our study, T2D was not
associated with an increase in aortic stiffness, although oxidative stress due to hyperglycemia
and vascular inflammation have been related to impairments in aortic function (30,31). Possibly,
aortic stiffening, similar as LV systolic dysfunction, may arise in more advanced T2D.

The prevalence of diastolic dysfunction in asymptomatic T2D patients has been reported
to be at least 50% (32). Notably, several studies have indicated that GLS, in addition to diastolic
function parameters, may be impaired in T2D patients (14,33-35). Also, abnormalities in GLS
have been demonstrated even in T2D patients with normal diastolic function and, in this regard,
some argue that reduced LV longitudinal contractility rather than diastolic dysfunction should
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be regarded as the first marker of diabetic cardiomyopathy (36). Nonetheless, in multivariable
analysis, we did not observe a reduction in GLS in T2D patients as compared with controls,
neither in the European nor in the South Asian population.

Importantly, the increased LV concentricity in European T2D patients was due to a
reduction in LV end-diastolic volume, whereas the higher LV concentricity among South Asian
T2D patients was related to an increase in LV mass. These observations imply that the higher
LV concentricity in T2D may be the result of impaired LV diastolic function (with therefore
incomplete LV relaxation, reduced LV filling and lower LV end-diastolic volumes) and/or
LV hypertrophic remodeling (37). In the Multi-Ethnic Study of Atherosclerosis (MESA) study,
the relationships of T2D and impaired fasting glucose to LV mass, end-diastolic volume and
stroke volume differed between white, black, Hispanic and Chinese individuals (38). Similar

to our study, the MESA study reported a lower LV end-diastolic volume in white T2D patients,
whereas an increased LV mass in relation to T2D, after adjustment for demographic and
anthropomorphic factors, was solely observed in the black and Hispanic groups (38). Notably,
it has been suggested that LV hypertrophy in T2D may be partly due to excessive sympathetic
activity, driven by insulin resistance (39). In this regard, we speculate that LV mass was increased
in South Asian but not in European T2D patients, in part because of the slightly higher degree
of insulin resistance. Furthermore, population studies have shown that South Asian individuals
are susceptible of developing T2D at younger age than other ethnic groups (40). Accordingly,
inour study, the diabetes duration was longer for the South Asian compared with the European
population. The difference in diabetes duration may have contributed to the increased LV mass
as observed in the South Asian but not in the European T2D patients.

A previous community-based study reported that T2D may be more detrimental for cardiac
function among South Asians compared with other ethnic groups (10). Nevertheless, in our
study, the degree of LV diastolic dysfunction seemed to be slightly higher for the European
than for the South Asian T2D patients, as indicated by the lower Ea and LV compliance and
significantly higher LV filling pressure in relation to T2D in the European but not in the South
Asian cohort. Obesity as well as T2D has been shown to be associated with LV diastolic
dysfunction (41,42). The relatively high degree of adiposity in the European T2D patients
in comparison with their controls may have accounted for the slightly higher degree of LV
diastolic dysfunction than in the South Asian T2D patients.

Role of myocardial steatosis in diabetic cardiomyopathy

Both in imaging studies in T2D patients and in histological studies in diabetic mice, T2D has
been demonstrated to be associated with myocardial steatosis (13,43-45). Myocardial lipid
overstorage is presumed to induce LV diastolic impairments due to the lipotoxic effects of
intermediates such as diacylglycerol and ceramide (44-46). Also, ectopic fat accumulation in
the myocardium may reflect altered substrate utilization due to insulin resistance, with an
increase in fatty acid oxidation (11,27). In keeping with previous findings, we observed a two-
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fold increase in myocardial triglyceride content in T2D patients as compared with healthy
controls within the European cohort (13). Interestingly, the myocardial triglyceride content
seemed to be increased in the healthy controls of South Asian descent compared with those
of European origin, to similar levels as in the T2D patients, despite the strict screening for
both T2D and prediabetes. Myocardial triglyceride content in South Asians as compared with
Europeans has been previously assessed in young men and middle-aged overweight men,
where no differences were found despite the observed higher systemic insulin resistance
in those studies (47,48). Presumably, myocardial and systemic insulin sensitivity may not be
necessarily interrelated. Accordingly, in a previous study on the relation between myocardial
triglyceride content and LV diastolic function in healthy controls, increasing age, but not whole-
body insulin resistance, correlated with myocardial steatosis and reduced LV diastolic function
(49). Also, it has to be noted that myocardial triglyceride content in non-diabetic individuals
reflects the rate of fatty acid uptake as well as oxidation, and may therefore be dependent
on many other factors in addition to myocardial insulin sensitivity, for example the amount of
circulating fatty acids, dietary carbohydrate intake, plasma glucose availability and muscular
glycogen stores (50). Although our data reaffirm the potential role of myocardial steatosis in
diabetic cardiomyopathy, our results suggest that myocardial triglyceride accumulation may
be present in non-diabetic individuals as well as T2D patients.

Role of diffuse fibrosis in diabetic cardiomyopathy

Previously, myocardial diffuse fibrosis as indicated by an increased extracellular volume fraction
has been demonstrated in obese adolescents with or without T2D, independent of blood
pressure (16). Interestingly, in a recent population-based study, the extracellular volume fraction
was found to be reduced in T2D patients (51). It has been suggested that antihypertensive
medication, especially angiotensin-converting enzyme (ACE) inhibitors, may regress myocardial
fibrotic remodeling in response to hypertension (52). Our South Asian but not European T2D
study population had an increased LV mass, paralleled by a reduced extracellular volume
fraction. A majority of the patients were prescribed antihypertensive drugs, with almost halve
of them using ACE-inhibitors. This may explain the considerable increase in myocardial cell
volume in response to increased LV afterload, with only a slight increase of the LV extracellular
volume. Although myocardial diffuse fibrosis may contribute to LV functional impairments in
the early stages of T2D, our results suggest that the extracellular volume fraction may not be
necessarily increased in patients with longstanding T2D with concomitant antihypertensive
medication use.

Limitations

Due to the cross-sectional design of our study, we cannot address issues of causality in the
association of T2D and cardiovascular parameters. Our work should be considered a hypothesis-
generating study and larger prospective studies are required to confirm the differential impact
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of T2D on LV structure between Europeans and South Asians. Due to the relatively low sample
size, we could not perform subgroup analyses, for example by sex. It has been recognized that
T2D in women may be more detrimental for cardiac function as compared with men (53). The
South Asian as compared with the European study population was younger and, importantly,
consisted of more women. Possibly, this may have introduced bias. Furthermore, there is a
well-established relation between insulin resistance and high blood pressure (54,55), which
impedes the recruitment of T2D patients without hypertension. In this regard, to assess the
relation of T2D to cardiovascular remodeling separately from hypertension, we adjusted for
systolic and diastolic blood pressure; nonetheless, we cannot exclude residual confounding.
Ideally, diabetic cardiomyopathy is studied in the absolute absence of coronary artery disease.
However, a cardiac stress test was not part of our screening procedure. Furthermore, findings

of previous studies indicate that several coexisting factors affect myocardial remodeling in
individuals with T2D. For example, it has been demonstrated that cardiac dysfunction is worse
in obese T2D patients than in individuals with T2D but without overweight (56). Also, nutrition
may interfere with the process of myocardial inflammation and fibrosis in T2D (57). Therefore,
differences in body weight and potential differences in diet between the T2D patients and
controls may have partly confounded the observed relation of T2D to myocardial remodeling.

CONCLUSIONS

LV diastolic dysfunction was identified as a common characteristic of diabetic cardiomyopathy
among South Asians and Europeans. Importantly,increased LV mass was solely observed among
South Asian T2D patients, whereas differences in myocardial triglyceride content between T2D
patients and controls were only present in the European cohort. This study comprised detailed
phenotyping of cardiovascular remodeling in T2D patients, in both Europeans and South
Asians. Our results suggest that the diabetic cardiomyopathy phenotype may differ between
subsets of T2D patients, for example across ethnicities. Therefore, further research on tailored
strategies for T2D management may be warranted.
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ABSTRACT

Background

South Asians have a high risk to develop type 2 diabetes, which may be related to substantial
ectopic fat deposition. Since glucagon-like peptide-1 analogues can reduce ectopic fat
accumulation, the aim of the present study was to assess the effect of treatment with liraglutide
for 26 weeks on ectopic fat deposition and HbATc in South Asian patients with type 2 diabetes.

Methods

In a placebo-controlled trial, 47 South Asian patients with type 2 diabetes were randomly
assigned to treatment with liraglutide (1.8 mg/day) or placebo added to standard care. At
baseline and after 26 weeks of treatment we assessed abdominal subcutaneous, visceral,
epicardial and paracardial adipose tissue volume using MRI. Furthermore, myocardial and

hepatic triglyceride content were examined with proton magnetic resonance spectroscopy.

Results

In the intention-to-treat analysis, liraglutide decreased body weight compared to placebo (-3.9
+ 3.6 kg vs -0.6 + 2.2 kg; mean change from baseline (liraglutide vs placebo): -3.5 kg; 95%Cl
[-5.3, -1.8]) without significant effects on the different adipose tissue compartments. HbA1c
was decreased in both groups without between group differences. In the per-protocol analysis,
liraglutide did decrease visceral adipose tissue volume compared to placebo (-23 + 27 cm?
vs -2 + 17 cm? mean change from baseline (liraglutide vs placebo): -17 cm? 95%Cl [-32, -3]).
Furthermore, HbA1c was decreased by liraglutide compared to placebo (-1.0 + 0.8% (-10.5 +
9.1 mmol/mol) vs (-0.6 + 0.8% (-6.1 + 8.8 mmol/mol), with a between group difference (mean
change from baseline (liraglutide vs placebo): -0.6% (-6.5 mmol/mol); 95%Cl [-1.1, -0.1 (-11.5,
-1.5)]. Interestingly, the decrease of visceral adipose tissue volume was associated with the
reduction of HbA1c (3: 0.165 mmol/mol (0.015%) per 1 cm? decrease of visceral adipose tissue
volume; 95%Cl [0.062, 0.267 (0.006, 0.024%)]).

Conclusion

While the intention-to-treat analysis did not show effects of liraglutide on ectopic fat and
HbA1¢, per-protocol analysis showed that liraglutide decreases visceral adipose tissue volume,
which was associated with improved glycaemic control in South Asians.

Trial registration: NCT02660047 (clinicaltrials.gov). Registered 21 January 2016
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INTRODUCTION

South Asians are at high risk to develop type 2 diabetes in comparison with other populations,
with an estimated prevalence of type 2 diabetes of 8.5%in the adult population (1). Furthermore,
South Asians tend to develop type 2 diabetes at a young age and at a low BMI (2). Notably, at a
BMI of 21 kg/m?South Asians show similar distributions of variables for glucose metabolism as
white Caucasians at a BMI of 30 kg/m?(3). The underlying cause of the increased risk to develop
type 2 diabetes remains largely unknown, but an increased amount of ectopic fat is likely to play
arole (4). It is well known that central obesity, but also increased accumulation of ectopic fat in
liver (5) and muscle (6) play an important role in development of insulin resistance and type 2
diabetes (7). Interestingly, several studies have shown that, compared to Europids with a similar
BMI, South Asians have more visceral adipose tissue (8,9) and a higher intrahepatic triglyceride
content (10,11). Ectopic fat accumulation increases insulin resistance and metabolic risk (12,13),
but may also contribute to remodelling of the heart and to diastolic dysfunction (14). Therefore,
interventions focussed on reducing ectopic fat accumulation could be an effective approach

to reduce insulin resistance and improve glycaemic control in this population.

Glucagon-like peptide-1 (GLP-1) analogues are prescribed to patients with type 2 diabetes
to improve glycaemic control and induce weight loss (15,16). The reduction in body weight
is primarily the result of a reduction in fat mass, but this reduction does not seem to occur
homogeneously in different adipose tissue depots in the body (17,18). Recently, it has been
shown that liraglutide, a GLP-1 analogue, reduces hepatic steatosis in patients with non-
alcoholic steatohepatitis (19). Furthermore, previous studies investigating the effect of GLP-
1 analogues on different fat depots, have shown that while both subcutaneous and visceral
adipose tissue are reduced, the decrease of visceral adipose tissue (17,20), and epicardial fat
(18,21) is even more pronounced. However, in another study mainly subcutaneous adipose
tissue was reduced after treatment, while visceral adipose tissue was not affected (22). Several
studies have recently suggested that subcutaneous adipose tissue does not increase the risk to
develop diabetes and might even possess protective properties (23,24). Visceral adipose tissue,
however, is causally linked to insulin resistance (25). Apparently, conflicting data have been
reported with respect to the effect of GLP-1 analogues on the various adipose depots in the
general population. Since it is unclear to what extent different adipose tissue compartments
are affected by weight loss induced by treatment with GLP-1 analogues, it is important to
further investigate the effects of treatment with GLP-1 analogues on the different fat depots,
especially since reduction of ectopic adipose tissue would be more beneficial than reduction
of subcutaneous adipose tissue.

Since South Asians have a specific body fat distribution, with high amounts of visceral
adipose tissue (8,9), effects of a GLP-1 analogue on ectopic fat depots, and subsequently effects
on glycaemic control, could be pronounced especially in this population. Therefore, the aim of
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the present study was to assess the effect of treatment with liraglutide for 26 weeks on ectopic
fat deposition and HbA1c in South Asian patients with type 2 diabetes.

METHODS

Study overview and study population

This study is a 26-week, prospective, randomised, double-blind, clinical trial. Patients from
South Asian descent, i.e. individuals with two South Asian parents, with type 2 diabetes were
recruited via advertisements and from the outpatient clinics of the Leiden University Medical
Center (LUMC, Leiden, the Netherlands), general practitioners, and local hospitals. A screening
visit was performed prior to inclusion to assess eligibility for participation. We included subjects
with BMI =23 kg/m?, aged 18-74 years, with an HbA1c >6.5% and <11.0% (=47.5 and <96.4
mmol/mol). Concomitant treatment with metformin, sulfonylurea derivatives and insulin was
optional, although the dosage of all glucose-lowering medication needed to be stable for at
least 3 months prior to participation. Main exclusion criteria were use of other glucose-lowering
therapy than mentioned above or presence of renal disease, congestive heart failure New
York Heart Association (NYHA) classification llI-IV, uncontrolled hypertension (systolic blood
pressure >180 mmHg and/or diastolic blood pressure >110 mmHg) or an acute coronary or
cerebrovascular accident within 30 days prior to study inclusion. Furthermore, patients with
any contra-indication for contrast-enhanced MRI were excluded. The trial was conducted in
accordance with the principles of the revised Declaration of Helsinki. Written informed consent
was obtained from all subjects before inclusion. The trial was approved by the local ethics
committee and conducted at the LUMC, and was registered at clinicaltrials.gov (NCT01761318).

Study design

At baseline, participants were randomised to receive treatment with liraglutide (Victoza®) or
placebo (both provided by Novo Nordisk A/S, Bagsvaerd, Denmark) by block randomisation
with block size of 4 and stratification 1:1 for sex and insulin use. During the study, all
participants, study investigators and outcome assessors were blinded to treatment allocation.
The starting dose of the study medication was 0.6 mg per day, which was titrated in two weeks
to a maximum dose of 1.8 mg per day, if tolerated. If necessary in case of adverse events, the
dose was reduced. During trial participation, a weekly telephone call was scheduled to discuss
blood glucose management and adverse events, and at week 4 and week 12 participants
visited the study center for routine blood tests and clinical measurements. In addition to study
medication, participants received treatment according to current clinical guidelines to achieve
optimal glycaemic control and regulation of blood pressure and cholesterol levels.



Effect of liraglutide on ectopic fat | 79

Data collection

After inclusion, participants visited the study center at baseline and after 26 weeks of
treatment, after >6 h of fasting, for medical history assessment, standard physical examination,
collection of venous blood samples and MRI. All blood samples were centrifuged and stored at
-80°C until analysis. Plasma total cholesterol, HDL-cholesterol and triglyceride concentrations
were measured on a Modular P800 analyser (Roche Diagnostics, Mannheim, Germany). LDL-
cholesterol was calculated according to the Friedewald formula (26). HbATc was assessed with
ion-exchange high-performance liquid chromatography (HPLC; Tosoh G8, Sysmex Nederland
B.V, Etten-Leur, the Netherlands). Body composition and lean body mass was assessed using
bioelectrical impedance analysis (BIA; Bodystat 1500, Bodystart Ltd., Douglas, UK).

MRI for adipose tissue volume

A 3.0 Tesla MRI scanner (Ingenia, Philips Healthcare, Best, the Netherlands) was used, with a
dStream Torso anterior coil and a FlexCoverage posterior coil in the table top (in total up to
32 coil elements for signal reception). To assess visceral and abdominal subcutaneous adipose

tissue volumes, 2-point Dixon water-fat separated transverse images were obtained of the
abdomen during one breath-hold, with the following parameters: repetition time (TR) 3.5 ms,
first/second echo time (TE1/TE2) 1.19/2.3 ms, flip angle (FA) 10°, field of view (FOV) 500x365
mm?, acquired voxel size 1.60x1.70 mm?, slice thickness 4 mm, slice gap -2 mm, and number
of slices 140.

For quantification of epicardial and paracardial fat, ECG-triggered fat-selective images, using
a multi-shot turbo spin-echo sequence with spectral pre-saturation with inversion recovery
(SPIR) for water suppression, were acquired in 4-chamber view orientation at end-diastole,
during one breath-hold, with imaging parameters: TR/TE 1000/11 ms, FA 90°, FOV 280x223
mm?, acquired voxel size 1.09x1.12 mm?, and slice thickness 4 mm.

MR images were analysed in MASS Research Software V2018-EXP (Leiden University
Medical Center, the Netherlands). For assessment of visceral and abdominal subcutaneous
adipose tissue volume, three transverse slices were reformatted, at the level of the fourth and
fifth lumbar vertebrae, with slice thickness of 10 mm and slice gap of 12 mm. In each slice,
the outer borders of visceral and subcutaneous adipose tissue were manually outlined, and
the areas were automatically calculated based on pixel intensity thresholding. Subsequently,
visceral and abdominal subcutaneous adipose tissue volume were quantified as the mean
area in squared centimeters of all three slices. Similarly, epicardial and paracardial fat (between
outer wall of the myocardium and visceral pericardium and between visceral and parietal
pericardium, respectively) were assessed. Epicardial and paracardial fat were measured in 4
chamber view orientation, in the region surrounding the left and right ventricles, below the

level of the atrioventricular valves.
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Proton magnetic resonance spectroscopy for myocardial and hepatic
triglyceride content

Myocardial and hepatic triglyceride content were examined with proton magnetic resonance
spectroscopy ("H-MRS) (27). Spectra were acquired using single voxel point resolved
spectroscopy (PRESS), with first order volume BO pencil beam shimming, respiratory navigator
(trigger and track), and multiply optimized insensitive suppression train (MOIST) suppression
(bandwidth 190Hz) for the water-suppressed acquisitions. Parameters were as follows: TR
3.5 or 9 seconds (water-suppressed and non-water-suppressed acquisition, respectively), TE
35 ms, bandwidth 1500 Hz and acquired samples 2048 (spectral resolution 0.73 Hz/sample).
Cardiac "H-MRS additionally used ECG-triggering (R-top trigger delay 200 ms) and acquired in
the midventricular septum (voxel size 40x15x25 mm?, shim volume 50x25x35 mm?, number
of signal averages (NSA) of water-suppressed and non-water-suppressed acquisition 64 and
6, respectively). A high permittivity pad was placed on the thorax at the location of the heart
to improve signal-to-noise ratio (28). Hepatic 'H-MRS was obtained in the liver parenchyma,
avoiding the inclusion of blood vessels or subcutaneous fat (voxel size 20x20x20 mm?, shim
volume 35x35x35 mm?, NSA of water-suppressed and non-water-suppressed acquisition 32
and 8, respectively). The voxels were planned at the same location for the baseline and follow-
up measurements.

The spectral raw data were processed using an in-house developed script (MATLAB
R2015a (MathWorks, Massachusetts, United States). The raw data were phase-, frequency-
and eddy current-corrected, if required. Individual signal averages were analysed and signal
averages exceeding the 95% confidence interval were considered outliers and were excluded.
Reconstructed data were further analysed in the Java-based Magnetic Resonance User Interface
(JMRUI v5.0; MRUI Consortium). For the water-suppressed signals, the Hankel-Lanczos filter was
applied to remove residual water. The spectra were fitted using the AMARES algorithm, with
the assumption of Gaussian line shapes. Prior knowledge for the fit included the following
starting values: triglyceride-methyl (CH,) 0.9 ppm, triglyceride-methylene (CH,) 1.3 ppm, COO-
CH, 2.05ppm, creatine 3.05 ppm, trimethylamines (TMA) 3.25 ppm, with soft constraints for
the linewidth of the fit of each signal. The first-order phase was fixed to zero. Myocardial and
hepatic lipid-to-water ratios were quantified as the signal of triglyceride methylene divided by
the unsuppressed water signal, multiplied by 100% (29).

Statistical analyses

The main outcome measure of this study was the effect of liraglutide on cardiac function and
sample size calculation was based on this outcome measure as described previously (30). In
this manuscript, we report on secondary outcome measures. Data are shown as means =+ SD,
or as median (interquartile range) when not normally distributed. Within-group changes were
assessed using paired t-tests. We performed an ANCOVA to assess between-group differences
with treatment included as fixed effect and the baseline value as a covariate. The intention-
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to-treat analysis included data of all participants who were randomised and started study
medication. The per-protocol analysis included only participants who adhered to the assigned
medication, i.e. used >80% of prescribed study medication. A P-value <0.05 was considered
statistically significant. Statistical analyses were performed using SPSS version 23.0 for Windows
(IBM Corporation, Chicago, IL).
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RESULTS

Population characteristics

As shown in the trial flow diagram in Figure 1, 51 patients were included after screening, of
whom 4 were excluded before randomisation. Between July 2015 and December 2016, 22
patients were randomised to receive liraglutide and 25 to receive placebo. All randomised
patients finished the study and were included in the intention-to-treat analysis. During the
study, 19 participants (86.4%) of the liraglutide group and 24 participants (96.0%) of the placebo
group used the standard dose of 1.8 mg/day, while in the rest of the participants the maximally
tolerated dose was 1.2 mg/day. In the liraglutide group, participants used on average 95.4 +
8.1% of the prescribed cumulative dose, and in the placebo group the participants used 98.7 +
5.2%.0ne participant of the liraglutide group used <80% of the prescribed cumulative dose, and
of two participants (one allocated to receive placebo and one to receive liraglutide) adherence
could not be calculated, due to missing (empty) medication pens. These participants were
included in the intention-to-treat analysis but not in the per-protocol analysis. One serious
adverse event (admission for symptoms of acute coronary syndrome) occurred in the placebo
group. In the liraglutide group compared to the placebo group, more participants reported
nausea (73 vs 40%) and vomiting (27 vs 8%) at least once during study participation. As shown
in Table 1, baseline characteristics of the participants in both treatment groups were balanced.
Individuals were 55 + 11 years old in the liraglutide group, vs 55 + 9 years in the placebo group,
with a body weight of 81.9 + 11.0 vs 77.8 + 12.4 kg and BMI of 30.4 + 3.8 vs 28.6 + 4.0 kg/m?,
respectively.

Table 1. Baseline characteristics of study participants.

Characteristic Liraglutide (n=22) Placebo (n=25)
Demographics
Age (year) 55411 55+9
Sex (no. (%))
Male 8 (36%) 11 (44%)
Female 14 (64%) 14 (56%)
Diabetes duration (years) 19+10 17410
Concomitant drug use
Metformin (no. (%)) 22 (100%) 23 (92%)
Metformin dose (g/day) 1.8+£0.7 1.7+£06
Sulfonylurea (no. (%)) 3 (14%) 5(20%)
Insulin (no. (%)) 17 (77%) 19 (76%)
Insulin dose (units/day) 77 +34 67 +30

Lipid-lowering drugs (statin and/or other), no. (%) 17 (77%) 20 (80%)
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Table 1. Baseline characteristics of study participants.

Characteristic Liraglutide (n=22) Placebo (n=25)
Clinical parameters

Body weight (kg) 8194110 77.8+124
BMI (kg/m?) 304+38 286140
Waist circumference (cm) 104+8 98+ 10
Hip circumference (cm) 104+7 104+9
Waist-hip ratio 1.00 £ 0.07 0.95+0.09
Lean body mass (kg) 516106 489+ 112
Lean body mass (%) 628+84 63.1+9.8
Metabolic factors

HbA1c (mmol/mol) 65+ 10 70+ 12
HbA1c (%) 81+09 86=+1.1
Total cholesterol (mmol/L) 3.95 +0.65 446+ 1.10
HDL-cholesterol (mmol/L) 124+£033 121 £0.30
LDL-cholesterol (mmol/L) 2.00 + 0.65 221+£097
Triglycerides (mmol/L) 1.55+£0.86 208 +1.80
Adipose tissue compartments

Subcutaneous AT (cm?) 315+97 326+ 141
Visceral AT (cm?) 187 +£57 149 +49
Epicardial AT (cm?) 10+3 9+3
Paracardial AT (cm?) 12+4 9+4
Hepatic TGC (%) 69+63 11.8+£109
Myocardial TGC (%) 09+04 1.0+06

Results are presented as n (%) or mean + SD. n=47. Missing data in liraglutide group: n=1 for epicardial
adipose tissue volume and paracardial adipose tissue volume. Missing data in placebo group: n=1 for lean
body mass (kg and %), epicardial adipose tissue volume and myocardial triglyceride content. AT: adipose
tissue, TGC: triglyceride content.
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Table 2. Clinical parameters, metabolic factors and adipose tissue compartment changes from baseline
after 26 weeks of treatment in the intention-to-treat analysis.

Characteristic Mean * SD change Mean [95%Cl] Pvalue
from baseline to 26 weeks changes from
baseline (liraglutide
vs placebo)

Liraglutide (n=22) Placebo (n=25)
Clinical parameters

Body weight (kg) -39+36 -06+22 -3.5[-53,-1.8] <0.001
BMI (kg/m?) -1.5+14 -02+08 -141-2.0,-0.7] <0.001
Waist circumference (cm) 5+4 0+4 -5[-8,-2) <0.001
Hip circumference (cm) 4+5 -2+3 -2 [-5,0] 0.067
Waist-hip ratio -0.01 £ 0.04 0.02 +0.05 -0.01 [-0.04,0.01] 0312
Lean body mass (kg) 23423 04£29 -2.7[-43,-1.1] 0.001
Lean body mass (%) 02+1.7 08£27 -06[-1.9,08] 0403
Metabolic factors

HbATc (mmol/mol) -85+11.2 -6.8+93 -401[-9.7,1.6] 0.156
HbATc (%) -08+1.0 -06+08 -041[-09,0.1] 0.156
Total cholesterol (mmol/L) 024+1.09 -042 +0.82 0.52 [-0.05, 1.09] 0.073
HDL-cholesterol (mmol/L) -0.04+£0.12 -0.05+0.12 0.02 [-0.05, 0.09] 0.657
LDL-cholesterol (mmol/L) 0.15+0.74 -0.14+0.74 0.22 [-0.20, 0.63] 0.296
Triglycerides (mmol/L) 0.28 £1.25 -0.38+£1.30 0.40 [-0.24, 1.04] 0214
Adipose tissue

compartments

Subcutaneous AT (cm?) -24 + 37 -10 +37 -15[-37,6] 0.158
Visceral AT (cm?) -20+29 2+17 -13[-27,1] 0.074
Epicardial AT (cm?) 0+2 141 -1[-2,0] 0232
Paracardial AT (cm?) -1+3 0+3 -10-2,1] 0.494
Hepatic TGC (%) -1.2+4.1 -33+54 041[-1.9,2.8] 0.704
Myocardial TGC (%) 0.1+05 -0.1+£06 0.2 [-0.1,0.5] 0.157

Results are presented as n (%) or mean + SD. n=47. Missing data in the liraglutide group: n=3 for epicardial
adipose tissue volume and paracardial adipose tissue volume, n=1 for myocardial TGC. Missing data
in placebo group: n=1 for lean body mass (kg and %), n=3 for epicardial adipose tissue volume, n=2
for paracardial adipose tissue volume, and n=1 for myocardial TGC. AT: adipose tissue, TGC: triglyceride
content.
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Table 3. Clinical parameters, metabolic factors and adipose tissue compartment changes from baseline
after 26 weeks of treatment in the per-protocol analysis.

Characteristic Mean * SD change Mean [95%Cl] Pvalue
from baseline to 26 weeks changes from
baseline (liraglutide
vs placebo)

Liraglutide (n=20) Placebo (n=24)
Clinical parameters

Body weight (kg) -43+34 -06+22 -4.0[-5.8,-2.3] <0.001
BMI (kg/m?) -l6+14 -02+09 -1.5[-2.2,-0.8] <0.001
Waist circumference (cm) 5+4 0+4 -5[-8,-2) 0.001
Hip circumference (cm) -4+5 -2+3 -2 [-5,0] 0.068
Waist-hip ratio -0.01 +0.04 0.02 +£0.05 -0.01 [-0.04, 0.02] 0.394
Lean body mass (kg) 24+24 04+30 -2.8[-45,-1.1] 0.002
Lean body mass (%) 04+16 08+27 -04[-1.8,1.0] 0.605
Metabolic factors

HbATc (mmol/mol) -105+9.1 -6.1+88 -6.5[-11.5,-1.5] 0.011
HbATc (%) -1.0+08 -06+0.8 -06[-1.1,-0.1] 0.011
Total cholesterol (mmol/L) 0.06 £ 0.98 -0.37+0.78 0.28 [-0.26, 0.81] 0.305
HDL-cholesterol (mmol/L) -004 +£0.12 -0.06 £ 0.11 0.02 [-0.05, 0.10] 0510
LDL-cholesterol (mmol/L) 0.04 +0.66 -0.07 £0.68 0.08 [-0.32,0.48] 0.689
Triglycerides (mmol/L) 0.12+1.13 -0.38+1.32 0.13[-047,0.74] 0.663
Adipose tissue

compartments

Subcutaneous AT (cm?) -26 +38 -11+37 -15[-38,71 0.182
Visceral AT (cm?) -23+27 2+17 -17[-32,-3] 0.020
Epicardial AT (cm?) 0+2 141 -1[-2,0] 0.139
Paracardial AT (cm?) -1+3 0+3 -1[-3,1] 0467
Hepatic TGC (%) -19+36 -3.2+55 -0.3[-2.6,2.0] 0.807
Myocardial TGC (%) 0.1+05 -01+06 0.2 [-0.1,0.5] 0.157

Results are presented as n (%) or mean + SD. n=44. Missing data in the liraglutide group: n=3 for epicardial
adipose tissue volume and paracardial adipose tissue volume. Missing data in placebo group: n=1 for lean
body mass (kg and %), n=3 for epicardial adipose tissue volume, n=2 for paracardial adipose tissue volume,
and n=1 for myocardial triglyceride content. AT: adipose tissue, TGC: triglyceride content.



86 | Chapter4

Effects of liraglutide on body weight and ectopic fat in the intention-to-
treat analysis

Results of the intention-to-treat analysis are shown in Table 2. Treatment with liraglutide for
26 weeks decreased body weight, while body weight in participants treated with placebo was
not affected (-3.9 + 3.6 kg vs -0.6 + 2.2 kg; mean change from baseline (liraglutide vs placebo):
-3.5 kg; 95%Cl [-5.3, -1.8]). Part of this weight loss was explained by a decrease in lean body
mass that occurred in the liraglutide group but not in the placebo group (-2.3 + 2.3 kg vs
04 + 2.9 kg; mean change from baseline (liraglutide vs placebo): -2.7 kg; 95%Cl [-4.3, -1.1]).
Notably, waist circumference was decreased by liraglutide, while hip circumference was
unaffected. Furthermore, although liraglutide decreased body weight, no effect was present
on the investigated separate adipose tissue compartments, with the exception of a tendency
to a decreased visceral adipose tissue volume in the liraglutide group compared to the placebo
group (-20 + 29 cm? vs -2 + 17 cm? mean change from baseline (liraglutide vs placebo): -13
cm?; 95%CI [-27, 1]).

Effects of liraglutide on HbA1c and lipid levels in the intention-to-treat
analysis

In the intention-to-treat analysis HbATc was decreased in the liraglutide group (-85 + 11.2
mmol/mol; -0.8 + 1.0%), but also in the placebo group (-6.8 = 9.3 mmol/mol; -0.6 + 0.8%),
without between group differences (mean change from baseline (liraglutide vs placebo):
-4.0 mmol/mol (-0.4%); 95%Cl [-9.7, 1.6 (-0.9, 0.19%)]. To improve glycaemic control metformin
was started for 1 participant and sulfonylurea derivatives were started in 3 participants of the
placebo group according to clinical guidelines. The mean insulin dose was not significantly
changed compared to baseline in the liraglutide and the placebo group (-11 + 34 units/day
vs 1 £ 23 units/day; mean change from baseline (liraglutide vs placebo): -12 units/day; 95%Cl
[-31, 8]). Furthermore, while glycaemic control was improved in both groups, total cholesterol,
HDL-cholesterol, LDL-cholesterol and triglyceride were not affected.

Effects of liraglutide on ectopic fat and HbA1cin the per-protocol analysis
Results of the per protocol analysis are shown in Table 3. In this analysis, 3 patients who
used <80% of the prescribed cumulative dose were excluded from analysis, of whom 2 were
randomised to receive liraglutide and 1 to receive placebo. As in the intention-to-treat analysis,
treatment with liraglutide decreased body weight and lean body mass. Furthermore, as
shown in Figure 2, visceral adipose tissue volume was decreased by liraglutide, but not by
placebo (-23 + 27 cm? vs =2 + 17 cm? mean change from baseline (liraglutide vs placebo):
-17 cm?; 95%CI [-32, -3]). Other adipose tissue compartments were not affected by treatment
with liraglutide. HbA1c was decreased in the liraglutide group (-10.5 = 9.1 mmol/mol; -1.0 +
0.8%) to a greater extent than in the placebo group (-6.1 £ 8.8 mmol/mol; -0.6 + 0.8%), with a
between group difference (mean change from baseline (liraglutide vs placebo) of: -6.5 mmol/
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mol (-0.6%); 95%CI [-11.5,-1.5 (-1.1, -0.1%)]. Interestingly, an association was present between
the decrease of subcutaneous adipose tissue volume and HbATc after treatment (3: 0.075
mmol/mol (0.007%) per 1 cm? decrease of subcutaneous adipose tissue volume; 95%CI [0.004,
0.146 (0.000, 0.013%)]) (Figure 3A). A similar but stronger association was present between
the decrease of visceral adipose tissue volume and the reduction of HoA1c after treatment (3:
0.165 mmol/mol (0.015%) per 1 cm? decrease of visceral adipose tissue volume; 95%Cl [0.062,
0.267 (0.006, 0.024%)]) (Figure 3B). No association was present between other adipose tissue
compartments and HbATc.
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Figure 2. The effect of liraglutide and placebo on different adipose tissue compartments. Percentual
changes are depicted after 26 weeks of treatment with liraglutide (n=24) and placebo (n=20) compared to
baseline. Box and whiskers show 25" and 75" percentile and 10" and 90" percentile, respectively. Missing
data in liraglutide-group: n=3 for epicardial AT and paracardial AT. Missing data in placebo-group: n=3
for epicardial AT, n=2 for paracardial AT and n=1 for Myocardial TGC. AT: adipose tissue, TGC: triglyceride
content. * P<0.05.
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Figure 3. Associations between the change of adipose tissue compartments and HbA1c after treatment.
Subcutaneous AT in relation to HbA1c, n=44 (A), Visceral AT in relation to HbA1c, n=44 (B), Epicardial AT in
relation to HbA1c, n=38 (C), Paracardial AT in relation to HbA1c, n=39 (D), Hepatic TGC in relation to HbATc,
n=44 (E) and Myocardial TGC in relation to HbA1c, n=43 (F). Regression lines are shown for placebo (open
symbol) and liraglutide (closed symbol) combined. AT: adipose tissue, TGC: triglyceride content.

DISCUSSION

In this double-blind, randomised placebo-controlled trial in South Asian patients with
type 2 diabetes, we observed that liraglutide decreased body weight. Although this was
not accompanied by effects on specific adipose tissue compartments in the intention-to-
treat analysis, liraglutide did decrease visceral adipose tissue volume and HbA1c compared
to placebo in the per-protocol analysis. In fact, the reduction in visceral adipose tissue was
associated with an improved HbA1c. These data imply that GLP-1 analogues such as liraglutide
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are an effective treatment option for South Asian patients with type 2 diabetes that might
improve glycaemic control by reducing visceral adipose tissue volume.

We are the first to investigate the effects of liraglutide on ectopic fat deposition in a
group of South Asians participants. Although the intention-to-treat analysis did not reveal a
significant effect of liraglutide on ectopic fat, a trend towards a reduction of visceral adipose
tissue volume was observed. This was likely caused by non-adherence of a few participants to
the study protocol, as the per-protocol analysis did show that liraglutide decreased visceral
adipose tissue. These data are in accordance with results published by Jendle et al. (17),
who reported a dose-dependent reduction of visceral adipose tissue and a relatively small
reduction of subcutaneous adipose tissue after treatment with 0.6, 1.2 or 1.8 mg liraglutide per
day for 26 or 52 weeks in a mixed population. In line, Ishii et al. (20) reported that by treatment
of Japanese individuals with liraglutide (0.9 mg/day for 26 weeks) reduced visceral adipose
tissue volume without effects on subcutaneous adipose tissue. On the other hand, Suzuki et al.
(22) reported that treatment of Japanese individuals with liraglutide (0.9 mg/day for 26 weeks)
reduced subcutaneous adipose tissue volume without effects on visceral adipose tissue

volume. Furthermore, in a study performed by Morano et al. (18), treatment of patients with
type 2 diabetes with liraglutide (1.2 mg/day for 12 weeks) or exenatide, another GLP-1 analogue,
resulted in a reduction of epicardial fat volume as assessed by ultrasonography. lacobellis et
al. (21) reported a similar reduction in epicardial fat volume after treatment with liraglutide
(up to 1.8 mg/day for 3 and 6 months) and it was recently reported that epicardial adipose
tissue expresses the GLP-1 receptor (31). This is of clinical importance, since it was recently
shown that inflammatory activity of epicardial adipose tissue volume might induce myocardial
remodelling and dysfunction (32). In the current study, a reduction of either epicardial or
paracardial adipose tissue volume was not observed after treatment with liraglutide in South
Asians as assessed by MRI, which is considered the gold standard for assessment of body fat,
including epicardial fat (33). The reason for the discrepancy with previously published results
is unclear but may reflect an ethnic-specific response to liraglutide. There are indications for
this from a study comparing the effect of very low calorie diet in middle-aged South Asians
to Western Europeans. While the very low calorie diet equally reduced body weight in both
groups, the diet reduced pericardial adipose tissue, which includes epicardial adipose tissue,
in the Western Europeans only (34). Similarly, we did not reproduce the results of Armstrong et
al. (19), who reported a histologically assessed reduction of hepatic steatosis in patients with
steatohepatitis after treatment with liraglutide (1.8 mg/day for 48 weeks) and of Dutour et al.
(35) who reported reduction of hepatic steatosis in obese subjects with type 2 diabetes after
treatment with exenatide (20 ug/day for 26 weeks). However, the patients in those studies
had considerably higher severity of steatosis comparted to our participants who had a more
modest hepatic triglyceride content. These data may indicate that the potency of liraglutide
to reduce hepatic steatosis is dependent on hepatic triglyceride content, although an ethnic-
specific response to liraglutide cannot be ruled out.
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In our trial, in the intention-to-treat analysis, treatment with both liraglutide and placebo
resulted in reduction of HbA1c. Importantly, both groups were treated according to current
clinical guidelines. Therefore, if necessary, the dose of glucose lowering medication, including
insulin, was increased or new medication was started in both groups, which can thus explain
the effect of placebo on HbAlc. These results are in line with previously published studies
reporting no significant superiority of GLP-analogues over standard treatment (36-38).
However, in contrast to the intention-to-treat analysis, in the per-protocol analysis, treatment
with liraglutide significantly reduced HbA1c compared to placebo. Interestingly, a previously
published meta-analysis showed that the HbA1c-lowering effect of GLP-1 analogues is greater
in studies with >50% Asian participants than in studies with <50% Asians (39). Therefore,
possibly, in South Asian patients with type 2 diabetes treatment with liraglutide exerts more
substantial or diverse effects, resulting in a greater reduction of HoATc. An explanation for
this observation could be differences in either insulin sensitivity or beta-cell function between
South Asians and other ethnic groups. Importantly, since the change in visceral adipose tissue
and the change in HbA1c show a strong association, it is likely that the reduction of visceral
adipose tissue contributed to the improved glycaemic control.

Based on our data and current literature, we can speculate on the mechanism behind
the liraglutide-induced reduction of visceral adipose tissue in our per-protocol analysis. It has
previously been shown that GLP-1 increases the expression of lipolytic markers while reducing
expression of lipogenic and adipogenic genes in adipose tissue, with distinct effects on
subcutaneous and visceral adipose tissue (40). In another study, expression of brown adipose
tissue-related genes was upregulated in subcutaneous adipose tissue of rats after treatment
with liraglutide (41). In line, it was recently shown that liraglutide-induced weight reduction
resulted in a greater reduction of visceral adipose tissue volume than lifestyle counselling at
similar weight reduction (42). Another possible explanation for a specific reduction in visceral
adipose tissue may be related to central effects of GLP-1. In rodents, activation of central GLP-1
receptors contributes substantially to improved insulin sensitivity (43) as related to an increase
in sympathetic outflow (44). Sympathetic innervation of visceral and subcutaneous adipose
tissue, the principal initiator for lipolysis in white adipose tissue, is partially separated (45).
Therefore, central action of GLP-1 analogues might induce specific lipolysis in visceral adipose
tissue as compared to subcutaneous adipose tissue.

It has previously been proposed that the subcutaneous adipose tissue compartment is less
developed in South Asians compared to white people, resulting in a reduced storage capacity
of this compartment causing more storage of fat in ectopic sites (46). Furthermore, South Asians
have an increased subcutaneous adipose tissue adipocyte size compared to white Caucasians,
probably related to limited expansion of this depot, further contributing to overflow of fatty
acids to ectopic depots (11). Our results implicate that GLP-1 analogues could be an effective
treatment option for South Asian patients with type 2 diabetes, possibly through improving
insulin sensitivity via a specific reduction in visceral adipose tissue. If reduction in visceral
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adipose tissue is indeed causal for the improvement of HbATc, GLP-1 analogues are likely to
be also beneficial for other patients with high amounts of ectopic fat. All in all, it is clear that
liraglutide and other GLP-1 analogues decrease body weight related to a specific decrease in
visceral adipose tissue. Further research is warranted to determine treatment effects in different
ethnic groups and in subjects with different body compositions.

The main strength of this study is the randomised, double-blind, placebo-controlled trial
design. In addition, the study design in which participants were treated according to current
clinical guidelines increases the external validity of our results. Moreover, we had no drop-out
and study drug compliance was generally high. Furthermore, we performed a per-protocol
analysis excluding participants with a low drug adherence or missing data on drug adherence.
Limitations are that our study was powered on other outcome measures than the outcomes
reported here, and the relatively small group size.

CONCLUSIONS

In summary, in this randomised, placebo-controlled trial, we showed that liraglutide decreases
body weight, which is partially caused by a reduction of visceral adipose tissue, and improves
HbATc in South Asian type 2 diabetes patients. Interestingly, the reduction of visceral adipose
tissue was associated with a reduction in HbATc. Collectively, these data indicate that GLP-
1 analogues might be useful therapeutic means to improve glycaemic control by reducing
visceral adipose tissue volume in South Asian type 2 diabetes patients.
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ABSTRACT

Background

The glucagon-like peptide 1 (GLP-1) receptor agonist liraglutide may be beneficial in the
regression of diabetic cardiomyopathy. South Asian ethnic groups in particular are at risk of
developing type 2 diabetes. The aim of this study was to assess the effects of liraglutide on left
ventricular (LV) diastolic and systolic function in South Asian type 2 diabetes patients.

Methods

Study Type: Prospective, double-blind, randomized, placebo-controlled trial.

Population: Forty-seven type 2 diabetes patients of South Asian ancestry living in the
Netherlands, with or without ischemic heart disease, who were randomly assigned to 26-week
treatment with liraglutide (1.8 mg/day) or placebo.

Field Strength/Sequence: 3T (balanced steady-state free precession cine MR, 2D and 4D
velocity-encoded MRI, 'TH-MRS, TT mapping).

Assessment: Primary endpoints were changes in LV diastolic function (early deceleration peak
[Edec], ratio of early and late peak filling rate [E/A], estimated LV filling pressure [E/Ea]) and
LV systolic function (ejection fraction). Secondary endpoints were changes in aortic stiffness
(aortic pulse wave velocity [PWV]), myocardial steatosis (myocardial triglyceride content), and
diffuse fibrosis (extracellular volume [ECV]).

Statistical Tests: Data were analyzed according to intention-to-treat. Between-group differences
were reported as mean (95% confidence interval [Cl]) and were assessed using analysis of
covariance (ANCOVA).

Results

Liraglutide (n = 22) compared with placebo (n = 25) did not change Edec (+0.2 mL/s* X 107
(-0.3,0.6)), E/A (-0.09 (-0.23,0.05)), E/Ea (+0.1 (-1.2;1.3)) and ejection fraction (0% (-3;2)), but
decreased stroke volume (-9 mL (-14;-5)) and increased heart rate (+10 bpm (4;15)). Aortic
PWV (+0.5 m/s (-0.6;1.6)), myocardial triglyceride content (+0.21% (-0.09;0.51)), and ECV (-0.2%
(-1.4:1.0)) were unaltered.

Conclusion

Liraglutide did not affect LV diastolic and systolic function, aortic stiffness, myocardial
triglyceride content, or extracellular volume in Dutch South Asian type 2 diabetes patients
with or without coronary artery disease.
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INTRODUCTION

Type 2 diabetes is associated with a 2-5-fold increased risk of heart failure (1). Diabetic
cardiomyopathy, which is characterized by left ventricular (LV) diastolic dysfunction,
may eventually progress to heart failure with preserved ejection fraction (1). A potential
antihyperglycemic agent with cardioprotective effects is the glucagon-like peptide 1 (GLP-1)
receptor agonist liraglutide (2).

Recently, the LEADER trial demonstrated a reduced total cardiovascular mortality as a result
of liraglutide in patients with type 2 diabetes and high cardiovascular risk, presumably
because of a lower risk of ischemic events (3). Similar reductions in cardiovascular mortality
have been reported in response to treatment with the GLP-1 receptor agonists semaglutide
and dulaglutide (4). However, it is largely unknown whether liraglutide in the management
of type 2 diabetes is advantageous for heart function in asymptomatic diastolic dysfunction
(2). It is conceivable that the favorable metabolic impact of liraglutide on lipid profiles and
inflammatory markers (5), in addition to the natriuretic and vasodilatory actions (6,7), has
indirect beneficial effects on diastolic function. Liraglutide has been assumed to exert direct
actions on the myocardium that may amend myocardial metabolism, although preclinical and
clinical studies have not been conclusive (2). The effects of liraglutide on diastolic function may
be mediated by regression of type 2 diabetes-related myocardial steatosis, diffuse fibrosis, and
aortic stiffening (1,8). Notably, clinical studies have consistently reported an increase in heart
rate in individuals using liraglutide (2,5,9). In this regard, the actual effect of liraglutide on heart
function, taking into account the wide range of cardiovascular actions, is uncertain.

South Asian ethnic groups in particular are at increased risk of developing type 2 diabetes
(10). South Asians appear to have a strong genetic predisposition for insulin resistance, while
differences in lifestyle factors seem to have a smaller role in the increased risk of type 2 diabetes
as compared with other ethnic groups (11). The impaired insulin sensitivity in South Asians
has been related to the relatively high total body fat percentage and high fat storage in the
visceral compartments (12). In addition, adipocytes may be dysfunctional, as reflected by the
increased release of free fatty acids, adipokines, and proinflammatory cytokines among South
Asian individuals (13,14). Previously, it has been demonstrated that hyperglycemia is more
detrimental for cardiac function in South Asians than in Europeans (15). As the pathogenesis
of type 2 diabetes, but also the impact of type 2 diabetes on cardiac function appears to be
different, the cardiometabolic effects of liraglutide in the treatment of type 2 diabetes may be
more pronounced in South Asians compared with individuals of other ethnicities.

In this study we aimed to assess the effects of 26-week liraglutide treatment among South
Asian type 2 diabetes patients on LV diastolic and systolic function and, secondary, myocardial
steatosis and diffuse fibrosis. We used cardiovascular magnetic resonance, as this imaging
modality enables the measurement of LV diastolic and systolic function and aortic stiffness
(16,17), and also the assessment of myocardial tissue characteristics (18,19).
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MATERIALS AND METHODS

Study design and participants

This study was a 26-week double-blind, randomized controlled trial (ClinicalTrials.gov
NCT02660047) (20). Written informed consent was obtained prior to inclusion. The study
complied with the revised Declaration of Helsinki and was approved by the Institutional Review
Board and the Central Committee on Research Involving Human Subjects.

Patients were recruited from the outpatient clinic of the Leiden University Medical Centre
(Leiden, the Netherlands), local hospitals, and general practices in Leiden and The Hague, and
by advertisements in local newspapers. Individuals aged 18-75 years of South Asian ancestral
origin with type 2 diabetes treated with metformin, sulfonylurea derivatives, and/or insulin
for at least 3 months in stable dose were eligible for participation. South Asian descent was
defined as both biological parents and their ancestors being South Asian (ie, South Asian
Surinamese, Indian, Pakistani, Bangladeshi, or Sri Lankan origin). Inclusion criteria were: body
mass index (BMI) >23 kg/m? HbATc =6.5 and <11.0% (=47.5 and <96.5 mmol/mol); estimated
glomerular filtration rate (eGFR) >30 mL/min/1.73 m? blood pressure <180/110 mmHg. Main
exclusion criteria were: use of GLP-1 receptor agonists; dipeptidyl peptidase-4 inhibitors, or
thiazolidinediones within the past 6 months; heart failure, New York Heart Association (NYHA)
class lll-IV; acute coronary or cerebrovascular accident in the preceding 30 days; pancreatitis
or medullary thyroid carcinoma; gastric bypass surgery; pregnant or lactating women; any
contraindication for magnetic resonance imaging (MRI). Due to the insufficient number of
eligible patients, several criteria were adjusted (initial inclusion criteria: age 18-70 years; HbA1c
>7.0and <10.0% (=53 and <86 mmol/mol); eGFR >60 mL/min/1.73 m? blood pressure <150/85
mmHg; no history of cardiovascular disease).

Randomization, blinding, and intervention

Patients were randomized to once-daily subcutaneous injections of liraglutide (Victoza,
Novo Nordisk A/S, Bagsvaerd, Denmark) or placebo added to standard care during 26 weeks
(randomization with block size 4, with 1:1 stratification for sex and insulin use). A randomization
code list was generated by the institutional research pharmacist. If necessary to prevent
hypoglycemia, the concomitant glucose-lowering medication was adjusted at study entry.
Starting dose of the trial medication was 0.6 mg/day, which was increased every 7 days up
to 1.8 mg/day. The dose was reduced upon poor tolerance. Investigators and patients were
blinded to treatment allocation. Furthermore, the MRI data were stripped of any information
on the participant’s identity and measurement date.

Study procedures
Study days at baseline and after 26 weeks consisted of clinical measurements and MRI. Baseline
and follow-up measurements were both scheduled either in the morning or evening. Patients
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were asked to fast overnight or for 6 hours, when measurements were in the morning or
evening, respectively. To prevent hypoglycemia during fasting, the insulin dose was adjusted
and other antidiabetic medications were temporarily discontinued. Patients were instructed
to adhere to their usual diet and physical activity. During the trial, patients received a weekly
telephone call for glycemic control based on their self-monitored blood glucose levels. At week
4.and 12, routine blood tests and clinical measurements were performed. Glycemic control and
blood pressure management was according to the current guidelines (21,22). Patients were
asked for adverse events once a week. Study drug pens were collected during the trial as a
surrogate marker of compliance.

MRI protocol

MRI scans were acquired with a 3T MR scanner (Ingenia, Philips Healthcare, Best, the
Netherlands). For contrast-enhanced MRI, 0.15 mmol gadoterate meglumine (0.5 mmol/
mL Dotarem; Guerbet, Villepinte, France) per kilogram of body weight was administered
intravenously. LV systolic and diastolic function parameters were assessed by short-axis and
4-chamber cine balanced steady-state free precession (bSSFP) and whole-heart gradient-echo
4D velocity-encoded MRI, with retrospective ECG (electrocardiography) gating. To determine
aortic stiffness, the aortic pulse wave velocity (PWV) was calculated from a scout view of the
aorta and two 2D velocity-encoded scans at the ascending and abdominal aorta. Myocardial
steatosis was quantified as the myocardial triglyceride content, examined by proton-
magnetic resonance spectroscopy (‘H-MRS) in the mid-ventricular septum and expressed as
the amplitude of triglyceride methylene divided by the amplitude of unsuppressed water,
multiplied by 100%. Myocardial diffuse fibrosis was assessed using native and postcontrast
modified Look-Locker inversion (MOLLI) recovery T1 mapping. Native T1 and the extracellular
volume (ECV) were measured in the mid-ventricular septum. To identify ischemic scarring,
late gadolinium enhancement (LGE) MRI was acquired. If septal delayed enhancement was
present, myocardial triglyceride content data were excluded and diffuse fibrosis was measured
outside the region with scar. LGE-MRI was assessed visually by a radiologist (H.J.L.) and clinical
investigator (E.H.M.P) with 25 and 4 years of experience in cardiovascular MRI, respectively. A
detailed description of the MRI protocol is provided as Supplementary Material.

Study endpoints

Primary endpoints were LV diastolic function (peak deceleration slope of the transmitral early
peak filling rate [Edec], ratio of transmitral early and late peak filling rate [E/A], early peak
diastolic mitral septal tissue velocity [Eal, estimated LV filling pressure [E/Ea]) and LV systolic
function (ejection fraction, stroke volume, cardiac output, cardiac index, peak ejection rate).
Secondary endpoints included myocardial triglyceride content, ECV, aortic PWV, LV dimensions,
and clinical parameters (heart rate, blood pressure, body weight, and HbA1c).
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Statistical analysis

Statistical analyses were performed with SPSS v. 23 (IBM, Armonk, NY), according to intention-
to-treat. Within-group differences from baseline to 26 weeks are reported as means +
SD. Between-group differences for liraglutide vs. placebo were analyzed using analysis of
covariance (ANCOVA) with the baseline values as covariate to reduce within- and between-
group variability and are reported as means (95% Cl). Statistical tests were 2-sided and P <
0.05 was considered significant. The power calculation is described in the Supplementary

Material.
Assessed for
eligibility (n=66
gibility (n=66) Excluded (n=15)
l—» » Not meeting inclusion criteria (n=12)
* Declined to participate (n=3)
Enrolled (n=51)
Excluded (n=4)
l—» » Claustrophobia (n=2)
* Declined to participate (n=2)
Randomized (n=47)
|
Allocated to liraglutide (n=22) Allocated to placebo (n=25)
* 11 women and 6 men with insulin * 11 women and 8 men with insulin
» 3 women and 2 men without insulin * 3 women and 3 men without insulin
Completed trial (n=22) Completed trial (n=25)

Figure 1. Trial profile.

RESULTS

Baseline characteristics

Patients were recruited between July 16, 2015, and December 6, 2017. A total of 47 patients
were randomized to liraglutide (n = 22) or placebo (n = 25) (Figure 1). Between October 7,
2015, and March 9, 2018, all participants completed the trial. There were no clinically relevant
differences between the treatment groups regarding demographics and clinical, laboratory,
and MRI parameters (Table 1). The total study population (40% men) had a mean (SD) age of
55 + 10 years, a diabetes duration of 18 + 10 years, and HbATc of 84 + 1.0% (68 = 11 mmol/
mol), while 77% of the patients were using insulin.
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Drug compliance and clinical parameters

Study drug compliance was high (95 + 8% and 99 + 5% for liraglutide and placebo treatment,
respectively) and the dose could be titrated up to 1.8 mg/day in most patients (in 86% and
96% of the patients treated with liraglutide and placebo, respectively). For glycemic control, in
some patients in the placebo group concomitant medication was started (metformin [n= 1] or
sulfonylurea derivates [n = 3]) or the insulin dose was adjusted (1 =23 and =11 + 34 units/day
in the placebo and liraglutide group, respectively). For blood pressure management, in some
patients in the placebo and liraglutide group antihypertensive mediation was started or the
dose was elevated (n =5 vs. n = 3) or the dose was reduced (n=1vs.n = 2).

In both the liraglutide and placebo group there was a decrease (mean + SD) after 26 weeks
in HbA1c (0.8 + 1.0 vs. -0.6 + 0.8%; -9 + 11 vs. =7 + 9 mmol/mol) and systolic blood pressure
(=14 £ 18 vs. =7 + 15 mmHg), but not in diastolic blood pressure (=3 + 11 vs. =3 + 9 mmHQq).
However, between-group differences for liraglutide vs. placebo in HbATc (-0.4% [95% Cl: -0.9
to 0.2]; =4 mmol/mol [95% Cl: =10 to 2], P = 0.16) and systolic blood pressure (-3 mmHg [95%
Cl: -9 to 3, P = 0.36]) were nonsignificant. Liraglutide compared with placebo decreased body
weight (3.9 + 3.6 vs. -0.6 + 2.2 kg; between-group difference: -3.5 kg [95% Cl: -5.3 to -1.8, P
< 0.001]) and increased heart rate (9 + 11 vs. =2 + 8 bpm; between-group difference: 10 bpm
[95% Cl: 4 to 15, P =0.001]).

LV function, aortic stiffness, and myocardial tissue characteristics

LV diastolic function parameters were unaltered by liraglutide. Also, LV systolic function was
unaffected upon liraglutide, as the ejection fraction and peak ejection rate were unchanged
and, despite the decreased stroke volume, cardiac output and cardiac index were preserved
(Table 2 and Figure 2). The decrease in stroke volume was in parallel with the reductions in
end-diastolic and end-systolic volume, which persisted when adjusting for body surface area.
Whereas liraglutide significantly reduced end-diastolic volume, the decrease in LV mass was
not significant. Also, liraglutide did not change aortic stiffness, myocardial triglyceride content,
or diffuse fibrosis. A total of six patients had delayed enhancement at baseline, but in only one
patient was the ventricular septum involved. In all patients, the extent of delayed enhancement
was unchanged at follow-up. Details on missing values are provided as Supplementary
Material.
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Table 1. Baseline characteristics

Liraglutide (n=22)

Placebo (n=25)

Demographic and clinical characteristics

Age, years 55(11)
Men, no. 8 (36%)
Diabetes duration, years 19 (10)
Diabetes complications, no. 15 (68%)

Coronary artery disease, no.

Non-significant coronary artery stenosis 4 (18%)

Percutaneous coronary intervention 2 (9%)

Coronary artery bypass grafting 1 (5%)
Smoking, no.

Currently 2 (9%)

Previously 6 (27%)

Never 14 (64%)
Medication
Metformin, no. 22 (100%)
Sulfonylurea derivatives, no. 3(14%)
Insulin, no. 17 (77%)
Metformin dose, g/day 1.8(0.7)
Insulin dose, units/day 77 (34)
Lipid-lowering drugs, no. 17 (77%)
Anti-hypertensive drugs, no. 16 (73%)
Beta-blockers, no. 8 (36%)
Diuretics, no. 9 (41%)
ACE-inhibitors, no. 6 (27%)
Angiotensin Il receptor-blockers, no. 7 (32%)
Calcium-antagonists, no. 2 (9%)
Clinical parameters
Weight, kg 82(11)
BMI, kg/m? 304 (3.8)
Waist circumference, cm 104 (8)
Waist-hip ratio 1.00 (0.07)
Heart rate, bpm 73(13)
Systolic blood pressure, mmHg 149 (25)
Diastolic blood pressure, mmHg 85(11)
Laboratory parameters
HbA1c, % 8.1(09)
HbA1c, mmol/mol 65 (10)

Triglycerides, mmol/L 1.6 (0.9)

55(9)
11 (44%)
17(10)
16 (64%)

0 (0%)
3(12%)
2 (8%)

5 (20%)
0 (0%)
20 (80%)

23 (92%)
5 (20%)
19 (76%)
1.7 (0.6)
67 (30)

20 (80%)
18 (72%)

78(12)
28,6 (4.0)
98 (10)
0.95 (0.09)
77 (11)
141 (18)
85 (10)
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Liraglutide (n=22) Placebo (n=25)
Total cholesterol, mmol/L 4.0(0.6) 45(1.1)
HDL-cholesterol, mmol/L 1.2(0.3) 1.2(0.3)
LDL-cholesterol, mmol/L 2.0(0.7) 2.2(1.0)
LV diastolic function
Edec, mL/s2 x10-3 -25(1.3) -2.7(1.2)
E mL/s 305 (99) 328(118)
A mL/s 316 (75) 306 (58)
E/A 0.99(0.31) 1.11(043)
E, cm/s 349 3709
Ea, cm/s 53@21) 57(1.9)
E/Ea 74(39) 74(3.3)
LV systolic function
Stroke volume, mL 70(12) 67 (15)
Ejection fraction, % 56 (8) 57 (7)
Cardiac output, L/min 4.7 (0.9) 47 (1.1)
Cardiac index, L/min/m2 24(04) 2.5(04)
Peak ejection rate, mL/s 338(82) 345 (84)
LV structure
End-diastolic volume, mL 128 (25) 120 (36)
End-systolic volume, mL 57 (21) 53 (24)
Mass, g 98 (22) 96 (24)
Aortic stiffness
Aortic pulse wave velocity, m/s 8.8 (24) 83(24)
Myocardial tissue characteristics
Myocardial triglyceride content, % 0.92 (043) 1.00 (0.58)
Native T1 relaxation time, ms 1264 (45) 1254 (33)
Extracellular volume, % 259(3.1) 27.0(2.6)

Data are presented as mean (SD) or number (%). Diabetes complications: retinopathy, neuropathy, nephropathy

or macrovascular complications. A: late transmitral peak filling rate; E: early transmitral peak filling rate; Ea: early

peak diastolic mitral septal tissue velocity; E/Ea: estimation of LV filling pressure; Edec: early deceleration peak.

Adverse events

There was one serious adverse event in the placebo group (admission for acute coronary

syndrome symptoms without requiring further treatment). More patients with treatment with

liraglutide compared with placebo had complaints of nausea (73% vs. 40%) and vomiting (27%

vs. 8%). There were no cases of severe hypoglycemia.
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Table 2. Study endpoints: mean change over 26 weeks

Mean change

from 0 to 26 weeks

Liraglutide

Placebo

Mean change
(95%Cl)

from 0 to 26 weeks

(liraglutide vs.

(n=22) (n=25) placebo) Pvalue
Primary
LV diastolic function
Edec, mL/s?x107 02(1.1) 0.1(0.7) 0.2 (-0.3t0 0.6) 046
E mL/s -36 (84) -18(55) -24 (-6010 12) 0.18
A mL/s 17 (77) -2 (45) 18 (-21 to 56) 0.35
E/A -0.11 (0.24) -0.05(0.24)  -0.09 (-0.23 t0 0.05) 0.21
E, cm/s -2(7) -1(7) -2(-6to 1) 0.20
Ea, cm/s -0.1(1.1) -0.1(1.1) -0.1(-0.7t0 0.5) 0.73
E/Ea -04 (2.4) -03(2.6) 0.1(-12t0 1.3) 0.89
LV systolic function
Ejection fraction, % 0(5) 0@3) 0(-3to?2) 0.86
Stroke volume, mL -10(9) 0(7) -9 (-14to0-5) <0.001
Cardiac output, L/min -0.2 (0.5 -0.1(0.5) -0.1(-04100.2) 044
Cardiac index, L/min/m? -0.1 (0.3) -0.1(0.3) 0.0(-02t0 0.1) 0.87
Peak ejection rate, mL/s -9 (60) -7 (45) -3(-34t0 27) 0.83
Secondary
LV structure
Mass, g -4(9) 0(7) -4(-9to0) 0.07
End-diastolic volume, mL -19(13) -1(171) -17 (-24t0 -10) <0.001
End-systolic volume, mL -9(9) -1(7) -7(-11t0-3) 0.001
Aortic stiffness
Aortic pulse wave velocity, m/s 022.1) -0.2(1.7) 05(-0.6t0 1.6) 0.35
Myocardial tissue characteristics
Myocardial triglyceride content, % 0.14 (0.47) -0.09 (0.56) 0.21 (-0.09t0 0.51) 0.16
Native T1 relaxation time, ms -6 (36) 6 (26) -7 (-21t07) 0.35
Extracellular volume, % 0.5(2.6) 04(1.3) -02(-14101.0) 0.76

Abbreviations as in Table 1.
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Figure 2. Liraglutide does not alter left ventricular (LV) diastolic and systolic function in South Asian type 2
diabetes patients with or without coronary artery disease and without advanced heart failure. LV diastolic
and systolic outcome measures (mean SD) before (black bars) and after (white bars) treatment with
liraglutide and placebo are presented. An example of a transmitral flow rate curve, 4D velocity-encoded,
and short-axis cine magnetic resonance image is provided for illustration. E/A: ratio of transmitral early
and late peak filling rate; E/Ea: estimation of LV filling pressure; Ea: early peak diastolic mitral septal tissue
velocity; Edec: early deceleration peak.

DISCUSSION

In this double-blind, randomized controlled trial in type 2 diabetes patients of South Asian
descent living in the Netherlands, with or without coronary artery disease, 26-week treatment
with 1.8 mg/day liraglutide had no effect on LV diastolic and systolic function, aortic stiffness,
myocardial triglyceride content, or extracellular volume as compared with placebo when
added to standard care. Our results imply that liraglutide does not amend cardiovascular
remodeling in diabetic cardiomyopathy in a Dutch South Asian type 2 diabetes population
including patients with preexisting ischemic heart disease, at least not upon a treatment
period of 26 weeks.
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Mechanisms

Whether liraglutide exerts direct actions on the ventricles, such as enhancement of coronary
blood flow and myocardial glucose uptake, has been debated (2). The GLP-1 receptor has
been demonstrated to be present on the sinoatrial node and atrial cardiomyocytes (23), but its
function as well as its presence on ventricular cardiomyocytes and blood vessels in humans is
still uncertain. Furthermore, it has been suggested that the cardioprotective effects of native
GLP-1 as described in earlier studies may be related to actions of degradation products of GLP-
1, which are not produced by GLP-1 analogs (2). We hypothesized that liraglutide may reverse
diabetic cardiomyopathy, partly as a result of its indirect cardiovascular actions (5-7). However,
based on our findings, at least large immediate effects on LV function in South Asian type 2
diabetes patients can be excluded.

The reductions in LV end-diastolic volume and stroke volume in our study were not
explained by liraglutide-induced body weight loss. It is conceivable that the decreased end-
diastolic volume and stroke volume were related to the increased heart rate and consequent
reduced ventricular filling time. Notably, the elevation in heart rate in our study was relatively
large compared with other trials with the same dose and of similar duration (2,5,9). Proposed
mechanisms for the heart rate acceleration upon treatment with GLP-1 receptor agonists
include enhancement of the sympathetic activity (24) and inhibition of the cardiac vagal
neurons (25) as well as direct sinoatrial node stimulation (9). Our study population included
patients with prevalent coronary artery disease. It has been suggested that individuals with
preexisting cardiac disease may be more susceptible to heart rate acceleration upon GLP-1
receptor agonists (2). Furthermore, South Asians may have an altered balance in the autonomic
nervous system (26), which may have contributed to the profound heart rate elevation by
liraglutide treatment in our study population.

Previous studies

Only a few previous studies, including two open-label randomized controlled trials (27,28)
and one small double-blind randomized controlled trial (29), assessed the effect of liraglutide
on diastolic function in type 2 diabetes, during an intervention period of 4-6 months. One
study demonstrated an improvement in myocardial relaxation in response to liraglutide,
with amelioration of aortic stiffening (28), whereas others reported no improvement of
diastolic function (27,29). Large trials on the impact of liraglutide on systolic function have
been previously performed in heart failure with reduced ejection fraction, where no effect
was reported (30,31). Regarding the impact of GLP-1 receptor agonists on myocardial tissue
characteristics, most research has been limited to preclinical studies. In animal models of type
2 diabetes, liraglutide has been shown to reduce cardiac fibrosis (32), possibly by inhibition
of the endoplasmic reticulum (ER) stress pathway via activation of the AMP-activated protein
kinase (AMPK) system (33,34). Activation of AMPK, which acts as a regulator of cellular energy
status, has also been proposed as the underlying mechanism for improved cardiac function
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in type 2 diabetes after liraglutide, as observed in preclinical research (33). Furthermore, GLP-1
receptor agonists have been shown to relieve the intramyocardial lipid deposition in diabetic
mice, in association with ameliorated levels of plasma cholesterol (35). However, attenuation of
myocardial steatosis by treatment with GLP-1 receptor agonists in type 2 diabetes has not been
confirmed in human studies (36).

In a recent double-blind randomized controlled trial on the effect of liraglutide on cardiac
function in European type 2 diabetes patients (37), liraglutide decreased the LV filling pressure,
presumably through natriuresis and vasorelaxation, whereas myocardial relaxation was
unaltered. Apart from ethnicity, the present South Asian cohort was distinct from this European
study group regarding sex (40% vs. 59% men), diabetes duration (18 = 10 vs. 11 + 7 years),
insulin use (77% vs. 65%), and ischemic heart disease (17% vs. 0%). As there have been no
large-scale clinical studies, it remains unknown whether certain patient characteristics have a

modifying role in the cardiovascular actions of liraglutide.

Strengths and limitations

The most important strengths of the present study are related to its double-blind, randomized
controlled design, the absence of dropouts, and high study drug compliance. Liraglutide
was added to standard care, mimicking the real-world setting. There are some limitations
that need to be addressed. This trial comprised South Asian individuals living in a high-
income country and included predominantly South Asian Surinamese, who originate from
the northern part of India. Extrapolation of our results to other South Asian ethnic groups
should be performed with caution. Furthermore, we did not use echocardiography, which
is the routine clinical approach for evaluating diastolic function. Nonetheless, MRI is widely
used in clinical studies for the assessment of diastolic function and, importantly, it has been
validated with echocardiography (38). It has to be noted that in individuals with high heart
rate (>100 bpm), early and late diastolic filling cannot be separated. As a consequence, two
participants in the liraglutide group had missing data for diastolic function at follow-up, which
might have introduced bias. The LV diastolic function parameters in our study population,
as well as aortic pulse wave velocity, were approximately one standard deviation from the
mean in healthy individuals (39). However, in contrast to the clear impairments in LV diastolic
function, the myocardial triglyceride content was 0.92-1.00% in this type 2 diabetes cohort,
whereas the values in healthy controls are ~0.58% and 0.84% among Europeans and South
Asians, respectively (39). The type 2 diabetes patients in the present study did not demonstrate
abnormalities in myocardial extracellular volume, possibly as a result of angiotensin-converting
enzyme (ACE) inhibitors, which may relieve fibrotic remodeling (39). Hence, we cannot exclude
a beneficial effect of liraglutide on extracellular volume in type 2 diabetes patients with marked
cardiac fibrosis. Also, we cannot preclude cardiovascular benefits after prolonged (>26 weeks)
therapy with liraglutide. Nevertheless, in animal studies, improved myocardial function has
been reported already after brief (1 week) treatment with liraglutide (33).
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Implications

In our study, liraglutide did not enhance heart function and may therefore have no specific
role in the prevention of heart failure with preserved ejection fraction in South Asian type
2 diabetes patients. In contrast, recent studies have indicated that the sodium-glucose
cotransporter 2 (SGLT2) inhibitors empagliflozin, canagliflozin, and dapagliflozin have a benefit
on the incidence of heart failure (4), potentially because of direct improvement of myocardial
relaxation in addition to diuretic effects (40). Conversely, the previously reported reduced
cardiovascular mortality rate in response to liraglutide among patients with type 2 diabetes and
high cardiovascular risk is probably primarily related to slowed progression of atherosclerosis
(3,/41). Following the results from recent cardiovascular outcome trials (3,4), SGLT2 inhibitors
have been recommended as part of type 2 diabetes management among individuals with
coexisting heart failure or at risk of heart failure, and either GLP-1 receptor agonists or SGLT2
inhibitors should be considered in type 2 diabetes patients with established atherosclerotic
disease and no specific concerns of heart failure (22). Our study did not demonstrate regression
of LV diastolic dysfunction in response to liraglutide. Nonetheless, because of its presumed
antiatherosclerotic actions, GLP-1 receptor agonists remain worth considering, especially in
South Asian type 2 diabetes patients, given their disadvantageous cardiometabolic profile and
high risk of ischemic heart disease (10).

CONCLUSION

In this 26-week double-blind randomized placebo-controlled trial in Dutch South Asian type
2 diabetes patients with or without coronary artery disease, liraglutide had no effect on LV
diastolic and systolic function, nor on aortic stiffness, myocardial triglyceride content, or
extracellular volume. A previous study reported a reduced LV filling pressure after liraglutide
therapy in a European cohort of type 2 diabetes patients without ischemic heart disease, who
were predominantly men, with a shorter diabetes duration, and less use of insulin as compared
with the South Asian type 2 diabetes patients in the present study (37). Further research
should reveal whether the cardiovascular impact of liraglutide might be dependent on patient
characteristics such as sex, ethnicity, diabetes duration, comedication, or history of ischemic

heart disease.
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SUPPLEMENTARY MATERIAL
MRI acquisition and analysis

LV systolic and diastolic function

MRI scans were acquired on a 3 Tesla magnetic resonance scanner (Ingenia, Philips Healthcare,
Best, the Netherlands), using a dStream Torso anterior coil and a FlexCoverage posterior coil
in the table top, resulting in up to 32 coil elements for signal reception. LV dimensions and
systolic and diastolic function were quantified by standard short-axis and 4-chamber long-axis
cine balanced steady-state free precession (bSSFP) and free-breathing whole-heart gradient-
echo 4D velocity-encoded MR, with retrospective electrocardiography (ECG) gating. Typical
imaging parameters of the bSSFP cines were: echo/repetition time (TE/TR) 1.5/3.0 ms, flip
angle (FA) 45°, field-of-view (FOV) 350x350 mm? (4-chamber) and 400x352 mm? (short-axis),
acquired voxel size 2.0x1.6 mm? (4-chamber) and 1.5x1.5 mm?(short-axis), slice thickness 8 mm,
number of phases 30 (4-chamber) and 35 (short-axis). For short-axis bSSFP cine, the complete
LV was imaged using 14-16 slices. 4D velocity-encoded (venc 150 cm/s) MR was acquired in
parallel with the 4-chamber view, with typical imaging parameters: TE/TR 4.6/9.0 ms, FA 10°,
FOV 360x360 mm?, acquired voxel size 3.0x3.0 mm?, slice thickness 3 mm, number of slices 41,
number of phases 30, sensitivity encoding (SENSE) factor 2.

LV function and dimensions were assessed with MASS version 2015-EXP (Leiden University
Medical Center, Leiden, the Netherlands). For LV diastolic function, the flow rate curves over
the mitral valve were derived from the 4D velocity-encoded scans by retrospective mitral valve
tracking, perpendicular to the streamlines of inflow across the mitral valve, at the location of
peak flow velocity (1,2). Subsequently, the ratio of the transmitral early (E) and late (A) peak
filling rate (E/A ratio), the peak deceleration slope of the E wave (Edec) and the transmitral
early peak velocity were calculated. The transmitral filling rate curves were corrected for the
through-plane background velocity of the LV myocardial wall. The early peak diastolic mitral
septal tissue velocity (Ea) was measured on 4-chamber cines. The mitral septal tissue velocity
curves were calculated from the displacement of the semi-automatically tracked mitral valve,
at the insertion to the LV septum, relative to the LV apex, throughout the cardiac cycle. The
estimated LV filling pressure was defined as the ratio of the transmitral early peak velocity and
Ea (3). For LV dimensions and systolic function, LV endocardial and epicardial contours were
semi-automatically drawn in the short-axis cines in the end-diastolic and end-systolic phase, to
quantify the end-diastolic LV mass, LV end-diastolic and end-systolic volumes and subsequently
LV stroke volume, ejection fraction, cardiac output and cardiac index. The peak ejection rate
was derived from the systolic flow rate curves over the aortic valve after retrospective valve
tracking (4).
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Aortic stiffness

For aortic PWV a double-oblique sagittal scout view of the aorta and free-breathing through-
plane 2D velocity-encoded MR scans were obtained (one transecting the proximal ascending
aorta, with venc 200 cm/s, and one transecting the abdominal aorta above the bifurcation,
with venc 150 cm/s). Typical imaging parameters were: TE/TR 2.5/4.4 ms, FA 20°, FOV 350x282
mm?, slice thickness 8 mm, acquired voxel size 2.8x2.8 mm?, temporal resolution 10 ms.
Aortic PWV analyses were performed as previously described, using MASS version 2015-EXP
(Leiden University Medical Center, Leiden, the Netherlands) and custom-made software for
further analysis of the aorta velocity-time curves (5). Aortic PWV was calculated by dividing
the distance between ascending and abdominal aorta by the transit time of the onset of the
systolic wave front.

Myocardial tissue characteristics

Myocardial triglyceride content was measured by proton-magnetic resonance spectroscopy
("H-MRS), in a voxel of 40x15x25 mm?in the mid-ventricular septum, with ECG-triggering,
using a respiratory navigator. Typical parameters were: TE 35 ms, TR 3.5 or 9 seconds (water-
suppressed and non-water suppressed acquisition, respectively), acquired samples 2048
(spectral resolution 0.73 Hz/sample), number of signal averages 64 or 6 (water-suppressed and
non-water suppressed acquisition, respectively). The signal-to-noise ratio was increased by a
high permittivity pad on the thorax (6). The myocardial triglyceride content was quantified
using in-house developed software to assess the individual 64 water-suppressed and 6 non-
water suppressed signals and the Java-based MR user interface (jJMRUI v5.0; MRUI Consortium)
to fit the averaged signal (7,8). Prior knowledge for the fit included the following starting values:
triglyceride methyl (CH,) 0.9 ppm, triglyceride methylene (CH)" 1.3 ppm, COO-CH, 2.05 ppm,
creatine 3.05 ppm, trimethylamines (TMA) 3.25ppm. Myocardial lipid-to-water ratios were
calculated as the signal of triglyceride methylene divided by the unsuppressed water signal,
multiplied by 100% (9).

The extracellular volume (ECV) as a measure of myocardial diffuse fibrosis was determined
using native and post-contrast T1 mapping (55(35)3s and 4s(15)3s(15)2s modified Look-Locker
inversion recovery (MOLLI) scheme, respectively), obtained in short-axis orientation at the
mid-ventricular level. Post-contrast T1 mapping was acquired 20-25 minutes after contrast
administration. Typical imaging parameters were: TE/TR 1.1/2.3 ms, FA 20°, FOV 350x300 mm?,
slice thickness 8 mm, acquired voxel size 2.1x2.1 mm?, SENSE factor 2. ECV and T1 relaxation
times were obtained using Medis Suite 3.0 Qmap 2.2.18 (Medis medical imaging systems,
Leiden, the Netherlands), in the mid-ventricular septum, after manual correction for motion of
theT1 images.



Effect of liraglutide on cardiovascular function

Late gadolinium enhanced (LGE) MRI was acquired 15-20 minutes after contrast
administration, with an ECG-triggered 3D whole-heart gradient-echo phase-sensitive inversion
recovery sequence, with respiratory navigating, as previously described (10). LGE MRI was
assessed visually by an experienced radiologist and a clinical investigator.

Power calculation

The power calculation for LV diastolic and systolic function, based on previous data on MRI-
derived LV function in type 2 diabetes (11), showed that a total of 25 patients in each group
would be needed to detect a change upon liraglutide of approximately 15-20% and 10-20%
in diastolic and systolic function parameters, respectively, with at least 90% power (a=0.05)
and estimated drop-out rate of 10%. Post-hoc power calculation for the secondary endpoints
demonstrated a power of at least 90% (a=0.05) to detect an absolute change upon liraglutide
of 0.40% in myocardial triglyceride content, 2.5% in ECV and 2.5 m/s in aortic PWV.

Missing data

At baseline, the number of missing values in the liraglutide group was: n=1 for LV diastolic
function, and in the placebo group: n=1 for LV diastolic function and myocardial tissue
characteristics. For the assessment of the difference between baseline and follow-up, the
number of missing values in the liraglutide group was: n=3 for E, A, E/A ratio, Ea and LV filling
pressure (n=1 excluded because of mitral valve stenosis, n=2 missing due to a heart rate of
>100 bpm with fusion of the E/A peak at follow-up), n=4 for Edec peak (n=1 missing due to
a heart rate of 96 bpm with partial fusion of the E/A peak at follow-up), n=1 for myocardial
triglyceride content (excluded due to insufficient quality), and in the placebo group: n=1 for LV
diastolic function (excluded because of mitral valve stenosis) and peak ejection rate (missing
due to imaging time constraints), n=1 for myocardial triglyceride content (excluded due to
ischemic scarring of the septum) and native T1 (excluded due to insufficient quality), n=2 for
post-contrast TT and extracellular volume (missing due to imaging time constraints). In both
the liraglutide and placebo group n=1 was missing for study drug compliance.
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ABSTRACT

Background

Pediatric hematopoietic stem cell transplantation (HSCT) recipients are at increased risk of
cardiovascular disease later in life. As HSCT survival has significantly improved, with a growing
number of HSCT indications, tailored screening strategies for HSCT-related late effects are
warranted. Little is known regarding the value of cardiovascular magnetic resonance (CMR) for
early identification of high-risk patients after HSCT, before symptomatic cardiovascular disease
manifests. This study aimed to assess CMR-derived left ventricular (LV) systolic and diastolic
function, aortic stiffness and myocardial tissue characteristics in young adults who received
HSCT during childhood.

Methods

A total of 16 patients (age 22.1+1.5 years), who were treated with HSCT during childhood, and
16 healthy controls (age 22.1+1.8 years) underwent 3T CMR. LV systolic and diastolic function
were measured as LV ejection fraction (LVEF), the ratio of transmitral early and late peak filling
rate (E/A), the estimated LV filling pressure (E/Ea) and global longitudinal and circumferential
systolic strain and diastolic strain rates, using balanced steady-state free precession cine MR
and 2D velocity-encoded MR over the mitral valve. Aortic stiffness, myocardial fibrosis and
steatosis were assessed with 2D velocity-encoded MR, native T1 mapping and proton magnetic
resonance spectroscopy ("H-MRS), respectively.

Results

In the patient compared to the control group, E/Ea (9.92+3.42 vs. 7.24+2.29, P=0.004) was
higher, LVEF (54+6% vs. 584+5%, P=0.055) and global longitudinal strain (GLS) (-20.7+3.5%
vs. -22.9+3.0%, P=0.063) tended to be lower, while aortic pulse wave velocity (4.40+0.26
vs. 4294029 m/s, P=0.288), native T1 (1211436 vs. 1227428 ms, P=0.158) and myocardial
triglyceride content (0.47+0.18 vs. 0.50+0.13%, P=0.202) were comparable. There were no
differences between patients and controls in E/A (2.76+0.92 vs. 2.97+0.91, P=0.599) and
diastolic strain rates.

Conclusion

In young adults who received HSCT during childhood, LV diastolic function was decreased
(higher estimated LV filling pressure) and LV systolic function (LVEF and GLS) tended to be
reduced as compared to healthy controls, whereas no concomitant differences were found
in aortic stiffness and myocardial tissue characteristics. When using CMR, assessment of LV
diastolic function in particular is important for early detection of patients at risk of HSCT-related
cardiovascular disease, which may warrant closer surveillance.



Late cardiovascular effects of hematopoietic stem cell transplantation

INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) recipients are exposed to several pre-
transplant and/or HSCT-related therapies which may increase the risk of cardiovascular disease
(1,2). As HSCT survival has significantly improved over the last decades (3,4), with an increasing
number of HSCT indications for both malignant and non-malignant disease (5), targeted
follow-up strategies for the HSCT population are needed (6). Recently, several international
working groups have been established aimed at a greater understanding of the late effects
including arterial disease and cardiac dysfunction (7,8). Most of the available studies on late
effects involve HSCT in adults. Adequate screening in young HSCT recipients is even more
challenging (9).

According to current guidelines (10), pediatric HSCT recipients who have an increased
susceptibility to complications later in life, based on pre-existing comorbidities, pre-transplant
exposures, the HSCT preparative regimen, post-transplant complications such as graft-versus-
host-disease, or relapse of the primary disease, are selected for patient-specific follow-up
programs. Identification of imaging markers which indicate subclinical disease would be
supportive in the detection of high-risk patient groups for closer monitoring or targeted therapy
(6). In general, clinical follow-up after cardiotoxic exposures comprises echocardiography
for left ventricular (LV) systolic and diastolic function. Less is known regarding the value of
cardiovascular magnetic resonance (CMR) for screening of late effects (11). CMR may be suited
for comprehensive evaluation of subclinical deteriorations within the cardiovascular system
after HSCT, that may be present before overt LV functional abnormalities arise.

Pre-transplant or HSCT-related cardiotoxic exposures may cause endothelial damage
leading to increased aortic stiffness and myocyte cell death with reactive interstitial fibrosis
(1,2). In addition, the immunosuppressive therapies in allogeneic HSCT increase the
susceptibility to developing the metabolic syndrome at young age (12). Aortic stiffening is
known to occur in relation to normal, physiological ageing (13), but will be more progressive
in response to hypertension, dyslipidemia or hyperglycemia (14) and possibly due to iron
overload (15). Increased aortic stiffness induces LV concentric remodeling and is recognized
as an independent predictor for cardiovascular events (16). Myocardial diffuse fibrosis in
different types of cardiomyopathies is considered to reflect subclinical disease before cardiac
dysfunction becomes manifest (17). The metabolic derangements among allogeneic HSCT
recipients may predispose to myocardial steatosis. In individuals with the metabolic syndrome,
myocardial steatosis has been associated with LV remodeling (18).

We hypothesize that, when using CMR, subclinical deteriorations in LV function, aortic
stiffness and/or myocardial tissue characteristics can be detected in young adults who received
HSCT during childhood. Therefore, CMR may be suitable for early identification of patients at
increased risk of developing HSCT-related cardiovascular disease. Accordingly, the aim of this
study is to assess CMR-derived LV systolic and diastolic function, aortic stiffness and myocardial
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fibrosis and steatosis in young adults who have received pediatric HSCT and to compare these
measures with those in healthy controls in the same age range.

METHODS

Study population

The patient group consisted of young adults (age range 18 to 25 years old), who received HSCT
for malignant or non-malignant disease during childhood. Patients were recruited from the
outpatient clinic for screening and treatment of late effects of childhood cancer and/or HSCT
of the Internal Medicine Department (Leiden University Medical Centre, the Netherlands).
Healthy controls were recruited by local advertising in Leiden University, the Netherlands. The
control group was in the same age range as the patients and was sex-matched. Laboratory
measures in the patient group were performed based on clinical indication and were typically
measured within one year prior or after CMR examination. No blood samples were drawn in
the healthy control group.

CMR acquisition

The study participants underwent 3T CMR (Ingenia, Philips Healthcare, Best, the Netherlands),
with a dStream Torso anterior coil and a FlexCoverage posterior coil in the table top,
resulting in up to 32 coil elements for signal reception. The protocol consisted of standard
electrocardiographic (ECG)-triggered two-, three- and four-chamber and short-axis cine
balanced steady-state free precession (bSSFP) MR and ECG-gated gradient-echo 2D velocity-
encoded MR over the mitral valve to quantify LV structure, systolic and diastolic function; 2D
velocity-encoded MR transecting the aortic arch and abdominal aorta to derive aortic stiffness;
cardiac native T1 mapping to assess diffuse fibrosis and 'H-MRS to measure the myocardial
triglyceride content. For standardization of the measurement of myocardial triglyceride content,
all participants were asked to fast for 6 hours and the CMR examinations were scheduled at
fixed times (evenings). No MR contrast material was used.

For the bSSFP cines, typical field-of-view (FOV) was 350x350 mm? (long-axis) and 400x352
mm? (short-axis), acquired voxel size 2.0x1.6 mm? (long-axis) and 1.5x1.5 mm? (short-axis), slice
thickness 8 mm, echo/repetition time (TE/TR) 1.5/3.0 ms, flip angle 45°, number of phases 30
(long-aixs) and 35 (short-axis). For short-axis bSSFP cine, the complete LV was imaged, using
14-16 slices, depending on the size of the LV, with 2 slices per breath-hold. Free-breathing
through-plane 2D velocity-encoded (venc 100 cm/s) MR was acquired perpendicular to the
mitral valve, with FOV 350x350 mm?, acquired voxel size: 2.5x2.5mm?, slice thickness 8 mm, flip
angle 10°, TE/TR 2.9/4.6 ms, number of phases 40.

Aortic pulse wave velocity (PWV) was quantified as a measure of aortic stiffness. For aortic
PWV, first, a double-oblique sagittal scout view of the aorta was obtained. Then, two free-
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breathing through-plane 2D velocity-encoded MR scans were acquired, one transecting the
ascending aorta (venc 150 cm/s) and one transecting the abdominal aorta, above the aortic
bifurcation (venc 100 cm/s). Typicalimaging parameters were: FOV 350x282 mm?, slice thickness
8 mm, acquired voxel 2.8x2.8 mm?, flip angle 20°, TE/TR 2.5/4.4 ms, temporal resolution 10 ms.

Native T1 mapping was acquired in the mid-ventricular short-axis slice, with breath-
holding, using the 5s(3s)3s modified Look-Locker inversion recovery (MOLLI) scheme. Typical
imaging parameters were: FOV 350x300 mm?, slice thickness 8 mm, acquired voxel size:
2.1x2.1 mm?, flip angle 20°, TE/TR 1.1/2.3 ms, SENSitivity Encoding (SENSE) factor 2. "TH-MRS was
performed as described previously (19). In summary, a voxel of 40x15x25 mm? was placed in
the interventricular septum. For the acquisition with and without water suppression, 48 and 6
signal averages were obtained, respectively. ECG-triggering was used to acquire 'H-MRS at 200
ms after the R-wave, and a respiratory navigator, tracking the lung-liver interface, for acquisition
at end-expiration. A high permittivity pad was placed on the chest for improved signal-to-

noise ratio.

Image analysis

MR data were analyzed using MASS Research Software V2016-EXP (Leiden University Medical
Center, the Netherlands) for LV structure and function and aortic PWV, custom-made software
for further analysis of the aorta velocity-time curves (20), Medis Suite 3.0 (Medis medical
imaging systems, Leiden, the Netherlands) for LV systolic and diastolic strain (QStrain 2.0) and
native T1 (QMap 2.2.18), and the Java-based magnetic resonance user interface (JMRUI v5.0;
MRUI Consortium) for 'H-MRS. The image analysis was blinded to patient or healthy control
status.

For LV mass and volumes, the endocardial and epicardial LV borders were manually outlined
in the end-diastolic and end-systolic phase, with exclusion of the LV papillary muscles. For the
feature tracking based strain calculations, the manually annotated endocardial LV borders
were automatically tracked throughout the cardiac cycle. Global longitudinal strain (GLS), and
longitudinal peak systolic strain rate (GLSR-S) and early peak diastolic strain rate (GLSR-E) were
calculated based on the two-, three- and four-chamber cine images. Global circumferential
strain (GCS) and circumferential peak systolic strain rate (GCSR-S) and early peak diastolic strain
rate (GCSR-E) were extracted from the mid-ventricular short-axis cine slice (Figure 1). The
ratio of the transmitral early and late peak filling rate (E/A ratio) and the transmitral early peak
maximum velocity were derived from the 2D velocity-encoded scans (Figure 1), as described
previously (21). The transmitral filling rate was measured after correction for the through-
plane background velocity of the LV myocardial wall. Furthermore, the early diastolic mitral
septal tissue velocity (Ea) was extracted from the four-chamber cine images. Subsequently,
the estimated LV filling pressure (ratio of transmitral early peak maximum velocity without
through-plane myocardial motion correction and early diastolic mitral septal tissue velocity)
was calculated (E/Ea ratio).
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Figure 1. Example of a 22-year-old man, who was transplanted for a non-malignant bone marrow failure
disorder at the age of 8 years. (A) the E/A ratio (early peak filling rate/late peak filling rate) was measured
using 2D velocity-encoded MR (left panel) and the early peak diastolic mitral septal tissue velocity (Ea)
was derived from the 4 chamber long-axis relaxation (right panel). LV filling pressure was estimated by
the ratio of the transmitral early peak maximum velocity and the early peak diastolic mitral septal tissue
velocity. (B) From two, three- and four-chamber and mid-ventricular short-axis cine CMR (left panel), the
longitudinal and circumferential strain and strain rate curves were extracted (right panel). The myocardial
features at the endocardial borders (red dots), which were automatically tracked throughout the cardiac
cycle (green lines), were manually annotated in the end-diastolic and end-systolic phase. GLS: global
longitudinal strain; GCS: global circumferential strain; GLSR-S: global longitudinal peak systolic strain rate;
GCSR-E: global circumferential early peak diastolic strain rate.

Aortic PWV was calculated by dividing the distance between ascending and abdominal
aorta by the transit time of the onset of the systolic velocity wave front (Figure 2), as described
previously (20). In short, the aortic path length was measured manually along the aortic
centerline on the double-oblique sagittal aorta scout scan. The onset of the systolic wave front
was automatically determined from the resulting velocity graph by the intersection point of
the constant horizontal diastolic velocity and upslope of the systolic wave front, modeled by
linear regression (using the velocity values between 20% and 80% of the total range) along
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the upslope. T1 maps were constructed after manual in-plane motion correction of the
T1 images, using a pixel-wise, mono-exponential three-parameter fit for the T1 relaxation
curve. For the measurement of native T1, a region-of-interest in the mid-ventricular septum
was drawn (Figure 2). Myocardial triglyceride content was expressed as the percentage of
triglyceride methyl (at 0.9 ppm) and triglyceride methylene (at 1.3 ppm) relative to the sum of
the triglyceride signal and the unsuppressed water signal (at 4.7 ppm) (Figure 2) (22).
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Figure 2. The same patient as in Figure 1 is presented. (A) Aortic pulse wave velocity was calculated from
through-plane 2D velocity-encoded MR transecting the ascending aorta (red) and the abdominal aorta,
above the aortic bifurcation (green) (left panel), according to: aortic pulse wave velocity = Ax/At, with
Ax: the distance between the ascending and abdominal aorta (yellow dotted line) and At: transit time of
the onset of the systolic velocity wave front (black arrow) (right panel). (B) Proton-magnetic resonance
spectroscopy ("H-MRS) was used to measure the myocardial triglyceride content. The voxel of interest
was placed in the mid-ventricular septum (yellow box) (left panel). Myocardial triglyceride content was
calculated as Tg-(CH,)" and Tg-CH, relative to the sum of the triglyceride and the unsuppressed water
signal (not shown). Triglycerides were measured using the water-suppressed spectrum (right panel). (C)
Native T1 was measured in the mid-ventricular septal segments in short-axis view (black, dotted region
of interest).
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Statistics

Statistical analyses were performed in SPSS 23 (IBM Corp, New York, United States). Normal
distribution was checked using the Shapiro-Wilk test. Differences between groups were tested
for statistical significance using the Student’s t-test or the Mann-Whitney U test for normally
and non-normally distributed variables, respectively. Patients with prior HSCT vs. controls were
compared and additional analyses were performed for patients with HSCT for malignancies
vs. controls. Levels for statistical significance were set at P<0.05 and all tests were two-sided.
Additionally, we performed a post-hoc power analysis (alfa 0.05, two-sided).

RESULTS

In total, sixteen patients (22.1 £ 1.5 years, 11/16 (69%) men) and sixteen healthy controls (22.1 +
1.8 years, 11/16 (69%) men) were included and analyzed. In one patient, 'H-MRS data were not
analyzed due to insufficient quality. Also, in one patient 2D velocity-encoded MR over the mitral
valve was not acquired due to imaging time constraints. Height and body surface area (BSA)
in the patient group were lower compared to the healthy control group. The anthropometric
characteristics are presented in Table 1.

Table 1. Demographic and anthropometric characteristics

Pediatric Healthy P value
HSCT recipients controls
(n=16) (n=16)
Men, n (%) 11 (69%) 11 (69%) 1.000
Age,y 221+15 221+£18 1.000
Length, cm 173+7 179+8 0.017%
Weight, kg 66.6+10.9 72.1+£69 0.095
Body mass index (BMI), kg/m? 224+36 225+27 0.929
Body surface area (BSA), m? 1.78+0.16 1.89£0.11 0.029%

Values are presented as numbers (percentages) or means =+ standard deviations. *P<0.05. BSA based on
the Mosteller formula.

In ten patients, HSCT was indicated for a malignant disorder. Seven patients were treated with
anthracyclines prior to HSCT, eight received total body irradiation (typically unfractionated
7.5 Gy or 2x6 Gy) and fourteen were given high-dose cyclophosphamide (>1 g/m?) for HSCT
conditioning. Five patients had a ferritin level above 250 umol/L. In two of them, cardiac T2*
was assessed upon clinical indication. In both, the T2* values were not suggestive of myocardial
iron deposition. Clinical and biochemical patients characteristics are presented in Table 2 and
3.
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Table 2. Clinical patient characteristics

Pediatric HSCT recipients (n=16)

Transplant-related characteristics

Age at time of HSCT, years 72+53
Time after HSCT, years 148+50
Malignant disorder, n (%) 10 (62.5%)
ALL or AML 8
MDS or CML 2
Non-malignant disorder, n (%) 6 (37.5%)
Hematological disease 4
Other 2
Anthracycline therapy, n (%) 7 (43.8%)
<300 mg/m? 5
> 300 mg/m? 2
Radiotherapy, n (%) 8 (50.0%)
Total body irradiation 7
Chest irradiation 1
Cyclophosphamide therapy, n (%) 14 (87.6%)
<1g/m? 1
>1g/m? 13
Allogeneic HSCT, n (%) 15 (94%)
HLA-identical sibling 6
Other related or unrelated donor 9
Graft versus host disease, n (%) 5(31.3%)
Acute 2
Chronic 3
Clinical parameters
Systolic blood pressure, mmHg 121412
Diastolic blood pressure, mmHg 76+9
Pulse, beats per minute 75412

Values are presented as numbers (percentages) or means + standard deviations. HSCT: hematopoietic stem
cell transplantation, ALL: acute lymphatic leukemia, AML: acute myeloid leukemia, MDS: myelodysplastic
syndrome, CML: chronic myeloid leukemia.
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Table 3. Biochemical patient characteristics

Pediatric HSCT recipients (n=16) Normal values

Fasting glucose, mmol/L 51+08 3.1-64
Total cholesterol, mmol/L 490+1.20 3.90-7.30
HDL-cholesterol, mmol/L 130+£032 0.80-2.30
LDL-cholesterol, mmol/L 269+ 087 0.00-3.37
Triglycerides, mmol/L 1.87+£1.29 0.80-2.30
Alanine aminotransferase (ALT), U/L Men:32 +17 0-45
Women: 15 + 4 0-34
Aspartate aminotransferase (AST), U/L Men: 31 + 16 0-35
Women: 21 + 2 0-31
Gamma-glutamy! transpeptidase (GGT), U/L Men: 40 + 24 0-55
Women: 19 £10 0-38
Free thyroxin (FT4), pmol/L 159426 12.0-22.0
Thyroid-stimulating hormone (TSH), mU/L 2695+ 1472 0.300-4.800
eGFR (CKD-EPI) > 60 mL/min/1.73m?, n (%) 16 (100%) NA
Ferritin, umol/L Men: 187,183 (61, 910) 35-260
Women: 31,437 (8, 792) 10-150
Ferritin > 250 umol/L, n (%) 5(31.3%) NA
Hemoglobin, mmol/L Men: 9.0 +0.7 8.5-11.0
Women: 84 + 0.9 7.5-10.0

Values are presented as numbers (percentages), mean + standard deviation or median, interquartile range
(minimum, maximum), if the distribution was skewed. Separate values are reported for men (n=11) and
women (n=5), if applicable. HSCT: hematopoietic stem cell transplantation.

Patients as compared to the healthy controls had a higher E/Ea ratio (9.92 + 3.42 vs. 7.24 + 2.29,
P=0.004), while the E/A ratio (2.76 £ 0.92 vs. 2.97 £ 0.91, P=0.599) and diastolic strain rates were
comparable. There was a trend towards a lower LV ejection fraction (LVEF) (54 + 6 vs. 58 + 5%,
P=0.055) and lower GLS (-20.7 + 3.5 vs. -22.9 + 3.0%, P=0.063), whereas GCS was preserved
(-23.2 £ 3.6 vs. -23.9 £ 3.5%, P=0.587). Stroke volume (83 + 15 vs. 101 + 17 mL, P=0.003) but
also cardiac output (5.2 £ 1.0 vs. 6.5 £ 1.0 L, P=0.001) and cardiac index (2.9 + 0.6 vs. 3.4 + 0.5
L/m?, P=0.021) were lower. In contrast, aortic PWV (4.40 + 0.26 vs.4.29 + 0.29 m/s, P=0.288),
LV concentricity (0.62 £ 0.10 vs.0.61 + 0.08 g/mL, P=0.867), native T1 (1211 + 36 vs.1227 £ 28
ms, P=0.158) and myocardial triglyceride content (0.47 + 0.18 vs.0.50 + 0.13%, P=0.202) were
comparable. CMR results are presented in Table 4 and Figure 3.
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When comparing the subgroup with HSCT for malignancies with controls, the higher E/Ea
persisted (10.33 £ 3.55 vs. 7.24 + 2.29, P=0.013). Additionally, LVEF (52 £ 4 vs. 58 + 5%, P=0.008),
GLS (-19.8 £ 3.3 v5.-22.9 + 3.0%, P=0.022) and GCSR-S (-1.13 £ 0.15 vs.-1.32 £ 0.26 1/s, P=0.047)
were lower. For the HSCT recipients treated for malignancies, aortic PWV was: 4.39 + 0.18 m/s
(P=0.360 vs. controls), LV concentricity: 0.63 + 0.10 g/mL (P=0.733), native T1: 1208 + 36 ms
(P=0.138) and myocardial triglyceride content: 0.53 + 0.21 (P=0.693).

Table 4. CMR parameters

Pediatric Healthy Pvalue
HSCT recipients controls
(n=16) (n=16)
LV mass and dimensions
Mass, g 95+ 18 108 £23 0.078
Mass/BSA, g/m? 53+9 57+10 0.328
End-diastolic volume, mL 155+ 29 176 + 30 0.052
End-diastolic volume/BSA, mL/m? 87+ 14 93+13 0.238
Mass/end-diastolic volume, g/mL 062 +0.10 0.61+0.08 0.867
LV systolic function
Stroke volume, mL 83+15 101 £17 0.003*
Cardiac output, L 52+10 65+10 0.001*
Cardiac index, L/m? 29+06 34+05 0.021*
Ejection fraction, % 54+6 58+5 0.055
Global longitudinal strain, % -20.7£35 -229+30 0.063
Global circumferential strain, % -232+36 -239+35 0.587
Longitudinal peak systolic strain rate, 1/s -0.95+0.20 -1.06 £0.21 0.137
Circumferential peak systolic strain rate, 1/s -1.21+£0.22 -1.32+£036 0216
LV diastolic function
E/A ratio 2.76+0.92 297+ 091 0.599%
Estimated LV filling pressure 992 +£342 7.24+£229 0.004+
Longitudinal early diastolic strain rate, 1/s 1.01£0.26 1.15+£0.35 0.224
Circumferential early diastolic strain rate, 1/s 128 +0.29 138 +0.35 0.396
LV myocardial tissue characteristics
Myocardial triglyceride content, % 047 +£0.18 0.50+0.13 0.202%
Native T1 relaxation time, ms 1211 £ 36 1227 £ 28 0.158
Aortic stiffness
Aortic pulse wave velocity, m/s 440+0.26 4.29+0.29 0.288

Values are presented as means + standard deviations. *P<0.05. £P value not based on the Student’s t-test
but on the Mann-Whitney U test. HSCT: hematopoietic stem cell transplantation. LV: left ventricle. BSA:
body surface area. E/A ratio: ratio of early and late peak filling rate. Estimated LV filling pressure: ratio of
transmitral early peak velocity and early diastolic mitral septal tissue velocity (E/Ea).
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Figure 3. CMR measurements with means and 95% confidence intervals and median and interquartile
ranges for normally and non-normally distributed data, respectively. Despite a non-significantly lower left
ventricular (LV) systolic function (A-C) and lower LV diastolic function (D-E) as indicated by the increased
estimated LV filling pressure, the CMR parameters for aortic stiffness (F) and LV structure (G) and myocardial
tissue characteristics (H-1) were comparable for the patients who received HSCT and the healthy controls.
Abbreviations as in Table 4.
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Post-hoc power analysis

We had 0.90 power to detect a statistically significant difference if the HSCT population would
have had an aortic PWV of 4.64 m/s or higher (+0.33 m/s higher as compared to the healthy
controls), myocardial triglyceride content of 0.69% or higher (+0.19%) and native T1 of 1268 ms
or higher (+39 ms). These differences in aortic PWV, myocardial triglyceride content and native
T1 are comparable to approximately 3, 20 and 35 years of normal aging, respectively (23-25).

DISCUSSION

Our study showed that young adults with a history of pediatric HSCT, as compared to healthy
controls in the same age range, have subclinical impairments in LV diastolic function and
tend to have a lower LV systolic function, whereas aortic stiffness and myocardial tissue
characteristics are comparable. Our results indicate that CMR-derived LV diastolic parameters,
rather than aortic PWV, cardiac native T1 or myocardial triglyceride content, are early markers
of cardiovascular deterioration after HSCT.

LV function
The estimated LV filling pressure was found to be increased after childhood HSCT, which is
indicative of reduced LV diastolic function. When LV myocardial relaxation progressively
deteriorates, LV filling pressure becomes increased to compensate for the impaired LV diastolic
filling (26). Accordingly, in the patients who received HSCT during childhood, the E/A ratio
was comparable as in the controls, whereas LV filling pressure was higher. In contrast to the
impairments in LV diastolic function, the decrease in LV systolic function in the HSCT group
compared to the control group was non-significant. This observation is in keeping with
prior longitudinal studies using echocardiography, which showed that diastolic dysfunction
precedes systolic dysfunction in response to cardiotoxic exposures (27,28). Anthracycline-
related cardiomyopathy is considered to result from free radical formation, the consequent
mitochondrial dysfunction and myofibrillar disarray, and eventual myocyte necrosis; in turn,
with the ongoing remodeling of the injured heart, functional impairments may progressively
develop (2). Furthermore, irradiation may cause microcirculatory damage, leading to
myocardial ischemia and cell death (2). However, despite the reduced LV diastolic function,
there was no interstitial fibrosis based on native T1 mapping. Furthermore, aortic stiffening or
myocardial steatosis did not appear contributing factors to the abnormalities in LV diastolic
function. Hence, when using CMR, LV diastolic parameters in particular may be important in
the monitoring of HSCT-related cardiovascular deteriorations.

In our study, the non-significantly lower LVEF and significantly lower cardiac index in the
pediatric HSCT recipients compared to the controls seemed to be related to impairments
in GLS rather than GCS. GLS and GCS, respectively, can be interpreted as measures of the
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contractility of the cardiomyocytes in oblique orientation in the subendocardium and those
in circumferential arrangement in the mesomyocardium (29,30). Accordingly, our results may
suggest that the HSCT-related therapies predominately affect the subendocardial myocardium,
and not the midwall. In the subgroup with a history of a malignant disorder, longitudinal and
circumferential systolic strain-derived parameters were lower as compared to healthy controls;
this is consistent with previous studies which assessed LV systolic strain parameters in patients
receiving anthracyclines (31,32).

We hypothesized that aortic stiffening or altered myocardial tissue characteristics would
be early markers of cardiovascular disturbances after HSCT, preceding manifest LV dysfunction.
Of interest, as chemotherapy is considered to disrupt mitochondrial function and irradiation
has been demonstrated to induce microcirculatory damage (2), several other CMR-derived
parameters may have potential for the early detection of cardiac effects of HSCT, for example
phosphorus MRS (*'P-MRS) for the assessment of myocardial energetics and perfusion imaging
(33).

Aortic stiffness

No differences were observed in aortic stiffness between the HSCT study population and
the healthy controls. Based on previous studies, we expected to find a significantly higher
aortic stiffness, at least in the patients with HSCT for a malignant disorder, because of the pre-
transplant cardiotoxic exposures. Anthracycline and/or chest irradiation in the treatment of
the primary cancer may cause endothelial damage due to the generation of reactive oxygen
species (34,35). Also, the conditioning in allogeneic HSCT, including total body irradiation and/
or chemotherapy, is considered to initiate disruption of the endothelium (36). Subsequently, the
structural changes in the vascular matrix and the disturbed endothelial function may increase
the vascular tone of the arterial wall (2). In addition, metabolic disturbances caused by the
immune dysregulation and iron overload are well recognized adverse effects of HSCT (12,37).
There is extensive evidence for an elevated aortic stiffness due to hypertension, dyslipidemia
and hyperglycemia in the general population (14). The role of iron overload in endothelial
dysfunction is less evident, although iron chelation in coronary artery disease has been shown
to improve endothelium-dependent vasodilation (38).

Previous longitudinal studies in patients with breast cancer, lymphoma or leukemia showed
that aortic PWV increases by approximately 1.5 to 2—fold upon anthracyclines in the first 4 to
6 months, also for low or moderate dosages, compared to the pre-treatment measurements
(39,40). Another study measured a higher carotid artery stiffness in children who had received
allogeneic HSCT, for malignant or non-malignant disease, even though this study population
showed only minor, subclinical metabolic derangements, and no other cardiovascular
impairments were detected (41). However, the increased aortic stiffness due to cardiotoxic
exposures may decrease after the cardiotoxic therapy has been discontinued, as was shown in
breast cancer patients who were followed before and 1,4 and 14 months after anthracycline or
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trastuzumab chemotherapy (42). We measured aortic PWV after a mean time of 14.8 + 5.0 years
after HSCT. Possibly, there may have been changes in aortic PWV acutely after pediatric HSCT,
which may have normalized after several years.

Myocardial tissue characteristics
There were no differences in myocardial tissue characteristics and LV concentricity between the
HSCT study population and the healthy controls, which otherwise would have been indicative
of LV remodeling. To our knowledge, this is the first study in which native T1, as a measure of
interstitial fibrosis, and myocardial triglyceride content, as a measure of metabolic remodeling,
have been assessed in young adults with prior HSCT. It should be noted that diffuse fibrosis
can be estimated based on calculating native T1 or the extracellular volume fraction (ECV)
the latter requires MR contrast administration (17). Recent CMR studies have demonstrated
that both native T1 and ECV are increased in middle-aged patients with prior anthracycline
therapy (43,44). Other studies in adolescents exposed to anthracyclines, however, reported
native T1 and/or ECV values within the normal range (45,46); nonetheless, a correlation was
found between the cumulative anthracycline dose and native T1 and ECV (46). In contrast to
these observations suggestive of diffuse fibrosis, focal fibrosis, visualized with late gadolinium
enhancement CMR, is uncommon after anthracycline exposure, even when systolic function is
subnormal (44-47). In our HSCT study population as compared to the controls, we did not find
a higher native T1, even though a lower LVEF was measured. Also, when analyzing the patients
who received HSCT for a malignant indication separately, no difference with the control group
was found. Therefore, in contrast to middle-aged patients with prior anthracycline therapy as
described in other studies, we may conclude that there is no myocardial fibrosis, at least not
substantial, in young adults with a history of childhood HSCT as compared to healthy controls.
From previous studies it is known that the metabolic syndrome, presumably due to changes
in myocardial fatty acid uptake and/or oxidation, is associated with myocardial steatosis (18,48).
Although allografting increases the risk of early development of the metabolic syndrome (12),
our HSCT study population aged 18-25 years had on average no obesity, impaired fasting
glucose or hypertriglyceridemia. Possibly, myocardial steatosis may arise after HSCT at middle-
age, when metabolic disorders may have developed, while myocardial triglyceride content
remains within the normal ranges at younger age. Based on our findings, we may conclude
that myocardial triglyceride content does not represent an early marker of cardiometabolic
disease after pediatric HSCT in the young adult population.

Strengths

Strength of this study is the comprehensive CMR evaluation, including measures of both LV
systolic and diastolic function, vascular function and myocardial tissue characteristics. CMR
rather than ultrasound is the most accurate non-invasive modality to quantify aortic stiffness
(49). Diffuse fibrosis was measured using native T1 mapping, which is a non-contrast technique;
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contrast-enhanced CMR can be considered less suitable for screening programs. Cardiac
"H-MRS is the gold standard for non-invasive assessment of myocardial steatosis (48). In clinical
practice, echocardiography is commonly used for follow-up after cardiotoxic therapies (11).
Compared to echocardiography, little is known regarding the value of CMR for cardiovascular
screening after HSCT.

Limitations

Our study did not comprise CMR before and shortly after HSCT, but had a cross-sectional design
because of ethical considerations. Therefore, we cannot exclude temporary deteriorations
in, for example, aortic stiffness. Our study population was too small to evaluate the patient
group with HSCT for non-malignant disease separately. The observed abnormalities in LV
diastolic function and the non-significantly lower LV systolic function seemed to be driven
by the patients who had received HSCT for a malignant disease. However, based on our study
we cannot rule out late LV functional impairment after HSCT for non-malignant disease.
Also, we were not able to assess the correlations between the different HSCT conditioning
regimens, graft-versus-host-disease or iron overload and cardiovascular measures. However,
this study was aimed at identifying CMR parameters which may show deteriorations before
overt cardiovascular disease develops, and not to identify HSCT-related factors which may be
helpful in late cardiovascular disease risk stratification. Echocardiography was not applied in
the present study, which would have allowed for comparison of CMR with echocardiography
for the early detection of cardiac effects of HSCT.

As a measure of interstitial fibrosis, ECV may be preferable. The native T1 value may be
affected by several processes other than edema or increased myocardial collagen in the
extracellular compartment (17). Hence, based on the native T1 measurements, we may not be
able to exclude the presence of diffuse fibrosis in post-HSCT patients. However, as all patients
were clinically monitored for cardiac iron deposition and as myocardial steatosis was ruled out
based on the "H-MRS measurements, it is unlikely that fibrosis related increases in native T1
might have been cancelled out by myocardial iron or fat related native T1 decreases.

CONCLUSION

In young adults who received HSCT during childhood, LV diastolic function was decreased
(higher estimated LV filling pressure) and LV systolic function (LVEF and GLS) tended to be
reduced as compared to healthy controls, whereas no concomitant differences were found
in aortic stiffness (aortic PWV) and myocardial tissue characteristics (native T1 and myocardial
triglyceride content). Therefore, when using CMR, the assessment of LV diastolic function in
particular is important for early detection of patients at risk of HSCT-related cardiovascular
disease. Further research, including longitudinal CMR measurements, is needed to show the
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predictive value of subclinical LV functional abnormalities for the development of symptomatic
cardiovascular disease after HSCT. Also, comparative studies of imaging modalities should
reveal whether CMR-derived LV function has additive value for screening programs when
performed next to the current echocardiography-based follow-up of the cardiovascular late
effects of HSCT. For example, CMR may be used for the selection of patients who require

frequent follow-up by standard echocardiography.
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ABSTRACT

At present, most of the cardiac magnetic resonance imaging (MRI) examinations rely on
contrast-enhanced protocols, but noncontrast alternatives are emerging. Late gadolinium
enhancement (LGE) imaging for the detection of myocardial scar can be considered the
main cause for the embedding of cardiac MRI into the clinical routine. The novel noncontrast
technique of native T1 mapping shows promise for tissue characterization in ischemic and
nonischemic cardiomyopathy and may provide additional information over conventional
LGE imaging. Technical issues, including measurements variability, still need to be resolved to
facilitate a wide clinical application. Ischemia detection can be performed with contrast-based
stress perfusion and contrast-free stress wall motion imaging. For coronary magnetic resonance
angiography (MRA), protocols with and without contrast material have been developed.
Research on coronary atherosclerotic plague characterization has introduced new applications
of contrast material. For MRA of the aorta, which traditionally relied on contrast administration,
several noncontrast protocols have become available. This review provides an overview of
when to use contrast material in cardiac and cardiac-related vascular MRI, summarizes the
major imaging building blocks, and describes the diagnostic value of the available contrast-
enhanced and noncontrast techniques. Contrast material in cardiac MRI should be used for
LGE imaging for tissue characterization in ischemic or nonischemic cardiomyopathy and may
be used for stress perfusion imaging for the detection of ischemia. In cardiac-related vascular
MR, use of contrast material should be avoided, unless high-quality angiography is required
that cannot be obtained with noncontrast protocols.
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Cardiac magnetic resonance imaging (MRI) has taken an important role in the work-up of
cardiovascular disease. Compared to general radiology, MR contrast material is used in a high
number of examinations (92%) (1). In this review, we aim to provide an overview of contrast-
enhanced and noncontrast cardiac and cardiac-related vascular MRI protocols (Table 1). First,
the considerations of when to use contrast material in cardiac MRI are discussed. Second, the
major imaging building blocks are described, including cine and flow imaging, late gadolinium
enhancement (LGE), stress and rest first-pass perfusion and wall motion imaging, native T1
and extracellular volume (ECV) mapping, and magnetic resonance angiography (MRA) of the
coronary arteries and large vessels with and without contrast material. Third, most common
clinical indications are listed, including myocardial infarction and ischemia, nonischemic
cardiomyopathy, cardiac mass, and visualization of the coronary arteries and large vessels,
with an overview of the diagnostic value of the available contrast-enhanced and noncontrast

techniques.

CONTRAST MATERIAL IN CARDIAC MRI
Safety

REGULATION. The decision whether gadolinium-based contrast agents can be safely
used in cardiac MRI is dependent on the individual patient characteristics, similar to general
radiology. In patients with previous severe hypersensitivity reactions, contrast material should
be avoided. For contrast administration in patients with impaired renal function, pregnancy or
lactation, institutional, regional, or national guidelines should be followed (2-5). If noncontrast
techniques with comparable diagnostic performance are available, those should be preferred
over contrast-enhanced techniques. If contrast administration is indicated, the administered
dosage should be as low as possible.

It should be noted that administration of gadolinium-based contrast material in cardiac
and cardiac-related vascular MRl is not regulatory-approved (6). The decision to use gadolinium
chelates in cardiac MRI should be based on strong evidence in the literature and the prescribing
clinician is responsible for maintaining records of the contrast agent’s use and effects (7). The
decision whether or not to discuss the off-label status of a product with the patient is rather
an ethical than a legal issue, and should be based on professional judgment (8). In our center,
similar to any other medical intervention, we inform the patient in advance that there is a risk of
adverse events and tailor more detailed information to the individual patient. Given the widely
accepted use of gadolinium-based contrast material in cardiac MRI, we do not specifically
address the off-label status. Up-to-date figures regarding informed consent procedures among
centers are not available.
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Table 1. Clinical protocols for contrast-enhanced and noncontrast cardiac and cardiac-related vascular

MRI.

Indication MRI protocol with MRI protocol without
contrast material contrast material

Myocardial infarction LGE imaging Native T1 mapping

(viability assessment, ECV mapping

postreperfusion therapy)

Myocardial ischemia Stress perfusion imaging Stress wall motion imaging

(viability assessment,

postreperfusion therapy)

Nonischemic cardiomyopathy LGE imaging Native T1 mapping

(including arrhythmia and ECV mapping T2-weighted black and bright

myocarditis) Early gadolinium enhancement  blood imaging (not discussed)
(for myocarditis) T2 and T2* mapping (not

discussed)

Cardiac mass First pass imaging T1-and T2-weighted imaging
Post contrast T1-weighted (with and without fat
imaging suppression)

LGE imaging Native TT and T2 mapping

Coronary artery anomalies/ Contrast-enhanced T1-weighted = Time-of-flight imaging

patency MRA Balanced SSFP imaging

Large vessels Contrast-enhanced T1-weighted  Balanced SSFP imaging

(including congenital disease and ~ MRA (thoracic aorta)

pulmonary vein evaluation pre- (also for pulmonary vein Partial-Fourier FSE imaging

and postablation) evaluation) (peripheral arteries)

Time-of-flight imaging
Phase-contrast imaging
Quiescent-interval slice selective
(QISS) imaging

For details regarding standardized protocols and contrast dosing, see the standardized cardiac MR
protocols of the Society for Cardiovascular Magnetic Resonance (SCMR) (24). LGE: late gadolinium
enhancement; ECV: extracellular volume; MRA: magnetic resonance angiography; SSFP: steady-state free
precession; FSE: fast spin echo.

HYPERSENSITIVITY REACTIONS. Based on the reported numbers in routine cardiac MR,
use of gadolinium chelates in a clinical cardiac MRI setting can be considered safe in terms
of frequency and severity of adverse reactions. Retrospective analysis, based on 158,796 MR
exams in the United States, showed an event rate of 0.055% for cardiac MRI, compared to
0.059% for overall MRI (9). The EuroCMR Registry, including 37,788 patients in 57 European
centers, reports a number of 0.12%, with most of the adverse events being mild (eg, rashes and
hives, nausea, or flushes) (10). No deaths due to contrast administration in cardiac MRI were
reported. The above number is comparable to data on adverse events in general radiology,
ranging from 0.059% to 0.3% in recent reports (9,11,12).
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NEPHROGENIC SYSTEMIC FIBROSIS. The first report on nephrogenic systemic fibrosis
(NSF), observed in patients with endstage chronic kidney disease, was published in 2000 (13).
As studies found an association between high dosage of gadolinium chelates (0.2-0.3 mmol/
kg) and increased incidence of NSF, double or triple dosing is no longer common practice
(14,15). Although the association between NSF and gadolinium chelates in patients with renal
failure is well recognized, the mechanism and the relation to the different compounds is still
controversial. Prevailing hypothesis explaining the differences in the number of reported cases
is the difference in gadolinium chelate stability. Several reviews are available regarding the
association between gadolinium chelates and NSF (14-16).

GADOLINIUM DEPOSITION IN THE BRAIN. In 2014 the first report was published
that showed that serial injection of gadolinium-based contrast material correlated with a
signal intensity increase in the dentate nucleus and the globus pallidus on T1-weighted
MRI, also in patients with normal renal function (17). Subsequent studies found evidence
of gadolinium deposition in the brain of deceased patients and a correlation between the
cumulative intravenous dose and the total amount of gadolinium stored in the tissue (18,19).
Comparable to NSF, it is hypothesized that the potential of gadolinium-based contrast agents
to cause hyperintensities or gadolinium deposition in the brain is related to stability. In the
last 2 years, multiple retrospective patient studies and prospective animal studies have been
performed, as summarized in the review of Radbruch (20). Up until now, the clinical relevance
of the gadolinium brain deposition is unknown. It has not been associated with neurologic or
biological adverse effects. A definite conclusion has not been formed yet and multiple research
groups are currently working on this topic.

SPECIFIC POPULATIONS. As impaired renal function increases the risk of NSF, use of
gadolinium chelates in patients with renal dysfunction should be avoided unless the diagnostic
information is absolutely required and cannot be obtained with noncontrast MRI or other
modalities. The risk of NSF is highest in patients with chronic severe kidney disease (glomerular
filtration rate [GFR] <30 ml/min/1.73 m?) or acute kidney injury (21). For all patients at risk of
chronically reduced renal function (including age >60 years, hypertension, or diabetes), GFR
should be estimated through laboratory sampling. Relatively unstable, high-risk gadolinium-
based contrast agents (ie, gadopentetate dimeglumine, gadodiamide, and gadoversetamide)
should be avoided. The remaining gadolinium-based contrast agents should be used with
caution. In patients with endstage renal disease, contrast administration should be followed by
dialysis (2-5,22). There are limited studies on the safety of contrast administration in pregnant
or nursing women. Only if the potential benefits justify the potential risk, gadolinium-based
contrast material may be used (2-5,22). Several gadolinium chelates are approved for pediatric
use (2-18 years) (2).
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Dosage

Approved clinical doses range from 0.1 and 0.3 mmol/kg body weight, although for most
labeled indications the recommended dose is 0.1 mmol/kg. Contrast dose as used in cardiac
MRI practice is in general higher than the recommended label dose. A meta-analysis on the
administered dose of gadolinium-based contrast material in cardiac MRI trials found a median
total dose per exam (LGE imaging and/or perfusion testing) of 0.2 mmol/kg (23). The document
on standardized cardiac MR protocols of the Society for Cardiovascular Magnetic Resonance
(SCMR) provides a practical overview of the recommended contrast and chasing bolus doses
and injections rates (0.05-0.1 mmol/kg for perfusion imaging and 0.1-0.2 mmol/kg for LGE
imaging) (24).

There is limited evidence on the efficacy of infarct detection by LGE in relation to dosage. To
date, there is one multicenter, double-blinded, randomized trial, which studied the diagnostic
performance of LGE in patients with acute and chronic myocardial infarction, for varying
gadoversetamide doses. Sensitivity and specificity for detection of myocardial infarction
increased with increasing doses of 0.1, 0.2, and 0.3 mmol/kg (for acute infarction 84, 95, 99%,
respectively, and for chronic infarction 83, 87, 94%, respectively) (25). For perfusion cardiac MR,
there are two dose ranging multicenter trials that used gadopentetate dimeglumine.26,27 For
a dosage of 0.05, 0.10, or 0.15 mmol/kg for rest and stress perfusion imaging (total dose per
exam 0.1, 0.2, and 0.3 mmol/kg), Wolff et al (26) reported an area under the receiver-operating
curve (AUC) of 0.90, 0.72, and 0.83, respectively, for the detection of obstructive coronary artery
disease, compared to quantitative coronary angiography. Giang et al (27) reported an AUC
of 0.53,0.91, and 0.86, respectively. Although higher doses were shown to result in increased
myocardial enhancement, higher doses did not result in improved diagnostic performance, as
susceptibility artifacts may have led to false-positive findings.

Types of contrast agents

CHEMICAL STABILITY. The chemical structure of gadolinium chelates can be categorized
as ionic versus nonionic and linear versus macrocyclic compounds. Gadolinium chelates need
to be highly stable, to prevent release of free Gd** and guarantee safety. Stability is defined by
the thermodynamic and kinetic stability constants and the chelates metal selectivity for Gd**
over another metal species. Thermodynamic stability refers to the energy difference between
the Gd** ligand complex before and after chelation and can be explained as "how tightly the
ligand binds with Gd*"!'Kinetic stability is a measure of the activation energy needed to change
the state of the Gd** complex and can be interpreted as “how easily Gd** is released from the
chelate” (28). In general, ionic (negatively charged) chelates have higher stability compared to
nonionic (uncharged) chelates, and a macrocyclic is favorable in terms of stability compared to
a linear structure (29).
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RELAXIVITY. Most gadolinium chelates have comparable T1 and T2 relaxivity (relaxation rate
as a function of contrast agent concentration), except for gadofosveset trisodium, gadoxetate
disodium, gadobenate dimeglumine, and gadobutrol, which have increased relaxivity
compared to other agents. As gadobutrol is available in high concentration (1.0 mol/L), in
combination with its high relaxivity, gadobutrol provides the largest T1 shortening effects per
volume (30). In LGE imaging, gadobutrol results in superior contrast between infarct and blood,
but generates similar contrast between infarct and normal tissue, compared to gadobenate
dimeglumine (31).

NONBLOOD POOL VERSUS BLOOD POOL. All gadolinium chelates are extracellular
(nonblood pool) agents, except for gadofosveset trisodium. Gadofosveset is an albumin-
binding (blood pool) agent with longer plasma half-lives. For aorta MRA, when using
gadofosveset, smaller total amounts are required and the imaging window is prolonged for
up to 30-60 minutes after contrast administration (32). Improved image quality was shown
for coronary MRA when using gadofosveset compared to gadobenate dimeglumine (33).
However, as intravascular contrast agents do not allow for LGE imaging, gadofosveset cannot
be used in a comprehensive protocol for the evaluation of both coronary artery patency and
scar tissue. Currently, gadofosveset is commercially not available.

FERUMOXYTOL. Ferumoxytol has been proposed as an alternative to gadolinium-based
contrast material. Ferumoxytol is an ultrasmall superparamagnetic iron oxide particle (USPIO),
approved for the treatment of iron-deficiency anemia in patients with chronic kidney disease
(34). In some institutions, it is used in standard clinical examinations including aorta, coronary,
and peripheral vascular imaging (35). In contrast to MRA, the experience with ferumoxytol for
myocardial tissue imaging is limited.

Ferumoxytol can be prescribed in patients with reduced renal function. Another advantage
is its prolonged intravascular half-life of more than 15 hours. Timing of acquisition relative to
contrast administration is not needed and prolonged or repeated imaging is possible (36). One
concern, however, is the rare, but serious, hypersensitivity reactions that are observed in the
context of the therapeutic use of ferumoxytol in dialysis centers (37). For imaging applications,
in contrast, ferumoxytol is used at a much lower dose. To date, there are few studies on the
safety of ferumoxytol as a contrast agent in MRI (38).
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MAJOR BUILDING BLOCKS OF CARDIAC MRI

Cine imaging

Each clinical cardiac MR examination starts with cine long-axis (2-chamber, 4-chamber, and
3-chamber view) and short-axis images for the assessment of left ventricular (LV) function
and structure. Recommended method is balanced steady-state free precession (SSFP) (24).
Balanced SSFP employs the high T2/ T1 ratio of blood compared to myocardium to generate
a high signal-to-noise ratio (SNR) and high contrast to noise ratio (CNR), without the need of
contrast administration (39).

Flow imaging

Velocity of flow across valves or in vessels can be quantified using phase-contrast techniques.
Conventionally, a motion-encoded gradient in one direction is applied to quantify through-
plane flow (2D flow) (24). For more detailed flow information, velocity-encoding in three
directions is possible (4D flow) (40). Flow imaging does not require contrast administration.

Late gadolinium enhancement

LGEimaging for the visualization of myocardial infarction has been animportantand pioneering
development in cardiac MRI. As explained by Kim et al (41), in myocardial infarction the
functional capillary density is diminished, as a result of microvascular damage in combination
with an increased distribution volume caused by, for example, edema and necrosis (acute
stages) and replacement scar tissue (chronic infarction). A decrease in functional capillary
density causes prolonged wash-in/wash-out time constants of the contrast agent, because of
the decrease in capillary surface area available for solute transport and the increase in diffusion
distance in the interstitium to fill the extracellular space. As the T1 relaxation time increases
with the wash-out of contrast agent, healthy myocardium appears relatively hypoenhanced,
compared to the delayed hyperenhancement in infarcted myocardium.

The technique of LGE for myocardium infarct imaging has been improved since the
introduction of phase-sensitive inversion recovery (PSIR) imaging, compared to the conventional
magnitude-reconstructed technique (42,43). Whereas in magnitude reconstruction, the
rendered image intensity relies on the magnitude of the net magnetization, in phase-sensitive
techniques, it depends on the polarity additionally. The PSIR technique prevents diminished
contrast when the inversion time (Tl) is earlier than the null time for healthy tissue, with
therefore less variation in apparent infarct size (44). Other advances include free-breathing
techniques; for example, respiratory navigator gated high-resolution whole-heart 3D LGE
(Figure 1) (45). High-resolution whole-heart LGE facilitates scar detection for the complete
LV, with precise scar delineation. Another free-breathing approach is automatic, nonrigid
registration for motion correction. This approach enables robust LGE imaging, with high image
quality and diagnostic performance, without the patient needing to perform breath-holds (46).
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Since the introduction of modified Look-Locker inversion recovery (MOLLI)-based T1 mapping,
not only fast and reliable pixel-wise T1 mapping became possible, but also synthetic inversion
recovery (IR) images could be generated. Synthetic IR images can be calculated retrospectively
atany T, based on the myocardial T1 values generated with a MOLLI acquisition. Conventional
LGE acquisition could then be eliminated, if TT mapping is already in the clinical protocol (47).

Figure 1. Example of respiratory navigator gated high-resolution whole-heart 3D late gadolinium
enhancement (LGE) imaging: a 77-year-old man, with a history of anteroseptal myocardial infarction,
multiple coronary artery bypass grafts, and percutaneous coronary intervention. (A) Transverse stack
covering the complete left ventricle. Given the high spatial resolution, multiplanar reformatting can be
performed with high in-plane resolution: reformatted 2-chamber (B), 4-chamber (C) 3-chamber (D), and
short-axis (E) view. (F) For comparison, the conventional 2D LGE short-axis image is provided.

Stress perfusion and stress wall motion imaging
Stress and rest first-pass perfusion provides insight into both reversible and irreversible
myocardial ischemia, and can be used to test for viability in chronic ischemic heart disease
or to verify successful revascularization. At rest, a lesion is flow-limiting not until a luminal
narrowing of >85% (48), since stenotic coronary arteries can restore flow by vasodilation.
During pharmacological stress, however, stenotic coronary arteries cannot increase flow to
meet the increasing myocardial demands. Based on relative perfusion deficits, stress perfusion
is able to detect a stenosis of >50% (49).

First-pass perfusion imaging measures the first pass of a contrast bolus through the
ventricular cavity and myocardial tissue, based on T1-weighted dynamic imaging (Figure 2)
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(50). The signal intensity correlates with the amount of contrast material, which allows both
qualitative and (semi)quantitative analysis of perfusion and hypoperfusion. The initial part of
the signal intensity curve can be quantitatively analyzed, avoiding fast redistribution of contrast
material into the extracellular space (51).

A contrast-free alternative to stress perfusion cardiac MRI is stress wall motion imaging,
which allows detection of ischemia by qualitative evaluation of regional wall motion during
infusion of increasing doses of pharmacological stress agents (52). In general, adenosine (a
vasodilator) is used for the detection of stress-inducible perfusion deficits, and dobutamine (a
positive inotropic and positive chronotropic) for wall motion abnormalities (53).

Figure 2. Example of first-pass adenosine stress and rest perfusion cardiac MRI: a 57-year-old man with a
significant perfusion deficit in the inferior segments. (A) Dynamic adenosine stress perfusion MR images
(dosage of gadoterate meglumine [Dotarem]: 0.1 mmol/kg). In contrast to the left coronary artery (LCA),
the stenotic right coronary artery (RCA) cannot further dilate in response to stress, which results in
pronounced hypoenhancement of the inferior segments. (B) Dynamic rest perfusion MR images (dosage
of gadoterate meglu-mine [Dotarem]: 0.1 mmol/kg). The differences in perfusion between the inferior
segments and the other segments are less pronounced. The impaired blood flow in the stenotic RCA
during stress is largely restored by vasodilation in rest.

Native T1 and extracellular volume mapping
Advances in cardiac MRI have rendered it feasible to not merely obtain cardiac T1-weighted
images, but to estimate the T1 relaxation times quantitatively, and display them pixel-wise.
The concept of T1 mapping is sampling the recovery of magnetization after saturation or
inversion and fitting a T1 recovery curve. T1 maps can be acquired solely without contrast
material (native T1), or both prior and after contrast agent administration (postcontrast T1),
which enables calculation of ECV maps (Figures 3 and 4).

With the technique of ECV mapping, the myocardium is dichotomized into an intracellular
compartment (myocytes) and extracellular compartment (extracellular matrix and vessels)
(54). The difference in T1 relaxation rate (1/T1) of blood between pre-and postcontrast imaging
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is converted with the hematocrit value into a reference for plasma T1. Based on T1 changes in
myocardial tissue, the ratio of extracellular to myocardial volume can be calculated. Whereas
native T1 values are a reflection of both intra-and extracellular characteristics, ECV can be seen
as an estimate of the extracellular space, which is affected by edema, fibrosis, or amyloid, etc.

A drawback of ECV mapping is the dependence on several measurements, including native
and postcontrast T1 images, blood T1, and hematocrit. All need to be measured correctly to
avoid an accumulation of errors. To facilitate implementation of ECV mapping, there have been
methods suggested for ECV estimation without blood sampling to determine the hematocrit
level (55). The relationship between hematocrit and the T1 relaxation rate of blood can be
calibrated, which is used to generate a synthetic ECV. Treibel et al (55) found a linear relationship
between the native T1 relaxation rate of blood and hematocrit. Synthetic ECV values based on
this relationship correlated well with conventional ECV and histology.

There are several limitations that hamper translation of native T1 mapping and ECVY mapping
from research to clinical setting. Measured T1 values vary with vendor and field strength (higher
at 3T compared to 1.5T), type of pulse sequence (most applied is the MOLLI sequence), and
across the myocardium (higher in septal than lateral wall) (56). The ECV mapping technique,
in which systematic differences are cancelled out, may be more comparable across MR field
strengths, acquisition protocols, and imaging centers. For clinical application, T1 mapping
should be highly reproducible to avoid misclassification of patients (insufficient precision,
more than inaccuracy, is a major limitation for clinical use) (57). Certain technical development
is needed to reduce measurement variability, to enable the detection of differences between
disease groups, diagnosis in the individual patient, or monitoring of therapy effect (58).

In the SCMR expert consensus document on T1 and ECV mapping, recommendations
regarding site preparation, scan protocols, and quality control are listed (59). Tight control
of the scan protocol is required, as it is not fully known to what extent changes in software
updates or imaging parameters affect T1 mapping. New T1 mapping sequences should be
validated in phantoms with T1 values in the range of the expected values and with simulation
of arange of heart rates. Ideally, for each particular setting, normal values should be acquired in
a healthy control group. In multicenter studies, stratified analysis is recommended, to account
for variations among centers. Recently, the first steps towards multicenter-based reference
values have been made, registries are in progress (SCMR Registry, HCM Registry, UK Biobank),
quality control systems are explored, and commercial sequences are available.
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Figure 3. Concept of native and postcontrast T1 mapping and late gadolinium enhancement (LGE)
imaging. A 54-year-old man, with an inferolateral myocardial infarction and prior sternotomy. (Upper
panel) T1 mapping is performed before and after contrast adminis-tration. Presented T1 relaxation curves
represent the areas with normal (purple) and infarcted (blue) myocardium. T1 mapping is based on the
3(3)3(3)5 modified Look-Locker (MOLLI) sequence. The T1 relaxation curve is sampled after three 1808
inversion pulses, with a rest period of 3 heart beats (respectively 3, 3,and 5 images at diastole are obtained).
Based on the 11 images, the T1 relaxation curve can be fitted pixel-wise. (Lower panel) 10-15 minutes after
contrast administration, a dynamic steady state in gadolinium (Gd) concen-tration between myocardium
and blood pool is established. Given the increased extracellular volume (ECV) of infarcted myocardium,
due to necrosis and/or replacement fibrosis, the amount of Gd is higher in infarcted compared to normal
myocardium at steady state, which results in increased T1 shortening. In late gadolinium enhancement
(LGE) imaging, the inversion time (TI) nulls normal myocar-dium. Based on native and postcontrast T1
maps, the ECV map can be calculated. Note: T1 relaxation times vary with vendor, field strength, and pulse
sequence. (Image analysis in Medis Suite 2.1.)
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Figure 4. Example of native T1 mapping (A), postcontrast T1 mapping (B), extracellular volume (ECV)
mapping (C), and LGE imaging (D): a 65-year-old man, scheduled for reablation of atrial fibrillation. The
patchy areas of increased ECV correspond to the areas of LGE. Cardiac MRI findings are suggestive of
nonischemic cardiomyopathy, myocarditis, sarcoidosis, or storage disease. (Image analysis in Medis Suite
2.1)

Coronary MRA with and without contrast material

In contrast-based coronary MRA, contrast between blood and surrounding tissue is the result
of the T1 shortening effect of contrast material. In general, extracellular gadolinium chelates are
used that extravasate in about 10 to 15 minutes after administration. Hence, contrast-enhanced
coronary MRA is limited by the fast redistribution of the contrast agent, which reduces the SNR
for the coronary arteries and increases the signal in the coronary veins. Proposed techniques
to obtain a prolonged blood signal enhancement time is slow infusion (0.3 ml/s) of contrast
media (61,62), or using albumin-binding contrast agents with longer plasma half-lives (63).

A commonly used technique for coronary MRA without contrast material is balanced
SSFP (64). At 3T, balanced SSFP is more challenging, due to the sensitivity to magnetic field
inhomogeneities and increased energy deposition with increasing field strength. Therefore,
3T coronary MRA generally relies on gradient echo (GRE) sequences, in which contrast is
generated using time-of-flight techniques (61). Noncontrast coronary MRA can be combined
with T2 preparation for suppression of myocardium and deoxygenized venous blood and fat
saturation for nulling of epicardial fat. An alternative technique for improved contrast between
coronary vessels and myocardium is magnetization transfer (65). The magnetization transfer
pulse saturates myocardium via transfer of magnetization between water and macromolecular
protons. Magnetization transfer has potential for the visualization of the coronary veins, as
the magnetization transfer pulse leaves venous blood unaffected, which is an advantage as
compared to T2 preparation. A recently introduced contrast-free technique for coronary MRA
is Dixon-based (Figures 5 and 6), which has more consistent and reliable fat suppression as
compared to fat-saturated balanced SSFP (66).
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Figure 5. Example of respiratory navigator-gated 3D whole-heart coronary dual-echo Dixon gradient
echo (GRE) imaging with water-fat separation: a 57-year-old man with familial hypercholesterolemia and
a positive family history for coronary artery disease. (A) Transverse Dixon water-image. (B) Transverse
Dixon fat-image. (€) CT image for calcium scoring. Note the severe calcification (arrows) in the left main
(LM) coronary artery and proximal left anterior descending (LAD) and left circumflex coronary artery,
corresponding to the dark areas on the water-fat resolved Dixon coronary MRA images (arrows).

Figure 6. Example of a comprehensive cardiac MR examination prior to catheter ablation for atrial
fibrillation: a 38-year-old woman, scheduled for reablation. (A-C) Reformatted transverse (A,B) and coronal
(C) Dixon water-images for the identification of the left main (LM) coronary artery, which serves as an
anatomic landmark for the integration of the MR images with the electro-anatomical maps. Note the
origo of the left and right coronary arteries (black arrows). (D) Contrast-enhanced MRA of the pulmonary
veins for the evaluation for anatomic variants. In this patient, the left upper and lower lobe pulmonary
veins have one common ostium into the left atrium, while the right pulmonary veins drain into separate
ostia. The presented image shows the left common ostium and the right upper ostium. (E) Noncontrast-
enhanced Dixon water-image of the ostia of the pulmonary veins. (F) For comparison, the contrast-
enhanced CT image of the ostia of the pulmonary veins is provided. (G) Reformatted 4-chamber late
gadolinium enhancement (LGE) for the evaluation of myocardial scar. Note the midventricular septal
hypertrophy with a deep myocardial crypt (white arrow).
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Coronary vessel wall imaging and plaque characterization

In the research setting, more advanced coronary MRA techniques are explored, including
techniques for coronary vessel wall imaging and plaque characterization. The coronary vessel
wall can be visualized using nonenhanced, black-blood techniques. Double-IR nulls the signal
of flowing blood, rendering a bright vessel wall; the addition of fat suppression improves
contrast between outer vessel wall and epicardium (67,68). Measurement of the thickness of
the coronary vessel wall may have potential for the detection of subclinical atherosclerosis
(69,70).

Vessel wall remodeling and inflammation may be visualized with use of contrast-enhanced
techniques. In the carotid arteries, the rate of contrast enhancement on dynamic MRI highly
correlates with histological evidence of plagque angiogenesis and macrophage content (71).
Also, as confirmed by histologic studies, gadolinium enhancement can discriminate the fibrous
cap from the lipid-rich necrotic core, which lacks vasculature and matrix (72). In the coronary
arteries, likewise, it has been observed that some plaques express gadolinium uptake, while
others do not (73), which may be associated with an expansion of the extracellular volume
of the coronary wall as a result of edema or fibrosis, with increased neovascularization and
vascular permeability or with endothelial dysfunction. Another study showed that coronary
segments with strong delayed gadolinium enhancement resemble the segments with severe
atherosclerosis on computed tomography (CT) (74). Others found evidence of increased wall
enhancement, probably as a result of inflammatory activity in coronary atherosclerosis, in the
acute stage of the acute coronary syndrome, compared to a drop in signal intensity and in
extent several months postmyocardial infarction (75). Furthermore, tissue-specific contrast
agents have been introduced for detecting disease activity; for instance, USPIO, which is taken
up by macrophages within the atherosclerotic plaque (76), fibrin-specific contrast agents for
thrombi labeling (77), or elastin-specific contrast agents that detect the increased expression
of elastin during plaque development (78).

There are several contrast-free MRI techniques for plaque characterization. Plaque regions
can be characterized as fibrocellular, lipid-rich, or calcified, on the basis of biochemical and
biophysical parameters, such as chemical composition or molecular motion and diffusion, by
using different contrast-weighted techniques (T1-or T2-weighted, proton density, time-of-
flight techniques) (79). For instance, coronary thrombus and intraplaque hemorrhage can be
identified on noncontrast-enhanced T1-weighted MRI, based on the hyperintense signals as a
result of the short T1 relaxation time (80,81).
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MRA of the aorta with contrast material

Contrast-enhanced MRA techniques were introduced in the 1990s by Prince (82), to overcome
the limitations related to the flow-dependency of noncontrast MRA at that time. The first
pass of the contrast bolus through the large arteries is visualized by using a T1-weighted GRE
sequence. The short repetition times selectively saturate the surrounding tissue. In contrast,
because of the short T1 relaxation time of gadolinium, the blood pool remains unsaturated.
The short echo times minimize flow-induced intravoxel dephasing, for example due to
turbulent flow in stenosis. A major advantage of contrast-enhanced over noncontrast MRA
is the robustness, also when inflow is limited (including slow, retrograde, or turbulent flow),
and the short acquisition time, which minimizes motion artifacts and enables breath-holding.
Since contrast agent rapidly redistributes into the tissue, additional bolus injections are not
that useful. Therefore, an important limitation for spatial coverage and resolution is the short
duration of the arterial phase. A pitfall is the timing of the acquisition relative to the timing
of the contrast bolus, to ensure a perfect arterial phase without venous enhancement (83).
Several methods are recommended for optimized timing: measurement of the time to peak
enhancement following injection of a test bolus, based on transaxial images at the level of
the distal abdominal aorta; an automated bolus triggering technique; or rapid multi-phase 3D
acquisitions without timing (24).

MRA of the aorta without contrast material

Noncontrast MRA sequences can be categorized as inflow-based, flow-encoding, cardiac
phase-dependent, or relaxation-based techniques (84-86). First, MRA protocols in the
1980s were noncontrast time-of-fight sequences (inflow-based techniques) (87). Whereas
repeated excitation saturates stationary spins, inflowing blood spins with fresh longitudinal
magnetization generate high signal intensity. In contrast to vessels with continuous laminar
flow, in vessels with slow, retrograde, or turbulent flow blood, spins within the slice become
partially saturated. Contamination by high signal of inflowing venous blood can be minimized
by presaturation of the upstream venous region. Whereas time-of-flight techniques are still
widely used in intracranial angiography, it is less suitable for peripheral arteries (the transverse
instead of craniocaudal acquisition prolongs the acquisition time) and thoracic aorta (the
complex anatomy makes it prone to in-plane signal loss).

An inflow-based alternative developed in the 1980s is phase-contrast MRA (88). Flowing
blood, in contrast to stationary tissue, acquires a substantial phase change as the result of bipolar
velocity-encoding gradients. As the signal intensity is proportional to the velocity of flowing
blood, phase-contrast MRA can be used to extract additional hemodynamic information (89).
Compared to the time-of-flight method, phase-contrast MRA results in superior background
suppression. Its clinical use for MRA of the aorta, however, is limited by the relatively long
acquisition time and the reduced signal intensity in relation to pulsatile blood flow.
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Figure 7. Example of noncontrast-enhanced MRA of the aorta: a 34-year-old man, diagnosed with Marfan's
disease. (A,B) Reformatted sagittal Dixon fat-image (A) and water-image (B) along the thoracic aorta. (C)
3D visualization based on Dixon-water MRA of the aorta. (D,E) Conventional black-blood MRA of the aorta.
Note the flow artifacts, due to inadequate suppression of in-plane flow (arrows). (F,G) Conventional cine
balanced steady-state free precession (SSFP) for measurement of the aortic root dimensions.
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Figure 8. Example of noncontrast-enhanced water-fat resolved Dixon MRA of the thoracic aorta: a
66-year-old man, known with a cervical aortic arch (type C: left cervical arch with right-sided looping
descending aorta). (A,B) Dixon water-image: (A) enlarged coronal view of the cervical aortic arch and (B)
posterior view of the 3D visualization of the aorta. Note the aneurysm at the cervical loop (white arrows)
(C,D). For comparison, contrast-enhanced CT images are provided: (C) enlarged coronal view. Note the
calcified wall of the aneurysm (black arrow); (D) posterior view of the 3D visualization. (E) Posterior view of
the 3D print, based on Dixon MRA of the aorta.

A novel inflow-based technique is quiescent-interval slice-selective (QISS) MRA, which is a
2D ECG-gated single-or two-shot balanced SSFP acquisition with slice-selective IR preparation
for suppression of background tissue (90). Saturation of the image slice is timed at the beginning
of the systole, followed by a quiescent inflow period in the systolic phase, with the balanced
SSFP acquisition during diastole. Given the relatively long inflow period and the timing during
systole, the refreshment effect in QISS is high compared to the conventional time-of-flight
technique. As QISS acquires a complete slice per cardiac cycle, QISS has a relatively short
acquisition time. The inflow effect is less dependent on blood flow velocity, flow patterns,
and heart rate. A drawback of QISS is the dependency on magnetic field homogeneity, as it
is a balanced SSFP-based acquisition. A cardiac-phase-dependent technique is ECG-gated 3D
partial-Fourier fast spin echo (FSE) (91). Imaging is based on the physiological difference in
systolic and diastolic blood flow velocity. Spins are repeatedly refocused during the echo train.
Fast-flowing blood in the arterial phase results in loss of signal, whereas slow flow in the diastole
causes high signal intensity. Bright-blood MRA is generated by subtraction of the systolic and
diastolic acquisition. To reduce the total scan time, commonly one or two shots per slice are
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used. T2 blurring is minimized by shortening of the echo train length using a partial-Fourier
echo train. ECG-gated 3D partial-Fourier FSE is extensively applied, given the large craniocaudal
coverage and the insensitivity to magnetic field inhomogeneities. A drawback for thoracic
aortic MRA is the susceptibility to artifacts caused by the multidirectional flow patterns.

Balanced SSFP is a relaxation-based technique. Image contrast relies on the difference in
T2/T1 relaxation times between blood and surrounding tissue. Typically, 3D balanced SSFP is
combined with an IR preparation pulse. With an appropriate Tl, background tissue is nulled, and
inflowing blood from outside the IR-prepared volume is visualized with high signal intensity.
Balanced SSFP has little dependence on blood flow, which makes it less prone to artifacts.
Furthermore, respiratory navigator-gated 3D dual-echo Dixon GRE with water—fat separation,
which has been reported in the literature for coronary artery imaging, can be used for the
visualization of the aorta as well (Figures 7 and 8) (66).

New promising techniques

MYOCARDIAL ARTERIAL SPIN LABELING. Myocardial arterial spin labeling (ASL) has been
studied as a contrast-free alternative to first-pass perfusion imaging (92). Arterial spins are
magnetically labeled, thereby creating an endogenous tracer. Subtraction of the images with
and without prior labeling of inflowing blood results in signal intensities that are proportional
to myocardial blood flow. Contrary to first-pass perfusion imaging, which visualizes relative
signal intensities across the ventricle, ASL enables absolute quantification of myocardial blood
flow. ASL is still challenging and limited to the research domain. Only relatively small signal
changes can be achieved with the labeling. Given the pulsatile blood flow, the labeling pulse
and image acquisition need to be synchronized to the cardiac cycle. Also, interfering effects
of cardiac motion and the multidirectional blood flow complicate adequate selection of the
labeling volume.

Myocardial ASL can be performed using flow-sensitive alternating inversion recovery (FAIR),
in which labeling and imaging is timed at mid-diastole in consecutive heartbeats, or with the
more recent steady-pulsed ASL (spASL) technigue, in which the timing is in end-systole and
mid-diastole, respectively. Although spASL is more efficient, a drawback is its sensitivity to
errors in ECG triggering and variability in heart rate. Recently, the first steps have been made
towards clinical utility. Zun et al (93) performed myocardial rest and stress ASL in patients with
and without ischemia based on first-pass perfusion MRI and X-ray coronary angiography.
In patients without ischemia, myocardial ASL was capable of detecting clinically significant
increases in myocardial blood flow after adenosine stress compared to rest. In the ischemic
patients, myocardial perfusion reserve was found to be decreased in the most remote ischemic
segments compared to healthy myocardium. For diagnosis of ischemia in the individual patient,
however, several complex technical issues remain to be resolved, including the insufficient SNR
at rest when myocardial blood flow is low.
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DIFFUSION MRI. Cardiac diffusion tensorimaging (DTl) is a contrast-free technique that allows
assessment of myocardial fiber structure in healthy and infarcted myocardium (94). Commonly,
cardiac DTl is performed with up to 16 diffusion-encoding direction. To increase SNR, several
acquisitions are averaged after spatiotemporal registration. The helix angle is used as a measure
of myocardial fiber organization, which is defined as the inclination of the myocardial fibers out
of the local radial plane. Whereas in the normal heart, the fiber architecture is highly coherent,
infarction results in severe fiber disarrangement with high anisotropy. Chronic infarction
is characterized by substantial loss of myocardial fibers in the infarct zone and a network of
residual fibers propagating from border to core zone. In contrast to DTl of the brain, DTl of
the heart is still limited to the research setting, due to technical challenges (including cardiac
and respiratory motion, short myocardial T2, and magnetic field inhomogeneity) and long
acquisition times (free-breathing whole-heart DTl is in the range of 15 minutes) (95).

CLINICAL INDICATIONS

Myocardial infarction

LATE GADOLINIUM ENHANCEMENT. LGE can be used to identify the location and the
extent of irreversible injury of both acute and chronic myocardial infarction, with high accuracy
and reproducibility (25). There is a close link in spatial delineation by LGE on cardiac MRI and
myocardial necrosis or collagenous scar on histology, confirmed at various timepoints after
infarction. LGE is capable of the detection of small subendocardial infarcts, given the high spatial
resolution, which, in contrast to transmural infarcts, are systematically missed by single photon
emission computed tomography (SPECT) (96,97). In patients with myocardial infarction, the
extent of scarring as identified by LGE is a strong predictor for all-cause mortality and cardiac
death (98). Likewise, in patients with known or suspected coronary artery disease, but without
known prior myocardial infarction, the presence of LGE is a strong predictor of major adverse
cardiovascular endpoints, even when taking into account the traditional clinical, angiographic,
and functional variables, including the LV ejection fraction (99). Furthermore, studies confirmed
an inverse relation between LGE transmurality and contractile response to pharmacological
stress (100). In general, segments with less than 50% transmurality can be considered viable, and
more than 10 viable segments indicate a high likelihood of recovery of cardiac function after
revascularization (101). A reduction in the extent of LGE early after infarction can be interpreted
as an early restoration of blood flow and is associated with functional improvement (102). In
contrast, LGE in the infarct zone shortly after revascularization is an independent predictor of
impaired LV systolic thickening and remodeling (103).

When performing LGE imaging after reperfusion therapy, there may be areas with lack
of contrast within the hyperenhanced areas (‘no-reflow” phenomenon) (Figure 9). This
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observation has been explained as microvascular obstruction. Due to strong, prolonged
impairment of myocardial perfusion as a result of microthrombi and swelling of ischemic tissue,
contrast wash-in becomes severely impaired (104). More recently, however, evidence has been
found that the hypoenhanced areas within the infarct core are not related to microvascular
obstruction, but to severe microvascular injury and intramyocardial hemorrhage. Histologic
assessment of an in vivo porcine model of reperfused ST-segment-elevation myocardial
infarction (STEMI) showed in the hypointense areas severe disruption of the endothelial cells
with extravasated erythrocytes, whereas the areas surrounding the infarct core showed an
intact microvasculature with microthrombi (the true anatomical location of microvascular
obstruction) (105). In view of above findings, studies have been performed on the prognostic
value of intramyocardial hemorrhage, as assessed on T2 and T2* maps, in reperfused STEMI.
Intramyocardial hemorrhage showed a closer association with adverse outcome, compared to
microvascular obstruction, as assessed on LGE images (106).

Figure 9. Example of 2D late gadolinium enhancement (LGE) images showing hypoenhanced areas in
acute myocardial infarction after reperfusion therapy (white arrows). (A-C) an 81-year-old man, with a
recent anteroseptal myocardial infarction and stenting of the left anterior descending (LAD) coronary
artery. (D-F) a 65-year-old man, with a recent anteroseptal infarction and balloon dilating of the LAD. Note
the thrombus formation in left ventricular apex (black arrows).
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In the research setting, several other LGE-based variables have been studied that may have
potential for clinical use. For instance, core and border zone characteristics may have potential
for risk stratification for mortality in postinfarction patients (107). Border zone (peri-infarct zone)
refers to areas with“intermediate”LGE intensity. Those regions consist of a mixture of healthy and
diseased myocytes, which may represent a substrate for ventricular arrhythmia (108). Several
definitions exist; for instance, the regions with an LGE intensity level between 2 to 3 standard
deviations above the reference remote myocardial region or those with a signal intensity
between 35-50% of the maximum in the infarct core. Another more advanced application,
requiring high expert knowledge, is scar identification in the right ventricle (RV) and in the thin
walls of the atria. Furthermore, recent work shows promise for early gadolinium enhancement
for the detection of the areas at risk, marking both the reversibly and irreversibly injured
myocardium based on an increase in extracellular volume (109). In contrast, conventional LGE
provides information on the extent of infarcted myocardium, but does not provide information
on the characteristics of viable myocardium; for instance, how well it will adapt to the increased
work load and whether it is at risk for additional scarring.

NATIVE T1 MAPPING AND EXTRACELLULAR VOLUME MAPPING. Native T1 mapping
may provide comparative information as the established LGE technique (110). Both acute
and chronic myocardial infarcts may be identified on native T1 maps, as a result of edema
and replacement fibrosis, respectively, with infarcts having higher native T1 relaxation times.
Furthermore, when using native and postcontrast T1 mapping, acute and chronic infarcts
may be differentiated on the basis of different patterns of contrast-induced T1 shortening.
Possibly, this is due to a significant increase in distribution volume in acute necrosis and a
smaller expansion of extracellular space in the chronic stage with scarring (111). ECY mapping
has been shown to be significantly different in infarct tissue (51 + 8%) compared to normal
myocardium (27 + 3%). A potential advantage, compared to conventional LGE images, is the
additional information, beyond the binary information provided by LGE. ECY mapping has
been shown to have potential for tracing subclinical abnormalities in non-LGE myocardium
remote from infarcted areas (112).

A drawback is that native T1 and ECV mapping for ischemic cardiomyopathy is not that
robust and artifact-free yet, as compared to LGE, and it seems difficult to determine the
threshold values for abnormal and normal native T1 and ECV. Also, T1 mapping needs to be
performed with sufficient spatial resolution to determine the infarct's transmurality.

Myocardial ischemia
STRESS PERFUSION AND STRESS WALL MOTION IMAGING. Current guidelines

consider ischemia testing by cardiac MRI appropriate in patients with an intermediate
likelihood of obstructive coronary artery disease, in patients with resting ECG abnormalities,
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an uninterpretable ECG, or those incapable of exercise for stress ECG. High-risk patients
should undergo invasive angiography directly (101). Cardiac MR stress perfusion imaging
shows superior results compared to SPECT for the diagnosis of ischemia (113,114) and for the
prediction of major adverse cardiac events (115). A meta-analysis on the diagnostic value of
cardiac MR stress perfusion imaging for coronary artery disease showed, per-patient level, a
sensitivity and specificity of 91% and 81%, respectively (116). A meta-analysis of dobutamine-
stress wall motion cardiac MRI showed a sensitivity of 83% and specificity of 86% for the
detection of coronary artery disease on a per-patient level (116). Also, dobutamine-stress wall
motion in patients with resting akinetic wall segments can identify those who will improve in
systolic function after revascularization (117,118). Regarding the prognostic value of abnormal
adenosine-stress perfusion and dobutamine/atropine-stress wall motion, a 3-year event-free
survival of 83.5% was reported, compared to 99.2% in patients with known or suspected
coronary artery disease but with normal stress perfusion and stress wall motion imaging (119).

There is one study comparing both adenosine-stress perfusion and dobutamine/atropine
wall motion imaging to invasive coronary angiography. Dobutamine-stress wall motion was
superior to adenosine-stress perfusion, based on superior specificity (80% compared to 62%)
(as it detects only patients with high-grade perfusion deficits) and comparable sensitivity (89%
compared to 91%) (120). Most of the evidence regarding the diagnostic accuracy of stress
perfusion and stress wall motion imaging is in individual studies, with various combinations in
the studied image modality and stress agent, in different patient populations. Whether stress
wall motion or stress perfusion imaging is preferable in under debate, and it is recommended
thatthe method be used in which there is local expertise (53). Since stress imaging myocardium
is typically combined with a LGE module, the patient will receive contrast material during the
MR examination, even if stress wall motion imaging is chosen over stress perfusion imaging.
If contrast material has already been administered for perfusion imaging (for example, 0.05
mmol/lg for stress and rest perfusion), an additional dose is given, to come to a total dose of
0.1-0.2 mmol/kg for LGE imaging (24).

NATIVE T1 MAPPING. Recently, there have been studies that may suggest that ischemia
detection may be possible without contrast administration. Liu et al (121) showed that native
T1 remains unchanged in infarcted tissue in response to adenosine stress, while there is an
increase in native T1 in healthy tissue because of vasodilation (Figure 10). The principle lies in
native T1 as a measure of myocardial blood volume and myocardial water content. The authors
were able to distinguish normal, infarcted, ischemic, and remote myocardium, based on T1
mapping during adenosine vasodilatory stress and rest.
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Figure 10. Example of noncontrast-enhanced myocardial perfusion based on native T1 measurements
at rest and during adeno-sine stress. Ischemic areas can be identified on stress T1 mapping based on
nonsignificant T1 reactivity, related to the absence of increased myocardial blood volume. Reprinted from
Liu et al (121) under the terms of the Creative Commons Licence.

Nonischemic cardiomyopathy

LATE GADOLINIUM ENHANCEMENT. Although LGE is primarily performed in the context
of ischemic heart disease, it is of significant clinical value in nonischemic cardiomyopathy
as well. The different types of cardiomyopathy show typically different LGE patterns (Figure
11) (122). Ischemic cardiomyopathy is characterized by subendocardial and/or transmural
LGE, whereas isolated midwall or subepicardial enhancement, not corresponding to any
known coronary perfusion territory, is suggestive of nonischemic cardiomyopathy (123). For
hypertrophic cardiomyopathy (HCM), LGE is seen at the junctions of the septum and RV free
wall and in severely hypertrophic areas (124), most likely related to disorganized myocardial
tissue and/or demand ischemia. For dilated cardiomyopathy (DCM), a typical finding is LGE
midwall enhancement (125). Comparable to ischemic heart disease, the presence of LGE in
HCM (126) and DCM (127) has strong predictive value for adverse cardiac events. Furthermore,
amyloidosis (128) and sarcoidosis (129) can be identified based on diffuse subendocardial
enhancement and more focal enhancement, respectively. In myocarditis, LGE can be observed
in the lateral free wall (midwall and subepicardal enhancement) (130). LGE in the RV is typical
for arrhythmogenic RV cardiomyopathy (ARVC) (131) and in Chagas disease (132).



Contrast material in cardiac MRI

Figure 11. Examples of typical patterns of late gadolinium enhancement (LGE) in ischemic and
nonischemic cardiomyopathy (A- K: 2D short-axis LGE images; L: 2D transverse LGE image). (A) Chronic
subendocardial anteroseptal infarction, related to occlusion of the left anterior descending (LAD) coronary
artery. (B) Chronic subendocardial inferior infarction, due to an occluded right coro-nary artery (RCA). (C)
Transmural inferior infarction. (D) Dilated cardiomyopathy (DCM) with midwall LGE. (E,F) Hypertrophic
car-diomyopathy (HCM) with typical LGE at the insertion points of the right ventricle (E) or in the
hypertrophic areas (F). (G,H) Myocarditis with midwall (G) or subendocardial (H) LGE in the lateral free
wall. (I,J) Sarcoidosis with typical focal LGE. (K) Amyloidosis with typical diffuse subendocardial LGE. (L)
Arrhythmogenic right ventricular cardiomyopathy (ARVC), with typical LGE in the right ventricle.

NATIVE T1 MAPPING AND EXTRACELLULAR VOLUME MAPPING. Native T1 values
have been shown to be increased in diffuse myocardial fibrosis in various nonischemic
cardiomyopathies and amyloidosis, and reduced by lipid infiltration (Anderson-Fabry disease)
or iron overload compared to normal myocardium (133). Interesting proof of native T1
mapping as an alternative to conventional contrast-based imaging protocols is the evaluation
of acute myocarditis. While the standard criteria for diagnosis include early and late gadolinium
enhancement criteria, Luetkens et al (134) showed that native T1 mapping even has superior
diagnostic performance. Based on cellularedema, myocyte necrosis, and increased extracellular
space, the T1 relaxation time is significantly prolonged in acute myocarditis.
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A unique feature of ECY mapping, contrary to LGE, is the ability to detect diffuse changes
in myocardial tissue. The technique is not dependent on spatial variation in fibrosis across the
myocardium and does not need normal tissue as an internal reference. Edema, fibrosis, or
amyloid, etc, result in an increase in ECV values. Several studies showed a correlation between
ECV measured by cardiac MRI and histology (135). ECV has been associated with adverse
outcome, in some cohorts even outperforming LV ejection fraction (136), and can therefore be
regarded as an intrinsic myocardial characteristic.

Cardiac masses (including thrombus)

Using cardiac MRI, location, functional characteristics, and tissue composition of a cardiac mass
can be evaluated, to dis-criminate benign and malignant tumors and to differentiate cardiac
tumor from intracardiac thrombus (137). A typical MR examination for cardiac mass consists of
T1-weighted FSE images for assessment of location and size, a T2-weighted FSE sequence with
fat suppression for evaluation of edema and fibrosis within the cardiac mass, followed by first-
pass perfusion imaging, postcontrast T1-weighted FSE with fat suppression, and LGE imaging
(24). Based on the absence of contrast uptake, nonvascularized thrombus can be differentiated
from tumor. Postcontrast serial imaging will help to differentiate a hypoperfused necrotic core
from thrombus.

Lipoma can be recognized by low signal intensity on T2-weighted images, a dropout
in signal intensity on Tl-weighted images when using fat saturation, and no delayed
enhancement. Myxoma and fibroma can be distinguished by high versus low T2-weighted
signal and heterogeneous versus intense delayed enhancement, respectively. In general,
malignant tumors have an irregular and invasive border and are of considerable size. Location
in the right atrial wall or presence of pericardial effusion is suspicious for malignancy. Myxomas
and fibromas may contain small calcifications, whereas large calcified foci are typical for
osteosarcoma (137). A recent study showed the potential of T1 and T2 mapping to provide
discriminative diagnostic information as an alternative to conventional T1-and T2-weighted
images combined with LGE imaging (for example, for the diagnosis of papillary fibroelastomas)
(138).

Coronary arteries

Coronary MRA (with or without contrast material) is considered appropriate for identifying
coronary artery anomalies and aneurysm and for determining coronary artery patency, but is
not appropriate for the detection of single-vessel disease (101). The first multicenter study on
the diagnostic performance of coronary MRA for coronary artery disease was published by Kim
et alin 2001 (139). The authors showed high specificity for the detection of left main coronary
or three-vessel disease (100%), but insufficient sensitivity (85%) for ruling out coronary artery
disease. They used a contrast-free GRE sequence, with a target volume approach consisting of
repeated acquisitions of 3D double-oblique 3 cm volumes along the coronary arteries, with an
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average scanning time of 70 minutes. Despite technical improvements in coronary MRA since
then (140), and despite the insusceptibility to calcification in contrast to the blooming artifacts
on CTA (141), the limited spatial resolution and long acquisition time render MR still inferior to
CT for the assessment of coronary stenosis (142).

There are few studies comparing the diagnostic performance of coronary MRA with and
without contrast material. A comparison between 3T GRE coronary MRA with slow infusion
of contrast material and 1.5T noncontrast balanced SSFP coronary MRA in healthy volunteers
resulted in higher CNR and superior visualization of the coronary segments for the contrast-
enhanced compared to the noncontrast approach (143). Several studies compared image
quality when using an extracellular or intravascular gadolinium chelate for coronary MRA. The
intravascular agent gadofosveset trisodium shows slightly better or comparable performance
(33,63,144).

Large vessels

Studies showed agreement in measured aortic diameter between contrast-enhanced MRA
and unenhanced 3D balanced SSFP and equal sensitivity and specificity for the diagnosis of
thoracic aorta pathologies (145). 3D balanced SSFP shows even better visualization of the aortic
root and higher SNR and CNR for all segments (146). For peripheral MRA, contrast-enhanced
MRA, compared to ECG-gated 3D partial-Fourier FSE, is superior in terms of robustness (fewer
artifacts) and diagnostic accuracy for detection of stenosis (147,148).

For the evaluation of pulmonary veins pre-and postablation for atrial fibrillation (Figure 6),
both contrast-enhanced MRA and noncontrast balanced SSFP have been proven to be accurate
regarding detection of anatomic variants and measurement of pulmonary vein diameters (149).
As signal void artifacts may occur due to off-resonance effects in non-contrast pulmonary vein
imaging (150) and because the clinical MRI exam pre-and postablation typically includes LGE
imaging for the evaluation of myocardial scar, in general, contrast-enhanced pulmonary vein
MRA is used in clinical practice (24).

CONCLUSION

Contrast material in cardiac MRI should be used for tissue characterization in ischemic and
nonischemic cardiomyopathy and may be used for stress perfusion imaging for the detection
of ischemia. In cardiac-related vascular MRI, use of contrast material should be avoided, unless
high-quality angiography is required that cannot be obtained with non-contrast protocols.

In general, noncontrast protocols should be preferred over contrast-enhanced techniques
if the diagnostic performance is comparable. In all patients, dosage should be as low as
possible. Differences between the available contrast agents in terms of chemical stability,
relaxivity, and intravascular residence time may guide the choice of contrast agent. Gadolinium-

169




170

Chapter 7

based contrast material in cardiac MRI should be avoided in patients with previous severe
hypersensitivity reactions. Specific guidelines are available for the use of contrast material
in patients with reduced renal function, in pregnant or lactating women, and in children. In
patients at risk of impaired renal function, renal function should always be tested.

Cardiac structure and function is assessed by balanced SSFP cine imaging. Balanced SSFP
generates an intrinsic high contrast between blood and myocardium based on the differences
in the T2/T1 ratio. Velocity of flow across the valves can be measured using phase-contrast
techniques. LGE imaging for myocardial scar visualization has been thoroughly validated
in histological studies and the prognostic value of LGE has been confirmed in a variety of
patient groups, in both acute and chronic stages of myocardial infarction and in nonischemic
cardiomyopathy. Stress testing for ischemia can be performed with contrast-based first-pass
imaging or contrast-free wall motion imaging. The choice of technique should depend on the
local expertise available. Contrast-free native T1 mapping and contrast-based ECY mapping
show promise for the evaluation of ischemic and nonischemic cardiomyopathy and may
even provide additional information over conventional LGE imaging. However, prospective
studies, against the standard of care, are needed to show whether these techniques represent
alternatives to the current cardiac MR protocols in clinical routine. Contrast-enhanced and
noncontrast MRA protocols are avail-able for the visualization of the coronary arteries and large
vessels. For atherosclerotic plaque characterization in a research setting, contrast material can
be of additive value.

In conclusion, the majority of cardiac MRI examinations rely on gadolinium-based contrast
material, but a range of exciting noncontrast alternatives with high potential for clinical
application are under development.
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ABSTRACT

Background

Impaired left ventricular (LV) contraction and relaxation may further promote adverse
remodeling and may increase the risk of ventricular arrhythmia (VA) in ischemic cardiomyopathy.
We aimed to examine the association of CMR-derived circumferential strain parameters for LV
regional systolic function, LV diastolic function and mechanical dispersion with the risk of VA
in patients with prior myocardial infarction and primary prevention implantable cardioverter
defibrillator (ICD).

Methods

Patients with ischemic cardiomyopathy and primary prevention ICD, who underwent CMR
prior to ICD implantation, were retrospectively included. LV segmental circumferential strain
curves were extracted from short-axis cine CMR. For LV regional strain analysis, the extent of
moderately and severely impaired strain (percentage of LV segments with strain between
-10% and -5% and >-5%, respectively) were calculated. LV diastolic function was quantified
by the early and late diastolic strain rate. Mechanical dispersion was defined as the standard
deviation in delay time between each strain curve and the patient-specific reference curve. Cox
proportional hazard ratios (HR) (95%Cl) were calculated to assess the association between LV
strain parameters and appropriate ICD therapy.

Results

A total of 121 patients (102 (85%) men, age: 63+11 years, LV ejection fraction (LVEF) 27+9%)
were included. During a median (interquartile range) follow-up of 47 (27,69) months, 30 (25%)
patients received appropriate ICD therapy. The late diastolic strain rate (HR 1.1 (1.0;1.2) per-0.25
1/s, P=0.043) and the extent of moderately impaired strain (HR 1.5 (1.0;2.2) per +10%, P=0.048)
but not the extent of severely impaired strain (HR 0.9 (0.6;1.4) per +10%, P=0.685) were
associated with appropriate ICD therapy, independent of LVEF, late gadolinium enhancement
(LGE) scar border size and acute revascularization. Mechanical dispersion was not related to
appropriate ICD therapy (HR 1.1 (0.8;1.6) per 425 ms, P=0.464).

Conclusion

The extent of moderately impaired strain and late diastolic strain rate were associated
with the risk of appropriate ICD therapy, independent of LVEF, scar border size and acute
revascularization. These findings suggest that disturbed LV contraction and relaxation may
contribute to an increased risk of VA after myocardial infarction.
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INTRODUCTION

Ventricular arrhythmia (VA) risk stratification in patients with ischemic cardiomyopathy remains
challenging. Left ventricular ejection fraction (LVEF) is the major determinant in the selection
of post-infarct patients for implantable cardioverter defibrillator (ICD) therapy for the primary
prevention of sudden death (1); however, appropriate ICD therapy is documented in only 35%
of the patients (2).

Adverse post-infarct LV remodeling is known to further increase the risk of VA (3,4).
Disturbances in LV mechanics are recognized as important contributors to progressive
ischemic remodeling (5-7). LV strain is considered a more sensitive measure of contractile
function as compared to LVEF (8). Both circumferential strain and longitudinal strain have been
found to be predictive of LV remodeling after myocardial infarction (9,10). In particular global
circumferential strain may be related to ischemic remodeling, as LV circumferential function
helps to maintain LV structure after severe impairment of LV longitudinal function (10,11). Also,
the LV sphericity index, as a marker of adverse LV remodeling, may be associated with the risk
of VA (12,13). In recent years, several echocardiography studies have shown the potential of LV
strain parameters for the prediction of VA (14-17). However, none of these echocardiography
studies have assessed the predictive value of LV strain parameters in comparison with infarct
tissue characteristics. Of interest, with the introduction of feature tracking it has become
feasible to semi-automatically quantify myocardial circumferential strain based on balanced
steady-state free precession (bSSFP) short-axis cine CMR (18,19). LV mechanical parameters
indicative of adverse remodeling can be derived from standard CMR examinations, in addition
to late gadolinium enhancement (LGE) scar characteristics.

Notably, pathologic LV remodeling after myocardial infarction may predispose to VA but
also to progressive heart failure (10). In patients with ischemic cardiomyopathy and primary
prevention ICD, non-sudden death due to severe heart failure has been demonstrated to be an
important competing risk of sudden death (20). Previously, a large number of LV segments with
systolic dysfunction soon after myocardial infarction has been shown to be an independent
predictor of adverse outcome (21,22). Possibly, patients with a high extent of severely impaired
strain may be at risk of death due to progressive heart failure, whereas those with a high extent
of moderately impaired strain may be at specific risk of arrhythmia related death. In this regard,
the assessment of LV regional systolic strain may help to distinguish patients with ischemic
cardiomyopathy at risk of sudden death in particular and may add to the identification of
individuals who may benefit from ICD therapy.

As well as disturbed LV contractility, impaired LV diastolic function is related to LV
remodeling (23). Recently, an echocardiography study has provided the first evidence that LV
diastolic dysfunction, in particular impairment of the late diastolic tissue velocity, is predictive
of VA (16). Furthermore, as global strain reflects the amplitude but not the timing of the
contraction, new indices have been proposed, for example mechanical dispersion (24). In
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previous echocardiography studies, mechanical dispersion has been shown to be associated
with VA (14,15,25). Prior studies have demonstrated that LV segmental strain (26), but also LV
diastolic function (27) and mechanical dispersion (28) can be extracted from bSSFP cine CMR.

The aim of this hypothesis generating study was to assess the association of LV
circumferential strain parameters for LV regional systolic function (i.e. extent of moderately
and severely impaired strain), LV diastolic function (i.e. early and late diastolic strain rate) and
mechanical dispersion, derived from short-axis cine CMR, with appropriate ICD therapy in
patients with prior myocardial infarction and primary prevention ICD, independent of LVEF and
LGE scar border size. Additionally, the relation of LV strain parameters with the competing risk
of all-cause mortality without appropriate ICD therapy was examined.

METHODS

Study population

The study was performed at the Leiden University Medical Center (The Netherlands).
Consecutive patients with myocardial infarction and ICD implantation for primary prevention
of VA between May 2003 and May 2012 were retrospectively included if CMR was performed
prior to ICD implantation. Part of this population has been previously described (29). Patients
who underwent surgical LV reconstruction within one year after CMR were excluded. For those
with late LV repair, follow-up data after surgery were censored. Patients received a dual or
single chamber ICD or an ICD combined with cardiac resynchronization therapy (CRT-ICD),
according to the guidelines of the European Society of Cardiology (ESC) valid at the time of
implantation (30-32). The assessment of LV function to determine the patient’s eligibility for
primary prevention ICD implantation was based on CMR or echocardiography (at another
time point). The Dutch Central Committee on Human-related Research (CCMO) allows use
of anonymous data without prior approval of an institutional review board provided that the
data is acquired for patient care and that the data contains no identifiers that could be traced
back to the individual patient. All data used for this study was acquired for clinical treatment,
and was stripped of any identifying information. For the present retrospective study, informed
consent was waived by the institutional medical research ethics committee.

Clinical parameters

Clinical baseline characteristics were retrieved from the patients’ medical records. A creatinine
serum level =14 mg/dL was considered to indicate renal failure. Presence of a significant
stenosis in >2 coronary arteries was regarded as multi-vessel disease. Patients with a single
myocardial infarction and reperfusion therapy within 24 hours from onset of symptoms were
categorized as having received acute revascularization.
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CMR data acquisition

Patients were scanned on a 1.5T Gyoscan ACS-NT/Intera magnetic resonance scanner (Philips,
Best, The Netherlands) using a 5-element cardiac coil. After obtaining scout views, a stack of
short-axis slices comprising the complete LV was acquired, using an electrocardiographic
triggered bSSFP sequence. Typical imaging parameters were: field of view 400x320 mm?, matrix
256x206, voxel size 1.56x1.56 mm?, number of slices 12-18, slice thickness 10 mm, slice gap
0 mm, flip angle 35°, echo/repetition time 1.7/3.6 ms, number of phases 30-40. Additionally,
LGE imaging in short-axis view, covering the complete LV, was performed approximately 15
minutes after administration of gadolinium diethylenetriamine penta-acetic acid (Magnevist,
Schering/Berlin, Germany; 0.15 mmol/kg), using an inversion-recovery 3D turbo-field echo
sequence with imaging parameters as previously described (29).

CMR data analysis

MASS Research Software V2016-EXP (Leiden University Medical Centre, The Netherlands) was
used for the extraction of the LV circumferential strain curves and the quantification of the
LGE scar size. The LV circumferential strain-derived parameters were calculated using MATLAB
R2015a (MathWorks, Massachusetts, United States). Based on a spatiotemporal feature tracking
approach, the manually outlined endocardial contours at end-diastole were automatically
traced over the entire cardiac cycle (33,34). Group-wise image registration was performed
to calculate the deformation field, which was used to track the endocardial contours. Basal
slices with intersection of the aorta outflow and the lower two apical slices were excluded.
Endocardial strain curves were calculated for twelve segments per slice.

LV circumferential strain parameters for global function were global strain, the peak
systolic strain rate and the early and late peak diastolic strain rate. Global strain and peak strain
rates were defined as the average of peak systolic strain and peak strain rate, respectively,
of all segments. Peak systolic strain rate was defined as the minimum strain rate between
end-diastole and maximum peak systolic strain. The early and late diastolic strain rate were
measured as the maximum strain rate between maximum peak systolic strain and mid-diastole
and between mid- and end-diastole, respectively. A comparable approach has previously been
applied in tagged and strain-encoded CMR (35). For curves with peak systolic strain of >-5%
and oscillating curves, the assigned peak systolic, early and late diastolic strain rate was defined
as zero, as those segments were assumed to have lost the physiological strain patterns.

To assess LV regional systolic function, the LV was characterized according to the extent
of different categories of impaired strain (severely, moderately and mildly impaired strain).
Reported normal values for feature tracking-based global circumferential strain are -23% (-24.3
to -21.7%) (36). As feature tracking-based strain calculation has been recently introduced,
no reference values for segmental circumferential strain are available. We presumed that the
discriminative ability in segmental peak systolic strain would be at best around 5% based on
the acquisition, image analysis and patient population. Therefore, each category of segmental
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peak systolic strain was spanning a range of 5%. The first category ranging from -20% to -15%
was regarded as relatively preserved strain, whereas the other categories were assumed to
include segments with impaired strain. Accordingly, the following cut-off values were applied:
>-5% (severely impaired strain), -10% to -5% (moderately impaired strain) and -15% to -10%
(mildly impaired strain).

To derive mechanical dispersion, the strain curves were clustered according to the similarity
of the motion patterns to constitute a patient-specific reference curve, after exclusion of the
curves with peak systolic strain of >-5% and the oscillating curves. Delay time between the
curve of each segment and the reference curve was calculated by cross correlation. Mechanical
dispersion was defined as the standard deviation in delay time between each strain curve and
the reference curve, as previously proposed (37).

LGE scar size was measured according to a previously described semi-automatic scar
identification method (29). The LGE total and border scar zone were defined as myocardium
with a signal intensity (SI) >35% of the maximum SI and with SI >35% but <50% of the
maximum SI, respectively. The scar size was quantified in gram, with an estimated myocardial
density of 1.05 g/mL. LV sphericity was calculated as the ratio of the LV end-diastolic volume
(derived from the short-axis images) to the volume of a sphere with a diameter equal to the LV
end-diastolic 4-chamber length, as described previously (12). The investigators (EHMP, QT and
RJvdG) were blinded to the clinical baseline characteristics and events during the CMR data
analysis.

Follow-up and events

ICD device interrogation was scheduled two months after implantation and every six months
thereafter. ICD devices were typically programmed to include three zones: monitor zone (150-
188 beats per minute; antitachycardia pacing (ATP) if indicated), fast ventricular tachycardia
(VT) zone (188-210 beats per minute; ATP and shock), and ventricular fibrillation (VF) zone
(>210 beats per minute; if available ATP during charging, and shock). Appropriate ICD therapy
was defined as ATP or shock subsequent to monomorphic VT or VF. All-cause mortality without
appropriate ICD therapy was defined as death without documented appropriate ICD discharge.
In case of incomplete follow-up for ICD therapy until death, data were censored after the last
ICD device interrogation. The investigator who collected the clinical patient data (AFAA) was
blinded to the CMR data.

Statistical analysis

Statistical analyses were performed using STATA 14.1 (StataCorp LLC, Texas, United States). The
independent-samples Student’s t-test or Fisher exact test was used to assess the differences
in baseline characteristics. Cox proportional hazards regression models were constructed
to examine the association of the baseline variables with appropriate ICD therapy and all-
cause mortality without appropriate ICD therapy. The Harrell's C-statistic was calculated to



Cardiac strain parameters and the risk of ventricular arrhythmia and all-cause mortality

assess the discriminative performance of each baseline variable for appropriate ICD therapy.
The proportional hazards assumption was satisfied for all CMR parameters based on the
assessment of the Schoenfeld residuals and the time interaction terms. In addition, Kaplan-
Meier curves were constructed for the extent of severely and moderately impaired strain, early
and late diastolic strain rate and mechanical dispersion. The difference between patients with
values below vs. above the observed median in the population in the cumulative incidence of
appropriate ICD therapy was assessed using the log-rank test.

Nested Cox regression modeling was performed to test whether the CMR parameters
for LV regional strain, LV diastolic function and mechanical function improved the fit of the
model for appropriate ICD therapy; first, in comparison to a null model containing LVEF and
scar border size; second, in comparison to a null model comprising LVEF, scar border size and
the clinical parameter with the best discriminative ability based on the C-statistic in univariable
Cox regression analysis. Only one clinical parameter was added to the reference model, as the
number of covariables in the model is limited by the number of events in the population. The
differences between the extended and the null models were assessed for statistical significance
using the x2 likelihood ratio (LR) test. Multi-collinearity was ruled out by calculation of the
correlation matrix of the coefficients in the Cox regression model (all correlation coefficients
were below 0.75). Additionally, we performed a sensitivity analysis. According to guidelines, LV
function to determine the patient’s eligibility for primary prevention ICD implantation should be
assessed at least 40 days post myocardial infarction or at least 3 months after revascularization
(38). Therefore, we calculated the Cox hazard ratio for the patients with CMR in the acute/
subacute phase and for those with CMR in the chronic stage of myocardial infarction (CMR
< or >40 days after myocardial infarction and < or >3 months following revascularization,
respectively). Intra-observer agreement was evaluated by the intra-class correlation coefficient
(ICQO) for absolute agreement using a two-way random model based on a random sample of 20
patients from the total population. All statistical tests were two-sided and a P value below 0.05
was considered statistically significant.

RESULTS

Baseline characteristics

A total of 149 patients with previous myocardial infarction and CMR prior to ICD implantation
for primary prevention were identified. Eleven patients were excluded due to insufficient
image quality (n=3 for short-axis cine and n=18 for LGE CMR) and 17 because of surgical LV
reconstruction. In total, 121 patients (102 (84%) men, age: 63 + 11 years) were included. In 77
(64%) and the remaining 44 (36%) patients, ICD indication was based on the 2003 ESC guidelines
update (Ila recommendation if LVEF <30%) and the 2008 ESC guidelines (la recommendation if
LVEF <35% and New York Heart Association (NYHA) Functional Classification >Il despite optimal
medical therapy), respectively (30,31).
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During a median (interquartile range (IQR)) follow-up of 47 (27, 69) months, 30 (25%)
received appropriate ICD therapy and 23 (19%) died without having received appropriate ICD
therapy. Three patients who died without documented ICD therapy had no complete ICD
follow-up until death (last ICD device interrogation was 6-12 months before death). Median
(IQR) duration was 22 (0, 168) days between myocardial infarction and CMR acquisition and 34
(9, 125) days between CMR and ICD implantation.

Clinical parameters

Among patients with as compared to those without appropriate ICD therapy the percentage
of acute revascularization was lower. Patients who died without appropriate ICD therapy as
compared to those who survived or received appropriate ICD therapy had more often muilti-
vessel disease, NYHA class llI-IV or IV, diabetes mellitus, and used more frequently angiotensin-
converting-enzyme (ACE) inhibitors. The clinical baseline characteristics are presented
according to appropriate ICD therapy and all-cause mortality without appropriate ICD therapy
(Table 1).

CMR parameters

LVEF (mean + SD) was 27 + 9%, total scar size: 49 + 27 g, scar core size: 30 + 21 g, scar border
size: 20 £ 10 g, global strain: -13.3 + 3.9%, peak systolic strain rate: -0.79 £ 0.27 1/s, extent of
severely impaired strain: 16 + 12%, extent of moderately impaired strain: 25 + 10%, extent of
mildly impaired strain: 23 + 8%, early diastolic strain rate: 0.76 + 0.29 1/s, late diastolic strain rate:
0.50 £ 0.23 1/5, mechanical dispersion: 83 + 24 ms and LV sphericity index: 0.55 + 0.14. Patients
with as compared to those without appropriate ICD therapy had a lower LVEF, higher extent of
scar border size, lower global strain, lower peak systolic strain rate, higher extent of severely and
moderately impaired strain and a lower early and late diastolic strain rate. In patients who died
without appropriate ICD therapy as compared to those who survived or received appropriate
ICD therapy, total scar size and scar core size were larger, peak systolic strain rate was lower, the
extent of severely impaired strain was larger, late diastolic strain rate was lower and mechanical
dispersion was larger. The CMR results are summarized according to appropriate ICD therapy
and all-cause mortality without appropriate ICD therapy (Table 2).

All circumferential strain-derived measures were highly reproducible. The ICC (95%Cl) was
0.96 (0.90, 0.98) for severely impaired strain, 0.93 (0.84, 0.97) for moderately impaired strain, 0.98
(0.95, 0.99) for early diastolic strain rate, 0.97 (0.93, 0.99) for late diastolic strain rate, and 0.96
(0.90, 0.98) for mechanical dispersion.
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Table 1. Baseline clinical variables

No appropriate  Appropriate Survived or Deceased
ICD therapy ICD therapy appropriate without
(n=91) (n=30) ICD therapy appropriate
(n=98) ICD therapy
(n=23)
Age, years 64+ 10 63+13 63+ 11 66+ 8
Men 74/91 (81%) 28/30 (93%) 81/98 (83%) 21/23 (91%)
Smoking 48/89 (54%) 15/27 (56%) 50/94 (53%) 13/22 (59%)
Hypertension 40/85 (47%) 10/29 (34%) 41/92 (45%) 9/22 (41%)
Hypercholesterolemia 46/76 (61%) 14/24 (58%) 48/80 (60%) 12/20 (60%)
Diabetes mellitus 23/91 (26%) 3/30 (10%) 17/98 (17%)* 9/23 (39%)
Renal failure 16/91 (18%) 10/30 (33%) 18/98 (18%) 8/23 (35%)
Atrial fibrillation 18/91 (20%) 7/30 (23%) 19/98 (19%) 6/23 (26%)
Left bundle branch block 29/91 (32%) 11/30(37%) 33/98 (34%) 7/23 (30%)
QRS>120 ms 26/91 (29%) 11/30(37%) 26/98 (27%) 11/23 (48%)
CRT device 67/91 (74%) 23/30 (77%) 72/98 (73%) 18/23 (78%)
NYHA -1V 32/91 (35%) 14/30 (47%) 32/98 (33%)t 14/23 (61%)
NYHA IV 4/91 (4%) 1/30 (3%) 1/98 (19)1 4/23 (17%)
Multi-vessel disease 60/90 (67%) 24/29 (83%) 62/96 (65%)t 22/23 (96%)
Acute revascularization 53/91 (58%)t 8/27 (27%) 51/98 (52%) 10/23 (43%)
Prior CABG 33/91 (36%) 12/30 (40%) 34/98 (35%) 11/23 (48%)
Medication
Statins 76/90 (84%) 24/30 (80%) 79/98 (81%) 21/22 (95%)
ACE inhibitor 65/90 (72%) 16/30 (53%) 62/98 (63%)* 19/22 (86%)
Aldosterone antagonist 29/90 (32%) 9/30 (30%) 32/98 (33%) 6/22 (27%)
Amiodarone 8/90 (9%) 4/30 (13%) 12/98 (12%) 0/22 (0%)
ARB 15/90 (17%) 6/30 (20%) 19/98 (19%) 2/22 (9%)
Beta blocker 76/90 (84%) 26/30 (87%) 84/98 (86%) 18/22 (82%)
Calcium channel blocker 5/90 (6%) 3/30 (10%) 8/98 (8%) 0/22 (0%)
Any diuretic 54/90 (60%) 21/30 (70%) 61/98 (62%) 14/22 (64%)

Continuous data are expressed as means + standard deviation and categorical data as numbers
(percentages). The presented percentages may not be equal to the percentages of the total number
of patients due to missing values. *P<0.05, TP<0.01, P <0.001 vs. appropriate ICD therapy or all-cause
mortality without appropriate ICD therapy. ACE inhibitor: angiotensin-converting-enzyme inhibitor. ARB:
angiotensin receptor blocker. CABG: coronary artery bypass graft. CRT: cardiac resynchronization therapy.
NYHA: New York Heart Association Functional Classification.
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Table 2. Baseline CMR variables

No appropriate  Appropriate Survived or Deceased
ICD therapy ICD therapy appropriate without
(n=91) (n=30) ICD therapy appropriate
(n=98) ICD therapy
(n=23)
LVEF, % 29+ 91 23+£10 28+9 25+10
Total scar size, g 48 + 28 55425 47 + 24% 60 + 38
Scar core size, g 29+ 22 33+19 28+ 17% 39+ 31
Scar border size, g 19 + 9% 23+ 11 19+10 21+£10
LV-mass, g 151 £35 160 £42 152 +£37 160 £+ 35
LV end-diastolic volume, mL 291+ 104 319+ 96 290 + 95 333+128
Global strain, % -14 £ 41 -11£3 -14+4 -12+4
Peak systolic strain rate, 1/s -0.83+£0.27t -0.66 +0.20 -0.81+£0.27* -0.68 +0.24
Extent of impaired strain, %
Severely (<-5%) 15+ 11% 20+ 14 15£11% 21+14
Moderately (-5, -10%) 23 +10F 30+ 10 24+ 11 26+9
Mildly (-10, -15%) 23+£8 22+7 23+8 22+7
Early diastolic strain rate, 1/s 0.79 +0.30* 0.64 £0.25 0.78£0.29 068 +£0.26
Late diastolic strain rate, 1/s 0.52 £ 0.24* 042+0.20 0.52 £0.23% 040+0.23
Sphericity index 0.54+0.13 0.57+0.17 0.54+0.14 0.58+0.17
Mechanical dispersion, ms 82+24 83+25 80 + 24* 92 + 21

Means + standard deviations. *P<0.05, tP<0.01, ¥P<0.001 vs. appropriate ICD therapy or all-cause
mortality without appropriate ICD therapy. Missing values for sphericity index: n=2 (no appropriate ICD
therapy); n=1 (appropriate ICD therapy); n=2 survived or appropriate ICD therapy; n=1 deceased without
appropriate ICD therapy. LV: left ventricle. LVEF: left ventricular ejection fraction. Extent of impaired strain:
percentage of LV segments with strain >-15%.

Appropriate ICD therapy

The risk of appropriate ICD therapy was higher for patients without acute revascularization,
for those with multi-vessel disease, renal failure, a relatively lower LVEF, larger total scar size,
larger scar border size, lower global strain, lower peak systolic strain rate, a higher extent
of severely and moderately impaired strain, a lower early and late diastolic strain rate. In
contrast, mechanical dispersion and the LV sphericity index were not associated with the
risk of appropriate ICD therapy (Table 3 and 4). Furthermore, the incidence of appropriate
ICD therapy was significantly higher for patients with a relatively high extent of moderately
impaired strain or a relatively low early and late diastolic strain rate (log-rank test P=0.004,
P=0.01 and P=0.01, respectively) (Figure 1). In contrast, no differences in the cumulative
incidence curves of appropriate ICD therapy were observed for the extent of severely impaired
strain or mechanical dispersion (log-rank test P=0.215 and P=0.813, respectively).
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Table 3. Unadjusted Cox hazard ratio for the clinical parameters

Appropriate ICD therapy All-cause mortality without

(30/121) appropriate ICD therapy
(23/121)
Cox HR Pvalue Harrell's CoxHR Pvalue Harrell’s
(95%Cl) C-statistic  (95%Cl) C-statistic

Age, per +1 year 1.0(1.0,1.0) 0.785 049 1.0(1.0,1.1) 0353 0.50
Men 3.5(08,15) 0.086 0.57 28(0.7,12) 0.164 0.57
Smoking 1.1(0.5,2.3) 0882 0.51 14(06,34) 0449 0.55
Hypertension 06(0.3,1.3) 0.193 0.54 0.7(03,1.8) 0543 0.53
Hypercholesterolemia 1.0(04,2.2) 0958 0.50 1.0(04,2.5) 0941 0.50
Diabetes mellitus 04(0.1,14) 0154 0.56 22(1.0,52) 0.062 0.59
Renal failure 23(1.1,50) 0028 0.58 25(1.1,60) 0.038 0.59
Atrial fibrillation 1.2(0.5,29 0636 0.53 1.5(06,37) 0426 0.53
Left bundle branch block 1.1(0.523) 0.789 0.52 0.8(03,20) 0.689 0.52
QRS>120 ms 1.5(0.7,3.3) 0249 0.56 23(1.0,52) 0051 0.58
CRT device 1.1(0.5,26) 0825 0.51 1.3(0.5,33) 0661 049
NYHA lI-IV 1.8(0.9,37) 0.113 0.58 30(13,69) 0012 062
NYHA IV 1.3(0.2,9.7) 0.785 0.51 56(1.7,18) 0.004 0.56
Acute revascularization 0.3(0.1,0.7) 0.003 0.65 06(02,13) 0.185 0.54
Multi-vessel disease 28(1.0,7.2) 0.040 061 12(1.7,92) 0014 0.65
Prior CABG 1.2(06,2.5 0628 0.53 16(0.7,37) 0.251 0.53
Medication
Statins 0.8(0.3,20 0621 0.62 4.1(0.5,30) 0.170 0.56
ACE inhibitor 06(03,1.2) 0116 0.57 29(09,10) 0.081 0.59
Aldosterone antagonist 0.9(04,19 0.729 0.50 08(03,2.1) 0678 0.55
Amiodarone 13(04,36) 0666 0.52 -
ARB 1.1(04,26) 0867 0.50 0.5(0.1,20) 0308 0.54
Beta blocker 1.1(04,3.1) 0.903 049 0.7(0.2,2.1) 0552 0.52
Calcium channel blocker 1.5(0.5,5.1) 0476 0.52 - 053
Any diuretic 1.3(06,2.9) 0456 0.53 1.1(04,26) 0882 047

Abbreviations as in Table 1. The discriminative performance of each parameter for appropriate ICD therapy
or all-cause mortality without appropriate ICD therapy is indicated the Harrell's C-statistic (no, good,
excellent and perfect discriminative ability is indicated by a C-statistic of 0.5, >0.7, >0.8 and 1, respectively).
Note: none of the patients who died during follow-up without having received appropriate ICD therapy
used amiodarone or calcium channel blockers.
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Table 4. Unadjusted Cox hazard ratio for the CMR parameters

Appropriate ICD therapy All-cause mortality without

(30/121) appropriate ICD therapy
(23/121)
Cox HR Pvalue Harrell's CoxHR Pvalue Harrell’s
(95%Cl) C-statistic  (95%Cl) C-statistic
LVEF, per -10% 21(14,32) 0.001 0.70 1.5(09,24) 0.084 0.60
Total scar size, per 10 g 1.1(1.0,1.3) 0.030 0.65 1.2(1.0,13) 0.009 0.63
Scar core size, per 10g 1.1(1.0,1.3) 0.115 0.60 12(1.1,14) 0.007 061
Scar border size, per 10 g 16(1.2,2.1) 0.009 0.65 14(09,20) 0.122 0.62
Global strain, per +5% 29(1.6,5.2) <0.001 0.69 2.1(1.1,40) 0.020 0.64
Peak systolic strain rate, per +0.25 1/s 2.3 (1.4,3.7)  0.001 0.68 20(1.2,33) 0.0Mm 0.66
Extent of impaired strain, %
Severely (<-5%) 1.5(1.1,1.9) 0.005 0.64 1.5(1.1,2.1) 0.005 0.66
Moderately (-5, -10%) 1.9(14,2.5) <0.001 0.71 14(09,20) 0.099 0.63
Mildly (-10, -15%) 0.7(04,1.2) 0.203 0.59 0.8(04,14) 0359 0.55
Early diastolic strain rate, per-0.25 1/s 1.1(1.0,1.2) 0.005 0.66 1.1(1.0,1.1) 0.066 0.61
Late diastolic strain rate, per-0.251/s 1.1(1.0,1.2) 0.008 0.66 1.1(1.0,1.3) 0.008 0.71
Mechanical dispersion, per +25 ms 1.1(08,16) 0464 0.55 16(1.1,23) 0014 0.66
Sphericity index, per +0.1 12(09,1.5) 0271 0.53 1.2(09,16) 029 0.58
Abbreviations as in Table 2.
Extent of Moderately Impaired Strain Late Diastolic Strain Rate
[0] [0]
2 08 <24% g 08 <0.45 1/s
3 |---- >24% L |----- >0.45 1/s
'S 0.61 ‘S 0.64
£ £
(] (]
= >
kS kS
3 ]
1S IS
35 ]
(@] O
0 12 24 36 48 60 72 84 96 0 12 24 36 48 60 72 84 96
Follow-up (months) Follow-up (months)
Number at risk Number at risk

<24% 59 56 49 43 30 26 17 6 1 <0.451/s61 47 40 35 23 17 8 4 0
>24% 62 47 43 39 28 19 8 3 O >0.451/s60 56 52 47 35 28 17 5 1

Figure 1. Kaplan-Meier curves for the cumulative incidence of appropriate implantable cardioverter
defibrillator (ICD) therapy, with the observed median as the cut-off. P values for the log-rank test are shown.
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On multivariable analysis, the extent of moderately impaired strain and late diastolic
strain rate were associated with the risk of appropriate ICD therapy, independent of LVEF, scar
border size and acute revascularization, and both parameters significantly improved the fit of
the model for the risk of appropriate ICD therapy as compared LVEF and scar border zone
(C-statistic increased from 0.71 t0 0.73 (LR test P=0.041) and 0.73 (LR test P=0.034), respectively)
(Table 5). When acute revascularization was additionally included in the reference model for
the risk of appropriate ICD therapy, late diastolic strain rate remained to add incremental benefit
(C-statistic increased from 0.73 to 0.75, LR test P=0.033), whereas the extent of moderately
impaired strain tended to have additive value for the fit of the model (C-statistic increased from
0.731t0 0.76, LR test P=0.056) (Table 5). An example of a patient with appropriate ICD therapy
with a relatively large extent of moderately impaired strain and relatively low late diastolic strain
rate is provided (Figure 2).

Table 5. Multivariable Cox regression model for appropriate ICD therapy

Cox HR Harrell’s LR test
(95%Cl) Pvalue C-statistic X2 P value

LVEF, scar border size 0.71 13.12 Reference
Added to null model:
Extent of impaired strain, per +10%

Severely (<-5%) 1.0(0.6,1.5) 0.844 0.71 13.16 0.844

Moderately (-5, -10%) 1.5(1.0,2.2) 0.034 0.73 17.30 0.041

Mildly (-10, -15%) 0.8(0.5,14) 0.487 0.71 13.62 0482
Early diastolic strain rate, per-0251/s 1.1 (1.0, 1.1) 0.179 0.71 15.06 0.164
Late diastolic strain rate, per-0.251/s 1.1 (1.0,1.2) 0.044 0.73 17.64 0.034
Mechanical dispersion, per +25 ms 1.0(0.7,1.5) 0.815 0.71 13.18 0.812
acute revascularization 073 17.65 Reference
Added to null model:
Extent of impaired strain, per +10%

Severely (<-5%) 0.9(0.6,14) 0.685 0.73 17.82 0.685

Moderately (-5, -10%) 1.5(1.0,2.2) 0.048 0.76 21.30 0.056

Mildly (-10, -15%) 0.8(0.5,1.3) 0403 0.74 18.38 0.3%4
Early diastolic strain rate, per-0.251/s 1.0 (1.0, 1.1) 0.355 0.73 18.54 0.345
Late diastolic strain rate, per-0.251/s  1.1(1.0,1.2) 0.043 0.75 22.19 0.033
Mechanical dispersion, per +25 ms 1.1(08,1.7) 0.490 0.74 18.12 0.495

Abbreviations as in Table 2. The incremental value of each LV strain parameter for the fit of the Cox
regression model for the risk of appropriate ICD therapy as compared to the null model was assessed

using the likelihood ratio (LR) chi-square statistic (x2).
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Figure 2. Example of LV circumferential strain in a patient without and with appropriate ICD therapy. LV
bullseye representation of peak systolic strain, late diastolic strain rate and mechanical dispersion and
LV segmental strain curves per slice with LV segmental peak systolic strain (orange dots), early diastolic
strain rate (red dots), late diastolic strain rate (blue dots) and normalized curves with the patient-specific
reference curve (black dotted lines). In the LV bullseye for mechanical dispersion, LV segments with early
and late contraction patterns are shown in red and blue, respectively. (Upper panel) 71-year-old woman
without appropriate ICD therapy (LVEF 30%). (Lower panel) 71-year-old man with appropriate ICD therapy
at 40 months after ICD implantation (LVEF 26%). In the presented patient with appropriate ICD therapy, the
extent of moderately impaired strain (percentage of LV segments with peak systolic strain between -5%
and -10%) is relatively large, the early and late diastolic strain rate are low, whereas mechanical dispersion
is comparable in the presented cases.
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All-cause mortality without appropriate ICD therapy

The clinical parameters multi-vessel disease, NYHA class IlI-IV or IV and renal failure were
associated with an increased risk of death without having received appropriate ICD therapy.
Regarding the CMR parameters, a larger total scar size, larger scar core size, lower global strain,
lower peak systolic strain rate, higher extent of severely impaired strain, lower late diastolic
strain rate and higher mechanical dispersion were related to an increased risk of all-cause
mortality without appropriate ICD therapy (Table 3 and 4). The LV sphericity index was not
associated with the risk of all-cause mortality without having received appropriate ICD therapy.

Sensitivity analysis

CMR was acquired in the acute/subacute phase vs. chronic stage in 72 and 49 patients,
respectively. In the acute/subacute and chronic subgroup, respectively, 18/72 (25%) and 12/49
(24%) received appropriate ICD therapy and 9/72 (13%) and 14/49 (29%) died without having
received appropriate ICD therapy. In the acute/subacute vs. the chronic subgroup, the risk of
appropriate ICD therapy was comparable in relation to the scar border size (HR 1.6 (0.9, 2.6) and
1.6 (1.0, 2.5) per +10 g, respectively), the extent of moderately impaired strain (HR 1.9 (1.3, 2.7)
and 1.8 (1.1, 3.1) per +10%, respectively) and late diastolic strain rate (HR 1.1 (1.0, 1.2) and 1.1
(1.0, 1.3) per-0.25 1/s, respectively). In contrast, the risk of appropriate ICD therapy in relation to
LVEF was lower in the acute/subacute compared to the chronic subgroup (HR 1.9 (1.1, 3.4) per
-10% vs. 3.1 (1.4, 6.8) per -10%) (Supplemental Table 1).

DISCUSSION

CMR-derived circumferential strain analysis showed that the extent of moderately impaired
strain and late diastolic strain rate were associated with the risk of appropriate ICD therapy,
independent of LVEF, LGE scar border size and acute revascularization, in patients with prior
myocardial infarction and primary prevention ICD. In contrast, there was no relation between
mechanical dispersion and the risk of appropriate ICD therapy.

LV segmental strain

Of interest, the extent of moderately impaired strain was specifically related to an increased
risk of VA, whereas the extent of severely impaired strain was associated with both the risk
of appropriate ICD therapy and the risk of all-cause mortality without appropriate ICD
therapy. Therefore, the assessment of the extent of moderately impaired strain in particular
may be helpful for sudden death risk stratification. Circumferential contractile performance is
considered essential for maintaining LV shape and restraining LV dilation (10). In this regard, the
extent of impaired strain may be associated with appropriate ICD therapy, as it may be indicative
of an increased susceptibility to ongoing adverse remodeling after myocardial infarction which
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has been shown to correlate with electrical instability and an increased risk of sudden death
(4). Previously, LV sphericity has been proposed as a marker of adverse LV remodeling and
has been shown to be associated with appropriate ICD therapy in patients with ischemic and
non-ischemic cardiomyopathy (12,13). Notably, in our study population selectively including
patients with prior myocardial infarction, LV mechanical parameters and scar characteristics
rather than LV structural indices such as LV sphericity were related to the risk of VA.

Several echocardiography studies have previously addressed LV regional function in
relation to adverse outcome in ischemic cardiomyopathy. The regional extent of systolic
dysfunction after myocardial infarction has been shown to be independently associated with
heart failure and mortality (22,39). Also, an independent relation between impaired regional
strain in the scar border zone and appropriate ICD therapy has been demonstrated (40). Most
research on CMR-derived LV regional strain has been limited to studies on the predictive value
of LV segmental strain for persistent contractile dysfunction shortly after myocardial infarction
(41,42). To our knowledge, this is the first CMR study in which the association between LV
segmental strain and the risk of VA in ischemic cardiomyopathy has been examined.

LV diastolic function

Late but not early diastolic function was independently associated with appropriate ICD
therapy and late but not early diastolic function was associated with all-cause mortality without
appropriate ICD therapy. As well as systolic abnormalities, diastolic dysfunction, due to the
resulting elevated LV filling pressure and the progressive LV enlargement, may contribute to an
increased risk of sudden and non-sudden death (23,43). It has to be pointed out that early and
late diastolic function reflect different relaxation processes. Whereas early diastolic function is
an active, energy requiring process, which is therefore highly susceptible to ischemia, the late
diastolic function parameters are predominantly dependent on the passive LV stiffness and left
atrial function (44). Late diastolic function parameters are considered to deteriorate when left
atrial function fails to compensate for the progressive increase in the passive LV stiffness (16).
In this regard, in a population with severely depressed LVEF late diastolic function in particular
may be indicative of adverse LV remodeling, which may further increase the risk of sudden and
non-sudden death.

Our observations are consistent with previous echocardiography studies, in which late
but not early diastolic function was associated with adverse cardiac outcome including VA,
cardiac mortality and/or heart failure (16,45). Our study adds to the current, limited evidence
that LV diastolic function may have potential for VA risk stratification in patients with myocardial
infarction and reduced LVEF.
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LV mechanical dispersion

In our study population with relatively depressed LVEF, mechanical dispersion was not
associated with appropriate ICD therapy. Some echocardiography studies have shown a strong
and independent relation between mechanical dispersion and VA (14,15,25), whereas others
did not find such association (16,17). The observed association between mechanical dispersion
and death without appropriate ICD therapy is in keeping with other studies, which reported
a relation of mechanical dispersion with heart failure and mortality (28,46). We speculate that,
depending on the cohort characteristics, mechanical dispersion may be a risk stratifier for
either sudden or non-sudden death.

LGE scar

In the present study, the extent of moderately impaired strain and late diastolic strain rate
provided incremental benefit for VA risk stratification above LVEF and LGE scar border size. It
remains debated which LGE scar characteristics are most predictive of sudden death. Although
several studies have demonstrated that LGE scar border size in particular is indicative of an
increased VA susceptibility (29,47), others observed no association between the border size
and the risk of VA (48,49) or reported a comparable association for border and total scar size
(50). In this regard, CMR-derived LV circumferential strain parameters may or may not have
additive value above LGE scar for VA risk stratification, if other approaches for the quantification
of infarct tissue heterogeneity would have been applied.

Limitations

Because of the retrospective design, no conclusions on causality can be drawn. We used CMR
as this enabled the assessment of the incremental value of LV strain parameters above LGE scar
characteristics for VA risk stratification. Whereas the high number of extracted strain curves in
CMR is a plus, disadvantage of CMR as compared to echocardiography is the inferior temporal
resolution when analyzing LV diastolic function and mechanical dispersion. Also, our study
was limited by the arbitrary definition of the strain categorization of the LV segments and
prospective studies are required for validation. Furthermore, the sample size was not sufficient
for more detailed subgroup analyses, for example according to the type of arrhythmic event,
although our study population was relatively large for a single center cohort.

In our retrospective study the CMR examinations were acquired in the chronic stage as well
asintheacute/subacute phase of myocardial infarction. Importantly, the associations of the scar
border size, the extent of moderately impaired strain and late diastolic strain rate with the risk of
appropriate ICD therapy were comparable for the subgroups with CMR in the acute/subacute
phase and in the chronic stage of myocardial infarction. In contrast, our results suggested that
the predictive value of LVEF for appropriate ICD therapy was substantially higher when LVEF
was assessed in patients with chronic compared to acute/subacute myocardial infarction.
Therefore, prospective studies with CMR at 40 days after myocardial infarction or 3 months

195




196

Chapter 8

after revascularization are needed to confirm the additive value of the extent of moderately
impaired strain and late diastolic strain rate for VA risk stratification beyond LVEF.

Implications

Our findings suggest that both disturbed LV contraction and relaxation increase the risk of
VA, which may contribute to a better understanding of the complex pathophysiology of VA
in ischemic cardiomyopathy. The extent of impaired LV segmental strain has previously been
assessed in relation to adverse outcome including heart failure and mortality (21,22,39). In this
study, we showed that LV regional strain is also related to the risk of appropriate ICD therapy.
Furthermore, our results confirm previous findings that LV diastolic function can be helpful
in VA risk stratification and add to the existing evidence that LV diastolic function provides
incremental benefit above LGE scar (16).

Patients with appropriate ICD therapy were slightly better identified after assessment of the
extent of moderately impaired strain or late diastolic strain rate in addition to LV global function
and LGE scar. Our findings indicate that VA risk stratification in ischemic cardiomyopathy can be
improved by the evaluation of additional imaging parameters derived from standard clinical
CMR examinations. For clinical implementation, our model including LVEF, the scar border size,
regional strain and diastolic function, might be extended by other imaging parameters, for
example novel scar characteristics, which together may further increase the discriminative
performance for appropriate ICD therapy.

CONCLUSION

In patients with prior myocardial infarction and primary prevention ICD, the extent of
moderately impaired strain and late diastolic strain rate were associated with appropriate ICD
therapy, independent of LVEF, LGE scar border size and acute revascularization. In contrast,
mechanical dispersion showed no relation with appropriate ICD therapy. Notably, the extent of
moderately impaired strain was specifically associated with appropriate ICD therapy, whereas
the extent of severely impaired strain was also related to death without having received
appropriate ICD therapy. Furthermore, deterioration of late diastolic function in particular may
be indicative of adverse LV remodeling in patients with severe LV dysfunction, which may
explain the observed association of late rather than early diastolic function with an increased
risk of appropriate ICD therapy. This work can be seen as a hypothesis generating study, which
may help to elucidate which mechanical parameters are predictive of an increased risk of
VA in addition to established functional and scar-related imaging markers. In this study, no
longitudinal imaging data was available, which would have provided more insight into the role
LV remodeling in LV arrhythmogenesis. Therefore, whether the increased VA vulnerability in
association with disturbed LV contraction and relaxation is related to late adverse remodeling
needs to be assessed in further research.
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SUPPLEMENTARY MATERIAL

Supplemental Table 1. Unadjusted Cox hazard ratio for the CMR parameters in the acute/subacute
phase vs. the chronic stage

Appropriate ICD therapy

Acute/subacute subgroup Chronic subgroup
(18/72) (12/49)
Cox HR Pvalue Harrell's  CoxHR Pvalue Harrell’s
(95%Cl) C-statistic  (95%Cl) C-statistic
LVEF, per-10% 1.9(1.1,34) 0022 067 3.1(14,6.8) 0.005 0.75
Total scar size, per 10 g 1.1(09,1.3) 0369 0.58 1.2(1.0,14) 0036 0.73
Scar core size, per 10g 1.1(08,14) 0712 0.54 1.2(1.0,14) 0.069 0.67
Scar border size, per 10 g 16(0.9,26) 0.093 0.59 16(1.0,25) 0044 0.70
Global strain, per +5% 2.8(13,59) 0007 0.68 33(1.2,87) 0017 0.69
Peak systolic strain rate, per +0.25 1/s 2.1 (1.2,3.7)  0.011 0.68 31(3,76) 0014 0.70
Extent of impaired strain, %
Severely (<-5%) 16(1.0,23) 0033 0.63 1.5(1.0,2.2) 0051 0.64
Moderately (-5, -10%) 1.9(13,2.7) 0.002 072 1.8(1.1,3.1) 0.025 0.69
Mildly (-10, -15%) 08(04,1.5) 0476 0.56 06(03,14) 0.259 0.62
Early diastolic strain rate, per-0.251/s 1.1(1.0,1.1) 0.137 0.59 1.3(1.1,1.5) 0.001 0.79
Late diastolic strain rate, per-0.251/s 1.1(1.0,1.2) 0.052 0.64 1.1(1.0,1.3) 0.076 0.66
Mechanical dispersion, per +25ms ~ 1.5(0.9,2.3) 0.113 0.59 0.8(05,16) 0601 0.50
Sphericity index, per +0.1 1.0(0.7,1.6) 0.843 051 13(09,18) 0.218 0.55

LV: left ventricle. LVEF: left ventricular ejection fraction. Extent of impaired strain: percentage of LV
segments with strain >-15%. Acute/subacute subgroup: CMR <40 days post myocardial infarction or <3
months following revascularization. Chronic subgroup: CMR >40 days post myocardial infarction or >3
months following revascularization.
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Chapter 9

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Current magnetic resonance methods enable detailed phenotyping of the left ventricle and
accurate characterization of body fat distribution, by assessment of cardiac morphology and
function, myocardial triglyceride content, diffuse fibrosis, and visceral and subcutaneous
adipose tissue. The objective of this thesis was to characterize cardiovascular remodeling
associated with metabolic disturbances, using several magnetic resonance techniques.

Cardiovascular Remodeling in Type 2 Diabetes

In Chapter 2, we examined the relationship of insulin resistance, an important predictor of
type 2 diabetes, to cardiovascular imaging parameters in a middle-aged population-based
cohort. Previous large-scale studies have shown that abnormalities in glucose metabolism are
associated with impairments in diastolic function, independently of body mass index (BMI)
(1,2). However, the cardiovascular effects of insulin resistance and body fat, in particular visceral
fat, might not be fully separated by adjustment for BMI. In our population-based study, we
confirmed that the relation of insulin resistance to a lower diastolic function is independent
of bodly fat.

In this thesis, we evaluated the role of insulin resistance in obesity-related impairments in
diastolic function. However, several other factors such as increased inflammatory cytokines,
high levels of circulating fatty acids, microvascular dysfunction and autonomic neuropathy
have been implicated in the pathogenesis of HFpEF in obesity and type 2 diabetes (3-5).
Accordingly, in our population-based study, insulin resistance was associated with impaired
diastolic function, but the associations between adipose tissue and reduced diastolic function
were not completely mediated by insulin resistance. Up till now, heart failure treatment
options are limited, and the efficacy of therapies developed for HFrEF (such as angiotensin-
converting enzyme inhibitors and beta blockers) has been uncertain in patients with HFpEF
(6-9). Therefore, hopefully, future research on the contributing factors to diastolic dysfunction
in obesity and type 2 diabetes may help to guide the development of new treatment strategies
through a better understanding of the pathogenesis of diabetic heart failure.

Furthermore, our population-based results showed that visceral and total body fat are
associated with lower and higher left ventricular end-diastolic volumes, respectively, which
suggests that the body fat distribution phenotype may influence the cardiac phenotype in
obesity. These findings are in keeping with the disparity in the cardiac remodeling types in
relation to visceral and subcutaneous fat as reported in previous population-based studies
(10-13). Importantly, left ventricular hypertrophy and concentric remodeling, independent of
cardiovascular risk factors, have been associated with a higher risk of heart failure events (14). To
date, routine use of imaging in type 2 diabetes patients to detect early abnormalities in cardiac
function has not been recommended, although functional capacity and natriuretic peptides
may be potential markers to identify high-risk patients who may benefit from cardiac screening
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(15,16). Interestingly, distinct imaging-based cardiac phenotypes in type 2 diabetes patients
have been associated with distinct cardiovascular risks; for example, high cardiac mass and
dimensions and low systolic function, despite similar clinical characteristics, have been related
to a higher cardiovascular risk (17). Therefore, risk stratification in type 2 diabetes patients based
on the cardiometabolic phenotype using imaging techniques may merit further investigation.

Diabetic Cardiomyopathy Phenotype

In Chapter 3, we explored the differences in diabetic cardiomyopathy characteristics between
Dutch South Asians and Dutch Europeans. Both the South Asian and the European type 2
diabetes patients demonstrated abnormalities in diastolic function, but the results regarding
myocardial tissue characteristics were different between the two study groups. Based on the
results of this thesis and previous studies (18,19), we speculate that myocardial lipotoxicity and
altered substrate metabolism may be significant contributors to diabetic cardiomyopathy in
European populations, whereas increased cardiac mass may be a predominant factor in South
Asian ethnic groups. Likewise, findings of previous studies suggest that the etiology of diabetic
heart failure may be different in South Asian compared with European ethnicities (20,21).
Prospective studies are warranted to confirm the differential impact of type 2 diabetes on
myocardial remodeling across ethnic groups. Although several large-scale studies, particularly
inthe United States (22) and in the United Kingdom (23), have investigated the ethnic disparities
in the risk of cardiometabolic disease, the separate effects of genetic and behavioral conditions
remain to be elucidated (24).

Cardiometabolic Effects of Type 2 Diabetes Medication

In our study on the effect of liraglutide on ectopic fat in type 2 diabetes patients of South
Asian origin residing in the Netherlands, we reported a liraglutide-related reduction in visceral
adipose tissue, which was associated with improved glycemic control (Chapter 4). Liraglutide
has consistently been documented to reduce body weight, with approximately three to four
kilograms (25); however, some studies have described a reduction in visceral fat, while others
have reported a decrease in subcutaneous fat (26-28). Interestingly, it has been documented
that the glucose-lowering effects of liraglutide are pronounced in South Asian type 2 diabetes
patients (29). Our study was the first that assessed the effects of liraglutide on specific fat
compartments in type 2 diabetes patients of South Asian ethnicity. The results of this thesis
show that liraglutide can be used for glucose regulation in South Asians, and that glucose
control might be improved by reduction of visceral adipose tissue.

In contrast to the liraglutide-related improvement of glucose levels and reduction of visceral
adipose tissue, liraglutide had no effect on diastolic function and myocardial tissue characteristics
in Dutch South Asian type 2 diabetes patients (Chapter 5). Similarly, the liraglutide-placebo
controlled trial in Dutch European type 2 diabetes patients did not reveal an improvement
of myocardial relaxation parameters in response to liraglutide, although liraglutide was found
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to reduce the left ventricular end-diastolic filling pressure (presumably due to vasodilation or
diuretic effects) (30). Recent cardiovascular outcome trials have demonstrated that glucagon-
like peptide 1 (GLP-1) receptor agonists have no benefit on the incidence of heart failure, in
contrast to sodium-glucose cotransporter 2 (SGLT-2) inhibitors which have been shown to
reduce hospitalization for heart failure (31,32). In our study, we did not observe amelioration
of diastolic function, neither a reduction of the myocardial triglyceride content and myocardial
extracellular volume, which are more sensitive cardiac measures than heart failure incidence.
Therefore, from our results, together with those of other single-center studies (33,34), we may
conclude that liraglutide does not reverse diabetic cardiomyopathy.

Since recently, guidelines have recommended GLP-1 receptoragonists and SGLT-2 inhibitors
as part of type 2 diabetes management in patients with overt atherosclerotic disease, whereas
in type 2 diabetes patients with manifest heart failure, SGLT-2 inhibitors may be considered
(35). Although liraglutide has no beneficial effect on heart failure incidence, liraglutide remains
worth considering in South Asian type 2 diabetes patients because of the unfavorable
cardiometabolic profile and high risk of atherosclerotic disease within this group, as well as
the efficacy of liraglutide for glycemic control and the reduction of visceral adiposity in South
Asians, as demonstrated in this thesis. Interestingly, it has been speculated that a combination
treatment of GLP-1 receptor agonists and SGLT-2 inhibitors might have synergistic benefits
on atherosclerotic and non-atherosclerotic cardiovascular morbidity in type 2 diabetes, which
might be investigated in future studies (36).

In our studies we explored the diabetic cardiomyopathy phenotype and assessed the
effects of the antidiabetic agent liraglutide. However, lifestyle modifications in type 2 diabetes
patients for the regression of diabetic cardiomyopathy have not been addressed in this thesis,
although dietary and behavioral therapies may be more efficient for the prevention of type
2 diabetes and the reduction of cardiovascular risk factors (37). In a recent trial, intensive
lifestyle intervention did not decrease the rate of cardiovascular events compared with
standard type 2 diabetes support and education, but several other positive effects such as
less use of cardiovascular medication and improved quality of life were reported in the lifestyle
intervention group (38). There is a limited number of studies on the effects of health behavior
on the incidence of cardiometabolic disease among different ethnic groups (39,40). Therefore,
multi-ethnic studies on the efficacy of lifestyle modification in individuals at risk of type 2
diabetes and diabetic cardiomyopathy seem warranted.

Imaging-based Cardiovascular Risk Stratification after Pediatric Hematopoietic
Stem Cell Transplantation

Currently, pediatric hematopoietic stem cell transplantation recipients are selected for
patient-specific follow-up programs according to the risk of late complications, based on
pre-existing comorbidities, pre-transplant exposures, the transplant-preparative regimen,
post-transplant complications such as graft-versus-host-disease, or relapse of the primary
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disease (41). There has been limited research on the value of imaging-based cardiovascular risk
stratifiers after hematopoietic stem cell transplantation. The results in this thesis suggest that
diastolic function parameters, rather than systolic strain, aortic pulse wave velocity, myocardial
triglyceride content or native T1, may represent early markers of cardiovascular disease after
pediatric hematopoietic stem cell transplantation (Chapter 6). Future longitudinal studies are
needed to confirm the predictive value of diastolic function for the development of manifest
cardiovascular disease. Also, comparative studies are required to assess the effectiveness of
magnetic resonance for the selection of patients who may require frequent follow-up by
standard echocardiography.

Imaging-based Cardiovascular Risk Stratification in Ischemic Cardiomyopathy
Patients with prior myocardial infarction are at risk of life-threatening ventricular arrhythmia.
Currently, selection for primary prevention implantable cardioverter defibrillator (ICD)
therapy is based on left ventricular ejection fraction, but in only 35% patients, ICD therapy
is appropriate (42). Most studies have investigated the role of late gadolinium enhancement
(LGE) scar characteristics in ventricular arrhythmia risk stratification, whereas in this thesis, we
examined the association of cardiac function abnormalities with ventricular arrhythmia. Our
results suggest that the extent of impaired systolic strain and the late diastolic strain rate may
play a role in the pathogenesis of ventricular arrhythmia, possibly by promoting adverse cardiac
remodeling (Chapter 8). This work was a hypothesis-generating study and longitudinal research
is needed to demonstrate causality of the relation between functional parameters, adverse
remodeling and subsequent ventricular arrhythmia in patients with prior myocardial infarction.
Thus far, studies have not demonstrated additional prognostic value of novel imaging markers
above left ventricular ejection fraction; yet, advanced imaging markers have not been adopted
in current risk stratification guidelines. The complex pathogenesis of ventricular arrhythmia
remains uncertain, and further research is required.

Future Role of Magnetic Resonance in Characterizing Cardiometabolic Disease
To date, heart failure in type 2 diabetes patients without coronary artery disease remains
overlooked. Although reduced diastolic function in type 2 diabetes patients may be predictive
of diabetic heart failure, it is also a characteristic of normal aging and it is related to other
conditions than type 2 diabetes as well, such as hypertension. To facilitate the early recognition
of diabetic heart failure, researchers should continue to search for markers that are specific
for diabetic cardiomyopathy. Possibly, magnetic resonance methods may contribute not only
to the mechanistic understanding of diabetic heart failure, but also to the establishment of
improved diagnostic criteria for diabetic cardiomyopathy.

In recent cardiovascular outcome trials, the effects of new antidiabetic agents have
been evaluated by assessment of the incidence of non-fatal myocardial infarction, stroke,
cardiovascular-specific death and heart failure hospitalization. The approval of GLP-1 receptor
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agonists and SGLT-2 inhibitors to reduce the risk of cardiovascular events in type 2 diabetes
with established atherosclerotic disease has been unique in the history of type 2 diabetes
management. Although cardiovascular outcome trials provide essential information on
the long-term cardiovascular safety of novel antidiabetic drugs, imaging-based studies will
remain important to elucidate the biological actions of glucose-lowering medication on the
cardiovascular system.

Cardiac magnetic resonance methods continue to be improved. In our center as well,
techniques for the assessment of diastolic function using 4D flow imaging and for myocardial
tissue characterization including cardiac T1 mapping and proton-magnetic resonance
spectroscopy ("H-MRS) have been optimized over the past years. The ongoing advances in
cardiac magnetic resonance may increase the potential of imaging-based risk stratification in
cardiometabolic disease, and perhaps in the near future, magnetic resonance parameters may
prove to provide additional value above current clinical measures in selected patient groups.

Interestingly, a growing number of population-based studies such as the UK Biobank, but
also earlier studies such as MESA, contain a wide variety of detailed imaging-based phenotypic
characteristics (22,43). As such, in the coming years, magnetic resonance methods seem to be
increasingly exploited in large-scale research on human biology and, hopefully, this will add to
the development of efficient personalized strategies for the prevention, but also the treatment
of diabetic heart failure and other cardiometabolic diseases.

CONCLUSION

The results of this thesis demonstrate that reduced diastolic function isa common characteristic
of myocardial remodeling in cardiometabolic diseases (Chapter 2, 3, 5 and 6) and a potential
marker for the detection of patients at increased cardiovascular risk (Chapter 6 and 8). Our
findings show that the evaluation of visceral adiposity and myocardial triglyceride content may
help to identify distinct cardiometabolic phenotypes in obesity and type 2 diabetes (Chapter 2
and 3), and to better understand the cardiometabolic actions of antidiabetic agents (Chapter
4 and 5). Interestingly, in our study, the GLP-1 receptor agonist liraglutide reduced visceral
adipose tissue in South Asian type 2 diabetes patients, but did not improve cardiac function.
With the emergence of non-contrast cardiovascular protocols (Chapter 7), magnetic resonance
technigues may be increasingly used for cardiometabolic phenotyping in population-based
cohorts as well as clinical studies.
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Chapter 10

SUMMARY

In the studies in this thesis, cardiovascular remodeling was characterized in individuals with
type 2 diabetes of Dutch South Asian ethnicity, in young adults who received hematopoietic
stem cell transplantation in childhood and in patients with ischemic heart disease, by using
several cardiovascular magnetic resonance methods, including 2D and 4D flow imaging,
feature tracking cine imaging, T1 mapping and proton-magnetic resonance spectroscopy
("H-MRS).

Part | Type 2 Diabetes

Abnormalities in glucose regulation have been associated with reduced diastolic function,
separately from excess body weight, but the relation of insulin resistance to cardiovascular
remodeling, independent of excess adipose tissue, remained to be examined. Therefore, in
Chapter 2 we investigated the role of insulin resistance in the association of visceral, abdominal
subcutaneous and total body fat with cardiovascular function. In this cross-sectional analysis
of the prospective population-based Netherlands Epidemiology of Obesity (NEO) study, 914
middle-aged men and women were included. Several magnetic resonance methods were
used, including standard cine imaging for the assessment of cardiac structure and systolic
function, 2D velocity-encoded imaging to evaluate the transmitral diastolic flow rates and
aortic pulse wave velocity and 2-point Dixon to quantify visceral and abdominal subcutaneous
fat areas, whereas total body fat was assessed by bio-impedance analysis. In this study, insulin
resistance was related to reduced diastolic function, separately from visceral and total body
fat, and partly mediated the relations of the adipose tissue compartments to a lower diastolic
function, suggesting that insulin resistance is involved in the pathogenesis of adiposity-related
reduced diastolic function.

Little is known regarding the putative differences in diabetic cardiomyopathy among
ethnicities. Chapter 3 reports the results of a prospective cross-sectional case-control study
in 131 individuals including type 2 diabetes patients and healthy controls of Dutch European
and Dutch South Asian ethnicity. In addition to the magnetic resonance methods as used in
Chapter 2, we performed 4D velocity-encoded imaging to examine diastolic function, and
cardiac T1 mapping and "H-MRS to investigate myocardial tissue characteristics. Reduced
diastolic function was a characteristic of diabetic cardiomyopathy in both South Asians and
Europeans. However, we observed an increased cardiac mass solely in South Asian type 2
diabetes patients, while there we only differences in myocardial triglyceride content between
type 2 diabetes patients and controls in the European study population. The findings of this
study suggest that the impact of type 2 diabetes on cardiac remodeling may differ between
subsets of type 2 diabetes patients, for example across ethnicities.
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The glucagon-like peptide 1 (GLP-1) receptor agonist liraglutide is an antidiabetic drug with
potential cardiometabolic benefits. In Chapter 4 and 5, we evaluated the effects of liraglutide
on ectopic fat (including visceral, abdominal subcutaneous and total body fat, pericardial fat,
and myocardial and hepatic triglyceride content) and cardiovascular function, in a 26-week
randomized controlled trial in 47 Dutch South Asian type 2 diabetes patients. Liraglutide
diminished the visceral fat volume, which was related to improved blood glucose levels. In
contrast, liraglutide did not affect diastolic and systolic function, aortic stiffness, myocardial
triglyceride content or myocardial extracellular volume. These results suggest that liraglutide
has no effect on intrinsic myocardial function, in contrast to the reported benefits of liraglutide
on cardiometabolic risk factors in type 2 diabetes patients.

Part Il Pediatric Hematopoietic Stem Cell Transplantation

Imaging-based markers may help to identify individuals at increased risk of cardiovascular
disease after hematopoietic stem cell transplantation in childhood. In Chapter 6, we
evaluated cardiovascular function and myocardial tissue characteristics in 16 young adults
who received pediatric hematopoietic stem cell transplantation and in 16 healthy controls.
In the post-transplantation group, left ventricular end-diastolic filling pressure was increased
and left ventricular ejection fraction and global longitudinal strain tended to be lower than
in the controls, but there were no concomitant abnormalities in aortic stiffness, myocardial
triglyceride content or native T1 relaxation times. These findings suggest that reduced diastolic
function might be an early marker of transplant-related cardiovascular disease.

Part lll Ischemic Heart Disease

Cardiac magnetic resonance has important clinical value, as late gadolinium enhancement
(LGE) imaging enables the assessment of myocardial scar in patients with ischemic heart
disease. However, LGE imaging relies on the administration of gadolinium-based contrast
material. Interestingly, non-contrast techniques for myocardial tissue characterization are
evolving, and, possibly, native T1 mapping might substitute LGE imaging. In Chapter 7, we
provided an overview of the indications for contrast-enhanced and non-contrast cardiac
and cardiac-related vascular magnetic resonance. In this review, we concluded that contrast
material remains to be used in LGE imaging in ischemic (and non-ischemic) cardiomyopathy;
however, the use of contrast material should be avoided in cardiac-related vascular magnetic
resonance.

Most previous studies on risk stratification for ventricular arrhythmia after myocardial infarction
have assessed the predictive value of myocardial scar characteristics, derived from LGE
imaging. In contrast, in Chapter 8, we explored the association of cardiac function parameters,
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derived from non-contrast magnetic resonance scans, with the risk of appropriate implantable
cardioverter defibrillator (ICD) therapy, as surrogate marker of ventricular arrhythmia. In this
retrospective analysis including 121 patients, the extent of moderately impaired strain and
late diastolic strain rate were related to the risk of appropriate ICD therapy. These findings
may suggest that disturbed myocardial contraction and relaxation might be involved in the
pathogenesis of ventricular arrhythmia.
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In de afgelopen decennia is het aantal mensen met type 2 diabetes wereldwijd aanzienlijk
toegenomen, wat hoofdzakelijk te verklaren is door de toename van overgewicht. Type 2
diabetes is gerelateerd aan verschillende aandoeningen, waaronder hartfalen en ischemische
hartziekte. Ondanks grote verbeteringen op het gebied van cardiovasculaire preventie en
behandeling blijft hartziekte een belangrijke oorzaak van sterfte en gezondheidsverlies.

Het doel van de studies in dit proefschrift 'Phenotyping Cardiometabolic Disease with
magnetic resonance techniques' (Nederlandse titel: 'Fenotypering van Cardiometabole Ziekte
met Magnetische Resonantie’) was om meer inzicht te krijgen in de gevolgen van type 2
diabetes voor de functie, geometrie en weefselkarakteristieken van het hart, en meer te weten
te komen over de cardiometabole effecten van de GLP-1 (glucagon-like peptide 1) receptor
agonist liraglutide (Deel ). Daarnaast was het doel om bij te dragen aan verbetering van de
risicostratificatie voor cardiovasculaire ziekte na hematopoétische stamceltransplantatie (Deel
Il) en voor ventriculaire aritmie gerelateerd aan ischemische hartziekte (Deel lll).

Fenotypering van cardiometabole ziekte
In het begin van de twintigste eeuw werd het concept ‘fenotype’ geintroduceerd, waarmee
verwezen werd naar de uiterlijke verschijning van een organisme. Inmiddels wordt deze term
gebruikt om alle waarneembare karakteristieken te beschrijven, waaronder de morfologie
en fysiologie van inwendige organen tot op celniveau, maar ook gedragskenmerken en
de manifestatie van ziekte. De term ‘fenotypering’ wordt ook steeds meer toegepast in het
kader van epidemiologische studies. Door informatie over het fenotype te combineren met
gegevens over het genotype en de omgevingsfactoren kan er inzicht verkregen worden in
de mechanismen van het ontstaan van ziekte. In dit proefschrift hebben we radiologische
fenotypering van het hart en de vetverdeling in het lichaam ingezet om meer te weten te
komen over de karakteristieken van cardiometabole ziekten in verschillende patiéntgroepen.
In deze thesis verwijst de term ‘cardiometabool’ naar de relatie tussen stofwisseling en het
hart en vaatstelsel. Type 2 diabetes is een belangrijke metabole oorzaak voor cardiovasculaire
ziekte. Bij type 2 diabetes is niet alleen het risico op het ontwikkelen van een hartinfarct
als gevolg van atherosclerose verhoogd, maar ook het risico op hartfalen door de directe
effecten van type 2 diabetes. De veranderingen in het hart rechtstreeks door type 2 diabetes
worden ook wel aangeduid met ‘diabetische cardiomyopathie’ Ook medische behandelingen,
bijvoorbeeld hematopoétische stamceltransplantatie voor bloedziekte, kunnen oorzaak zijn
voor metabole verstoringen, met hierdoor een hoger risico op cardiovasculaire ziekte. In
deze thesis is diabetische cardiomyopathie bekeken bij mensen van Europees-Nederlandse
en Hindostaans-Nederlandse afkomst. Ook zijn de fenotypische veranderingen van het hart
onderzocht bij jongeren die hematopoétische stamceltransplantatie hebben ontvangen op
kinderleeftijd en bij patiénten met ischemische hartziekte.
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Toegepaste magnetische resonantie technieken

Veelgebruikte beeldvormende technieken in de geneeskunde zijn CT (‘computer tomography’)
en MRI (‘magnetic resonance imaging)). Terwijl CT gebruik maakt van réntgenstraling, is MRI
gebaseerd op het doen resoneren van waterstofatomen in het lichaam door radiofrequente
golven, in een sterk magnetisch veld. Gezien de moleculaire samenstelling van weefsels
in het lichaam van elkaar verschilt, relaxeren de waterstofatomen na de excitatie door een
radiofrequente puls met verschillende snelheden terug naar de rusttoestand. Hierdoor
ontvangt de scanner van elk weefsel andere signaalintensiteiten. In deze thesis hebben
we niet alleen beeldvormende protocollen gebruikt, maar ook magnetische resonantie
spectroscopie en kwantitatieve technieken. Door middel van spectroscopie kan de moleculaire
samenstelling van weefsels bepaald worden. In de studies in deze thesis hebben we gekeken
naar de hoeveelheid vet in organen op moleculair niveau, niet alleen in de lever maar ook in
de hartspier. Ook door middel van kwantitatieve metingen van de relaxatietijden kan meer
informatie verkregen worden over de samenstelling van het weefsel.

De volgende magnetische resonantie technieken zijn gebruikt in deze thesis: ‘velocity-
encoding' (2D en 4D ‘flow imaging’) en feature tracking cine imaging’ voor het meten van de
diastolische functie (relaxatie) en systolische functie (contractie) van het linker ventrikel van
het hart, en cardiale 'T1 mapping’ en ‘proton-magnetic rensance spectroscopy’ ("H-MRS) voor
het beoordelen van respectievelijk diffuse fibrose van het hart (diffuse verlittekening van de
hartspier) en myocardiale steatose (vetstapeling in de hartspier).

Doelstellingen

Het overkoepelende doel van de studies in dit proefschrift was het karakteriseren van
cardiovasculaire remodelering gerelateerd aan metabole verstoringen, door gebruik te maken
van magnetische resonantie technieken. De hypothese van deze thesis was dat fenotypering
op basis van beeldvorming kan bijdragen aan meer inzicht in de relatie tussen metabole
factoren en de weefselkarakteristieken, geometrie en functie van het hart, en aan verbetering
van de cardiovasculaire risicostratificatie van specifieke patiéntgroepen. In deze thesis hebben
we het cardiovasculaire fenotype onderzocht in relatie tot type 2 diabetes en na behandeling
met liraglutide (Deel 1), na hematopoétische stamceltransplantatie (Deel Il) en bij ischemische
hartziekte (Deel llI).

Deel | Diabetes mellitus type 2
In Deel I van de thesis zijn radiologische technieken ingezet om meer te weten te komen over
de kenmerken van hartziekte door type 2 diabetes, en om de effecten van het antidiabeticum
liraglutide op de hartfunctie en de vetverdeling in het lichaam bij mensen met type 2 diabetes
te onderzoeken.

Insulineresistentie is een belangrijke voorspeller voor type 2 diabetes. Eerdere
populatieonderzoeken hebben laten zien dat voorstadia van type 2 diabetes gerelateerd zijn
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aan verminderde diastolische functie, onafhankelijk van een te hoog lichaamsgewicht. De
relatie tussen insulineresistentie en cardiovasculaire veranderingen, los van lichaamsvet, is
echter onvoldoende onderzocht. In Hoofdstuk 2 hebben we door middel van retrospectief
populatieonderzoek in 914 mannen en vrouwen aangetoond dat insulineresistentie
geassocieerd is met een verminderde diastolische functie, onafhankelijk van visceraal vet
en totaal lichaamsvet. Ook hebben we laten zien dat insulineresistentie de relaties tussen
de verschillende vetdepots en een verminderde diastolische functie deels medieert. Deze
resultaten duiden erop dat insulineresistentie waarschijnlijk betrokken is bij het ontstaan van
diastolische dysfunctie bij mensen met overgewicht.

Er is nog weinig onderzoek gedaan naar de eventuele verschillen in diabetische
cardiomyopathie tussen etnische groepen, terwijl bekend is dat mensen van Hindostaanse
afkomst over het algemeen een hoger risico hebben op cardiometabole ziekte. In Hoofdstuk
3 worden de resultaten van prospectief patiént-controle onderzoek beschreven, waaraan 131
mensen deelnamen. In deze studie was verminderde diastolische functie een karakteristiek van
diabetische cardiomyopathie, zowel in Europees-Nederlandse als Hindostaans-Nederlandse
patiénten. Er werd echter alleen een verschil in myocardiale vetstapeling tussen de type 2
diabetes groep en de controlegroep gezien in de Europees-Nederlandse populatie, terwijl
er alleen een verhoogde massa van het linker ventrikel werd gemeten in de Hindostaans-
Nederlandse type 2 diabetes groep. Deze bevindingen suggereren dat het effect van type
2 diabetes op cardiale remodelering mogelijk niet gelijk is voor alle subgroepen, en er
bijvoorbeeld etnische verschillen bestaan.

Liraglutide is een bloedglucoseverlagend middel voor de behandeling van type 2 diabetes,
met mogelijk een beschermend effect op het hart en de bloedvaten. In Hoofdstuk 4 en 5
hebben we de effecten van liraglutide op de vetstapeling in het lichaam (waaronder visceraal,
abdominaal subcutaan en totaal lichaamsvet, pericardiaal vet, en myocardiale en hepatische
triglyceridegehaltes) en cardiovasculaire functie onderzocht, in een 26-weken durende
gerandomiseerde placebo-gecontroleerde studie in 47 mensen van Hindostaans-Nederlandse
afkomst met type 2 diabetes. Liraglutide verminderde het viscerale vet, en deze afname was
geassocieerd met een verbeterde glucoseregulatie. Liraglutide had echter geen invloed op
diastolische en systolische functie, aortastijfheid, myocardiale steatose en diffuse fibrose. Deze
resultaten wijzen erop dat liraglutide geen effect heeft op de intrinsieke hartfunctie in type
2 diabetes patiénten, in tegenstelling tot de eerder beschreven voordelen van liraglutide op
cardiometabole risicofactoren zoals hypertensie en lipidespiegels.

Deel Il Hematopoétische stamceltransplantatie op kinderleeftijd
In Deel Il is radiologische beeldvorming gebruikt om markers te vinden die wijzen op een
verhoogd cardiovasculair risico.

In Hoofdstuk 6 hebben we in prospectief patiént-controle onderzoek de cardiovasculaire
functie en myocardiale weefselkarakteristieken onderzocht in 16 jongeren die op kinderleeftijd
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hematopoétische stamceltransplantatie hebben ontvangen voor een goedaardige of
kwaadaardige bloedziekte en, ter vergelijking, in 16 gezonde controles. In de patiéntgroep was
de linker ventrikel eind-diastolische druk hoger en de ejectiefractie en globale longitudinale
strain niet-significant lager dan in de controlegroep, maar er waren geen bijkomende
verschillen in aortastijfheid, myocardiaal triglyceridegehalte of natieve T1 relaxatietijden. Deze
resultaten laten zien dat verminderde diastolische functie mogelijk een vroege aanwijzing is
van cardiovasculaire ziekte na hematopoétische stamceltransplantatie.

Deel il Ischemische hartziekte
Ook in Deel Il is gekeken naar de mogelijkheden van beeldvorming voor de risicostratificatie
voor cardiovasculaire ziekte.

In Hoofdstuk 7 hebben we een overzicht gegeven van de verschillende indicaties voor
cardiale en vasculaire magnetische resonantie met en zonder gebruik van contrastmiddel.
‘Native T1 mapping'is een relatief nieuwe techniek en zou op termijn wellicht een alternatief
kunnen vormen voor ‘late gadolinium enhancement’ (LGE) imaging, wat een veelgebruikte
techniek in de kliniek is om littekenweefsel af te beelden na een hartinfarct. Conclusie van
ons review was dat contrastmiddel nog steeds gebruikt dient te worden voor LGE imaging bij
patiénten met ischemische (en niet-ischemische) cardiomyopathie, maar dat er geschikte niet-
contrast alternatieven zijn voor vasculaire magnetische resonantie.

In Hoofdstuk 8 hebben we gekeken naar de associatie tussen hartfunctie en het risico op
ventriculaire aritmie in een retrospectieve analyse van 121 patiénten metischemische hartziekte.
In tegenstelling tot eerdere onderzoeken waarin littekenkarakteristieken op contrast-versterkte
(LGE) magnetische resonantie werden bekeken, hebben we in deze studie gebruik gemaakt
van parameters gebaseerd op magnetische resonantie technieken zonder contrast. In ons
onderzoek waren zowel de uitgebreidheid van matige verslechtering in systolische strain als
de late diastolische strain gerelateerd aan het risico op ventriculaire aritmie. Deze bevindingen
suggereren dat een verstoorde myocardiale contractie en relaxatie mogelijk betrokken zijn in
de pathogenese van ventriculaire aritmie na een hartinfarct.

Conclusies

De bevindingen in deze thesis laten zien dat verminderde diastolische functie een generieke
verandering is bij type 2 diabetes en overgewicht, maar ook een potentiéle marker voor de
detectie van patiénten met een verhoogd risico op cardiovasculaire ziekte na hematopoétische
stamceltransplantatie en een mogelijke factor in het ontstaan van ventriculaire aritmie bij
ischemische hartziekte. Verder blijkt dat de GLP-1 receptor agonist liraglutide bij mensen
met type 2 diabetes van Hindostaans-Nederlandse afkomst, een hoogrisicogroep voor
cardiometabole ziekte, weliswaar het viscerale vet doet verminderen, maar dat liraglutide geen
verbetering geeft in hartfunctie. Tegelijkertijd volgt uit deze thesis dat zowel visceraal vet als
vetstapeling in de hartspier ongunstig is voor het risico op cardiale ziekte. Nader onderzoek
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met magnetische resonantie naar hartfunctie en ectopische vetstapeling is daarmee niet alleen
waardevol voor het verkrijgen van inzicht in de cardiometabole effecten van antidiabetica, maar
het zou tevens kunnen bijdragen aan de differentiatie van de verschillende cardiometabole
fenotypen bij type 2 diabetes en overgewicht.

Vooralsnog blijft de herkenning en behandeling van hartfalen door de directe effecten van
type 2 diabetes een uitdaging. Diastolische dysfunctie bij type 2 diabetes is een voorspeller voor
hartfalen, maar vermindering van diastolische functie vindt ook plaats bij normale veroudering
en is tevens gerelateerd aan andere cardiovasculaire risicofactoren zoals hypertensie. Voor
vroegtijdige herkenning van hartfalen door type 2 diabetes zijn daarom nieuwe markers nodig
die specifiek zijn voor diabetische cardiomyopathie. Mogelijk kan magnetische resonantie,
bijvoorbeeld via weefselkarakterisatie van het hart, in de toekomst niet alleen bijdragen aan
meer inzicht in het ontstaan van niet-ischemisch hartfalen bij type 2 diabetes, maar ook aan
verbeterde diagnostiek van diabetische cardiomyopathie.

Voor de toepassing van nieuwe geneesmiddelen in de behandeling van type 2 diabetes
zijn cardiovasculaire uitkomststudies essentieel. Uit recente trials volgde dat GLP-1 receptor
agonisten en SGLT-2 (‘sodium-glucose cotransporter 2') remmers voordelen leken te hebben bij
patiénten met een verhoogd cardiovasculair risico, wat een unieke bevinding is, en inmiddels
zijn deze geneesmiddelgroepen opgenomen in de richtlijnen van de American Diabetes
Association (ADA) en de European Association for the Study of Diabetes (EASD). Alhoewel deze
cardiovasculaire uitkomststudies noodzakelijke informatie bieden over de cardiovasculaire
veiligheid van nieuwe bloedglucoseverlagende middelen, zullen beeldvormende studies
belangrijk blijven voor onderzoek naar de biologische werking van antidiabetica op het
cardiovasculaire systeem.

Cardiale magnetische resonantie technieken zoals ‘4D flow imaging, ‘T1 mapping’ en
'H-MRS worden voortdurend doorontwikkeld. Deze technische verbeteringen zorgen ervoor
dat magnetische resonantie steeds meer potentieel ontwikkelt voor risicostratificatie bij
cardiometabole ziekte. Een toenemend aantal populatiestudies zoals de UK Biobank of MESA
maakt inmiddels gebruik van gedetailleerde fenotypering via beeldvormende technieken.
Mede gezien de ontwikkeling van cardiovasculaire protocollen zonder contrastmiddel zal
magnetische resonantie in de toekomst waarschijnlijk steeds vaker ingezet worden voor
cardiometabole fenotypering, zowel in populatieonderzoek als in klinische studies, en hopelijk
zal dit bijdragen aan de ontwikkeling van ‘geneeskunde op maat; niet alleen in de behandeling
van hartfalen bij type 2 diabetes of andere cardiometabole ziekten, maar ook in de preventie.
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