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ABSTRACT

Diabetic heart disease is currently defined as left ventricular dysfunction that occurs
independently of coronary artery disease and hypertension. Its underlying etiology is
likely to be multifactorial, acting synergistically together to cause myocardial dysfunc-
tion. Multimodality cardiac imaging such as echocardiography, nuclear, computed
tomography and magnetic resonance imaging can provide invaluable insight into dif-
ferent aspects of the disease process, from imaging at the cellular level for altered
myocardial metabolism to microvascular and endothelial dysfunction, autonomic
neuropathy, coronary atherosclerosis, and finally interstitial fibrosis with scar forma-
tion. Furthermore, cardiac imaging is pivotal in diagnosing diabetic heart disease. Thus,
the aim of the present review is to illustrate the role of multimodality cardiac imaging
in elucidating the underlying pathophysiological mechanisms of diabetic heart disease.
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INTRODUCTION

Diabetes mellitus is the most common endocrine disease in the world. Recent estimates
from the World Health Organization indicate that more than 170 million people world-
wide have diabetes, and that number is projected to increase to more than 360 million by
the year 2030."2 Diabetic patients are at an increased risk of developing cardiovascular
disease,’ and can develop heart failure independent of myocardial ischemia.’ Similarly,
the incidence of diabetes is also increased in patients with heart failure.>® Epidemiologi-
cal studies have established diabetes as an independent risk factor for developing heart
failure, even after correcting for the presence of coronary artery disease.>*” Since it
was first described by Rubler et al. more than 3 decades ago,® diabetic cardiomyopathy
is currently defined as left ventricular (LV) dysfunction that occurs independently of
significant coronary artery disease and hypertension.’ However, the clinical spectrum of
diabetes and heart failure is wide, ranging from subclinical disease to overt clinical heart
failure. Thus, the term diabetic cardiomyopathy is usually reserved for diabetic patients
with overt myocardial dysfunction with signs and symptoms of congestive heart fail-
ure.® In contrast, diabetic heart disease is a better description for diabetic patients with
evidence of subclinical myocardial dysfunction without overt heart failure symptoms.

Various mechanisms underlie the etiology of diabetic heart disease, including processes
such as altered myocardial metabolism with subsequent steatosis and lipotoxicity,
endothelial dysfunction with microvascular disease, autonomic neuropathy, altered
myocardial structure with fibrosis and atherosclerosis.'’ Often, these processes are not
mutually exclusive, but act synergistically together and result in myocardial dysfunc-
tion. Multimodality imaging such as echocardiography, nuclear imaging, computed to-
mography (CT) and magnetic resonance imaging (MRI) can all reveal different etiological
aspects of diabetic heart disease (Table 1). The present manuscript will illustrate the
role of multimodality cardiac imaging in elucidating the pathogenesis of diabetic heart
disease, starting from imaging at the cellular level for altered myocardial metabolism
to microvascular and endothelial dysfunction, autonomic neuropathy, coronary athero-
sclerosis, and finally interstitial fibrosis with scar formation. Furthermore, features of
myocardial diastolic and systolic dysfunction that are consequent to these pathophysi-
ological processes will also be examined.
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Table 1. Pathogenesis of diabetic heart disease and the applications of multimodality imaging in elucidating
the underlying mechanisms

Altered metabolism
Magnetic resonance spectroscopy
Endothelial dysfunction and microvascular disease
Flow mediated dilatation
Stress echocardiography
Myocardial contrast echocardiography
Nuclear myocardial perfusion imaging
Positron emission tomography
Contrast-enhanced magnetic resonance imaging
Cardiac autonomic dysfunction
123-iodine metaiodobenzylguanidine (***| MIBG) SPECT
Positron emission tomography
Coronary atherosclerosis
Coronary artery calcium scoring
Coronary CT angiography
Myocardial structural changes with fibrosis
Echocardiographic intergrated backscatter

Magnetic resonance imaging

SPECT: single photon emission computed tomography; CT: computed tomography

A) IMAGING THE PATHOGENESIS OF DIABETIC HEART DISEASE

1. Altered metabolism

Increasingly, evidence is emerging that diabetic patients have myocardial functional
and structural changes that are independent of coronary artery disease or hyperten-
sion.”™ Although the mechanisms leading to diabetic heart disease are complex and
not fully understood, one of the pathophysiological causes is the excessive fatty acid
accumulation within organs such as the heart (known as steatosis), eventually leading
to irreversible cellular death through complex mechanisms (also known as lipotoxic-

ity)'12-14

Under physiological conditions, fatty acids are normally absorbed through the intestines
and are mostly stored as triglycerides within adipocytes with minimal accumulation
within other tissues such as the heart. However, increased nutritional fatty acid intake
and increased lipolysis in diabetes or obesity will lead to increased free fatty acid deliv-
ery to non-adipose tissues.”**® When the amount of free fatty acids uptake by the heart
exceeds its oxidative capacity, excessive fatty acids will be stored as triglycerides within
the myocyte cytoplasm. However, part of the fatty acid is redirected into non-oxidative



Chapter1

29

Multimodality Imaging in Diabetic Heart Disease

pathways giving rise to toxic fatty acid intermediates such as ceramide. These toxic fatty
acid intermediates disrupt normal cellular signalling and alter myocyte function and
structure by complex mechanisms, eventually leading to cellular apoptosis and replace-
ment fibrosis. Thus, it is currently accepted that intracellular triglycerides are probably
inert, but are reflective of the increased intracellular concentrations of toxic fatty acid
intermediates. At present, myocardial triglycerides can be quantified by using hydrogen
1 magnetic resonance spectroscopy (‘H MRS).*®

Magnetic resonance spectroscopy. Currently, ‘H MRS can be performed using MR
systems with a high field strength (1.5 Tesla or above). Often, cardiac and respiratory
motion triggering are employed to improve the reliability and spectral quality of myo-
cardial 'H MRS by reducing cardiac and respiratory motion artefacts, and reduce the
chance of contamination by signals arising from the epicardial fat."” A typical myocardial
'H MR spectrum will display signals arising from water, creatine, choline and fat (Figure
1). As the water signal is approximately 100-1000 times that of the fat signal, acquisi-
tion of 'H MR spectra both with and without water suppression is essential for reliable
quantification of intramyocardial triglyceride content. Using dedicated software, signal
amplitudes from the intracellular triglycerides and water are quantified and expressed
as triglyceride/water ratio.

Several studies have utilized 'H MRS to relate myocardial triglyceride content and LV
function in healthy volunteers, and in obese and diabetic patients.’* **** It is known
that myocardial triglyceride content increases with normal physiological aging, and
is inversely correlated with the age-related decline in myocardial function.”* Similarly,
myocardial triglyceride content is increased in obese and diabetic patients.” > * Fur-
thermore, the accumulation of myocardial triglyceride was associated with myocardial
dysfunction in these patients. These findings are in agreement with experimental animal

studies showing direct toxic effects of fatty acid intermediates on the myocardium.**

Several human studies have examined the reversibility of myocardial dysfunction
associated with steatosis. Both Hammer et al. and Schrauwen-Hinderling et al. have
demonstrated that weight loss was able to partially reverse myocardial triglyceride ac-
cumulation in diabetic and obese patients respectively, and this was associated with
improvements in LV function.'®*® In contrast, there is currently conflicting evidence
on the role of medications in reducing intramyocardial triglyceride accumulation.”>?’
For example, Zib and co-workers demonstrated that pioglitazone (a thiazolidinedione
which increases whole-body insulin sensitivity) significantly reduced myocardial and
hepatic triglyceride contents, but there were no significant changes in LV mass and

ejection fraction (EF).”” On the other hand, van der Meer and co-workers demonstrated



30

1IN

Unsupressed water

Amplitude ()

o 4 N
T T
s 0

Frequency (ppm)

0.0400

ﬂ
Unsaturated fat ‘“

0.0300 ]

Creatine \‘ ‘ Triglyceride

soxed  Choline H
/]
\

1.00E-2H \ A ’ ‘
i [

| J
. Iy \ o\ X i
Tl I‘ It

00100 ‘ Residual water

Amplitude (-)

0.02004

T T
5

Frequency (ppm)

Figure 1. Examples of image acquisition and spectra from a patient. Panel A and B: 4-chamber and short axis
views with the volume of interest placed in the interventricular septum; Panel C: Typical unsuppressed spec-
trum showing the water peak; Panel D: Typical water-suppressed spectrum showing the various peaks from
triglyceride, unsaturated fat, creatine and choline. The amplitudes of the spectra are in arbitrary units, and
concentrations of triglyceride are usually expressed as a ratio relative to the peak water amplitude.

significant improvement in LV diastolic function in diabetic patients treated with piogli-
tazone, but myocardial triglyceride content remained unchanged.” Future studies are
clearly needed to further investigate the role of medications in reversing myocardial
steatosis. However, as previously noted, intracellular triglycerides are probably inert,
and the relationship between myocardial triglyceride accumulation and LV dysfunction
likely represents an association rather than a causal relationship. Furthermore, there is
currently no evidence to suggest that myocardial triglyceride accumulation will eventu-
ally result in clinical heart failure.
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2. Endothelial dysfunction and microvascular disease

One of the mechanisms underlying diabetic cardiomyopathy is the presence of endothe-
lial dysfunction and microvascular disease. The normal function of endothelial cells is
to maintain vascular homeostasis in order to ensure adequate blood flow and nutrient
delivery to tissues while preventing thrombosis and leukocyte diapedesis.”® This is per-
formed through the competing and opposing synthesis and release of nitric oxide (which
causes smooth muscle relaxation and vasodilatation) and vasoconstrictor prostanoids
and endothelin (which results in vasoconstriction). Endothelial-derived nitric oxide
protects against atherosclerosis by preventing platelet and leukocyte adhesion to the
vascular wall, and inhibition of smooth muscle cell proliferation.** Reduction or loss of
endothelial nitric oxide availability results in monocyte and vascular smooth muscle cell
migration into the vascular intima layer and the formation of macrophage foam cells,
the initial stages of atherosclerosis.*® In diabetic patients, the associated hyperglyce-
mia, increased circulating free fatty acids levels and insulin resistance lead to increased
mitochondrial superoxide generation, reduced endothelial nitric oxide production with
reciprocal increase in vasoconstrictor prostanoids and endothelin syntheses. This will
eventually result in endothelial dysfunction and atherosclerosis.*>* Furthermore, dys-
regulation of vascular smooth muscle function is exacerbated by impairments in sym-
pathetic nervous system function, as is often seen in diabetic autonomic neuropathy
(see below).** Various imaging techniques such as flow mediated dilatation (FMD), stress
echocardiography, myocardial contrast echocardiography, nuclear perfusion imaging,
positron emission tomography (PET) and contrast-enhanced MRI may be employed to
evaluate endothelial function and microvascular disease.

Flow mediated dilation. FMD of the brachial artery provides a non-invasive estimation
of systemic endothelial function.® In this method, the brachial artery diameter is mea-
sured using B-Mode ultrasound or a wall-tracking system, before and after an increase in
shear stress that is induced by reactive hyperemia. FMD is thus defined as the percent-
age change in diameter of the brachial artery and measures the function of endothelium
dependent vasodilatation (Figure 2). The observed brachial artery dilatation has been
shown to be closely related to coronary endothelial function and vasoreactivity.*

FMD has been widely used in research to study the natural course of endothelial function
with age and its role in the initiation and progression of vascular disease.” For example,
FMD ranges from approximately 20% in young adults to 0% in patients with established
CAD, while mean FMD values were also reduced (range 0-12%) in diabetic patients.®
Often, diabetic patients may show evidence of myocardial perfusion defects without a
corresponding obstructive epicardial coronary artery disease, suggestive of endothelial
dysfunction with microvascular disease.” Accordingly, a recent study demonstrated a
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significant lower FMD in diabetic patients with perfusion defects compared to those
without perfusion defects on single photon emission computed tomography (SPECT)
(FMD 3.6 + 2.4% vs. 6.4 + 2.6%, p < 0.001), despite the absence of obstructive coronary
disease.” This observation emphasizes the potential role of endothelial dysfunction
and corresponding microvascular disease on myocardial perfusion in diabetic patients.

A t of Flow Mediated Dilatation
X: Baseline — 5 minutes — Y: Maximum
Brachial Diameter of Ischemia Brachial Diameter

during Hyperemia

Flow Mediated Dilatation = [ (Y-X) /X] x 100

Figure 2. Assessment of flow mediated dilatation. The brachial artery is visualized distal to the elbow using
ultrasonography. Next, ischemia is induced in the forearm distal to the location of the transducer by inflating
a blood pressure cuff for 5 minutes at a pressure of at least 200 mmHg. After cuff deflation, ultrasonography is
continued for 5 minutes with measurements at approximately 30-second intervals. Widest lumen diameter is
used as maximal vasodilation achieved during reactive hyperemia. Flow mediated dilatation is expressed as
the percentage change relative to the baseline diameter.

Detectionof microangiopathy by stress echocardiography. Previous echocardiographic
studies have also evaluated the relationship between myocardial blood flow and LV sys-
tolic and diastolic dysfunction in diabetic patients.*"** Fang et al. evaluated 41 diabetic
patients with normal resting LVEF and without coronary artery disease as demonstrated
by a normal dobutamine stress echocardiography.* Systolic myocardial velocity (Sm)
was measured at rest and at peak dobutamine dose with color-coded tissue Doppler
imaging. Compared to healthy controls, diabetic patients showed significantly reduced
resting Sm (4.2 £ 0.9 cm/s vs. 4.7 £ 0.9 cm/s, p = 0.012). At peak dobutamine dose, Sm
increased in diabetic patients and controls reaching comparable values (8.9 + 1.8 cm/s
vs. 9.6 £ 2.1 cm/s, p = not significant).* Therefore, this normal response to stress sug-
gested that ischemic etiology might not be a cause for the resting left ventricular systolic
dysfunction. These results were later confirmed by another study from the same group
using myocardial contrast echocardiography to assess myocardial blood flow.*
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Detection of microangiopathy by myocardial contrast echocardiography. Echocardio-
graphic microbubble contrast agents are normally used for LV opacification to enhance
endocardial border detection, thus improving the accuracies of LV volume quantifica-
tion and wall motion analyses. In addition, the microbubble contrast agents also permit
evaluation of myocardial perfusion and myocardial blood flow.* As these microbubble
contrast agents have similar microvascular rheology as red blood cells, they stay within
the intravascular compartment. Using a low mechanical index during imaging, these
microbubbles resonate and appear bright on echocardiography. When a high mechani-
cal index ultrasound pulse is transmitted, the microbubbles are destroyed within the
myocardium, thereby reducing the myocardial contrast intensity to nearly zero. The rate
of replenishment within the myocardium is thus dependent on the presence of intact
microvasculature and myocardial blood flow rate, and the intensity at which the con-
trast effect plateaus is dependent on myocardial blood volume. Thus, normally perfused
myocardium appears as enhanced myocardium, whereas those areas with impaired
perfusion appear as dark or patchy areas (Figures 3A and 3B).

In a study by Moir and co-workers who recruited 26 healthy controls and 22 type 2 dia-
betic patients with normal LVEF and absent coronary artery disease, the relationship
between myocardial flow reserve post-stress and myocardial function was explored.*
Myocardial blood flow and function were quantified by myocardial contrast echocar-
diography and tissue Doppler strain/strain rate imaging respectively. Compared to
controls, resting longitudinal peak systolic strain (-14.4 + 4.6% vs. -18.7 + 3.1%, p = 0.006)
was significantly lower in diabetic patients, but resting myocardial blood flow was
comparable (5.1 3.5 vs. 4.6 + 3.2, p = 0.62). Post-stress, myocardial blood flow reserve
was significantly lower in diabetic patients (2.4 + 1.0 vs. 3.8 £ 2.1, p = 0.01). However,
there was no correlation between myocardial blood flow reserve and resting myocardial
function (Figure 3C). Thus, the authors concluded that although subclinical myocardial
dysfunction and microvascular disease may coexist, it may not be the sole causative
factor in diabetic heart disease.
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Figure 3. Examples of myocardial contrast echocardiography assessing myocardial blood flow. After a high
mechanical index ultrasound pulse, the microbubbles are initially destroyed before returning to reperfuse
the myocardium. Areas with normal myocardial blood flow show a homogeneous replenishment of the myo-
cardium (panel A). In contrast, areas with impaired perfusion appear as dark patchy, non-replenished areas
(arrows, panel B). In diabetic cardiomyopathy, myocardial blood flow reserve post-stress did not correlated
with resting myocardial function as assessed by tissue Doppler strain rate imaging (panel C).

SR: strain rate; MBF: myocardial blood flow. Adapted with permission from Moir et al. Heart 2006;92:1414-
1419.

Nuclear myocardial perfusion imaging. Myocardial perfusion imaging by thallium-201
or technetium-99m sestamibi SPECT is a widely used and validated non-invasive tool for
the diagnosis of myocardial ischemia. ECG-gated SPECT allows both quantitative evalu-
ation of cardiac function and myocardial perfusion to detect ischemia during exercise
testing or pharmacological stress with adenosine, dipyridamole or dobutamine (Figure
4).** The presence of myocardial perfusion defects during stress is due to heteroge-
neous flow distribution as a result of two potential mechanisms: obstructive epicardial
coronary artery disease due to atherosclerosis and subsequently reduced flow during
stress;* or insufficient vasomotor response in the coronary microvasculature due to
endothelial dysfunction resulting in relative hypoperfusion during stress.*
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Short axis

Stress

Rest

Stress

Rest

Stress

Rest

Figure 4. Myocardial perfusion using gated SPECT at rest and after adenosine stress. Resting images and
stress images in the short axis, horizontal and vertical long axes are depicted. In the current example, no
persistent perfusion defects were observed. Reversible perfusion defects were observed in the inferior, infero-
septal, anterior and anteroseptal regions (arrows).

The prevalence of myocardial perfusion defects as assessed by SPECT myocardial perfu-
sion imaging in asymptomatic diabetic patients ranges from 20 - 40% in several pro-
spective studies,* ™

diabetic patients has been confirmed in several previous studies.”**° For example, in a

and the prognostic value of SPECT myocardial perfusion imagingin

large cohort of 1271 diabetic patients, Kang et al. described a favorable cardiovascular
prognosis in patients with a normal myocardial perfusion SPECT study (coronary event
rates 1-2% per year), which increases to 3 - 4% per year in patients with mild perfusion
defects, to > 7% per year for patients with moderate to severe perfusion defects. The
incremental cardiovascular predictive value of SPECT in diabetic patients has been
attributed to both the direct detection of underlying obstructive epicardial coronary
disease, and its ability to reflect on endothelial dysfunction within the coronary micro-
vasculature.™
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It has been previously shown that coronary endothelial dysfunction is a precursor to
overt atherosclerosis and is reversible to a certain extent, such as with statin thera-
pies.®” > Accordingly, in the Detection of Ischemia in Asymptomatic Diabetics (DIAD)
study, inducible myocardial ischemia at baseline was shown to resolve in up to 79% of
asymptomatic patients with diabetes at 3 years follow-up.** This resolution was sug-
gested by the authors to be secondary to improvements in endothelial dysfunction and
stabilization of atherosclerotic plaques as a result of treatment with statins, aspirin and
angiotensin-converting enzyme inhibitors.

Positron emission tomography. Although SPECT imaging is routinely used in the clinical
setting, image quality may be suboptimal in obese and female diabetic patients due to
attenuation artifacts. As such, assessment of myocardial perfusion by PET may be a good
alternative in situations where SPECT imaging quality is suboptimal.*® Myocardial perfu-
sion imaging by PET uses high energy gamma photons produced by positron-emitting
radionuclides, and has superior spatial resolution compared to conventional SPECT.*
By combining readily available attenuation correction algorithms for photon attenua-
tion, scatter and random events, PET imaging can provide a truly quantitative measure
of myocardial blood flow (in ml/min/g) and coronary flow reserve in absolute terms.™
Thus far, this technique has been applied in research to examine coronary microvascular
reactivity in various study populations.®**® Several studies have demonstrated dysregu-
lation of myocardial microvascular reactivity in diabetic patients.®”* For example, Kjaer
and co-workers demonstrated endothelial dysfunction using *N-ammonia PET imaging
in type 2 diabetic patients without evidence of epicardial coronary disease compared
to normal controls.® Similarly, Prior and co-workers demonstrated a significantly lower
total vasodilator capacity in normotensive diabetic (-17%) and hypertensive diabetic
(-34%) patients compared to insulin sensitive individuals.®*

Magnetic resonance perfusion imaging. In MRI, myocardial perfusion imaging relies
on the injection of a gadolinium-based paramagnetic contrast agent which alters the
relaxation properties of the proton nuclei in its vicinity. The subsequent transit of the
contrast agent through the cardiovascular system and into the myocardium can be
detected using pulse sequences which focus on T, weighted images (Figure 5). Thus, us-
ing dipyridamole as a pharmacological stressor, magnetic resonance perfusion imaging
allows non-invasive quantification of myocardial perfusion during baseline conditions
and during maximal hyperemia.

There are currently a limited number of studies that have assessed MRI myocardial per-
fusion imaging in diabetic patients. In a small study by Taskiran et al., 19 type 1 diabetic
patients were compared against 10 healthy controls.®® All the diabetic patients had no
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major microvascular disease, and were divided into the presence or absence of auto-
nomic neuropathy. After induction of maximal hyperemia by dipyridamole, myocardial
perfusion index was significantly lower in diabetic patients with autonomic neuropathy
compared to those without neuropathy or normal controls (p < 0.001). Thus, altered
myocardial perfusion associated with autonomic neuropathy may be a potential
pathophysiological mechanism underlying the increased mortality observed in diabetic
patients.

Figure 5. Example of myocardial perfusion imaging by magnetic resonance imaging during the first pass of
an intravenously injected contrast bolus. Prior to contrast injection, the blood pool, right and left ventricular
myocardium are dark (Panel A). Following contrast injection, contrast enhancement is then first observed in
the right ventricular cavity (Panel B), followed by the left ventricular cavity (Panel C), and finally followed by
enhancement of the myocardium (Panel D). The present patient had a large perfusion defect in the postero-
lateral wall (arrows).
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3. Cardiac autonomic dysfunction

Diabetic neuropathies are a heterogeneous group of diabetic complications that affects
different parts of peripheral nervous system. Its pathophysiology is likely to be multi-
factorial, involving alterations in metabolism, micro- and macrovascular dysfunction,
deficiency of neurohormonal growth factor and autoimmune nerve damage.* Although
diabetic autonomic neuropathy can affect every system in the body, cardiac autonomic
neuropathy (CAN) is particularly associated with an increased risk of silent myocardial
infarction and sudden cardiac death, thus contributing to significant cardiovascular
morbidity and mortality.®” The prevalence of CAN in type 2 diabetic patients is estimated
to be around 20 - 30% of patients.® Clinical manifestations of CAN include the presence
of resting tachycardia (heart rate > 100 beats/min), postural hypotension (fall in systolic
blood pressure > 20mmHg or diastolic blood pressure > 10mmHg upon standing) with-
out an appropriate reflex increase in heart rate, exercise intolerance due to blunting of

cardiac output in response to exercise, or silent myocardial infarction.® ™

The presence of CAN conveys a poor clinical outcome. Previous meta-analysis by Vinik
and co-workers assessed the prognostic value of CAN in diabetic patients.” Using the
pooled analyses from 12 studies involving a total of 1486 study subjects, they estimated
that the pooled prevalence rate risk for silent myocardial infarction in diabetic patients
was 1.96 (95% confidenceinterval 1.53 -2.51, p<0.001).” In the same review, the pooled
estimate of the relative risk for mortality, based on 15 studies with 2900 patients, was
2.14 (95% confidence interval 1.83 - 2.51, p < 0.0001) for diabetic patients with CAN.
Thus, it was estimated that the 5 year mortality rate is 5 times higher in diabetic patients
with CAN compared to patients without evidence of CAN.®™ Therefore, early diagnosis
and recognition of CAN is crucial as it may impact on the clinical decision making of
these patients.

Diagnosis of CAN involves assessment of both parasympathetic and sympathetic ner-
vous system using a range of different tests. Assessment of parasympathetic nervous
system includes the resting heart rate, beat-to-beat variation with deep breathing (E:I
ratio), 30:15 heart rate ratio with standing, Valsalva ratio, and spectral analysis of heart
rate variation.®® Assessment of sympathetic nervous system includes the resting heart
rate, spectral analysis of heart rate variation, postural blood pressure, hand grip blood
pressure, cold pressor response, sympathetic skin galvanic response, sudorometry,
and cutaneous blood flow.** However, all these tests are indirect assessments of the
autonomic nervous system and are less sensitive than direct assessments by cardiac

71,72
T

radionuclide imaging with SPECT or PE
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Currently, SPECT and PET imaging are available for the assessment of cardiac sympa-
thetic adrenergic innervation and activation.”" Essentially, adrenergic nerve imaging
is based on two principles; synthesis of false neurotransmitters (catecholamine analogs)
or the labeling of true adrenergic neurotransmitters. Both techniques allow evaluation
of abnormalities in cardiac sympathetic innervation by visualizing the uptake and stor-
age of radiolabeled neurotransmitters transported into the presynaptic nerve terminals.

123-iodine metaiodobenzylguanidine (**1 MIBG) SPECT. Abnormalities in sympathetic
innervation can be assessed using 123-iodine metaiodobenzylguanidine (**I MIBG),
a norepinephrine analog that is taken up and accumulated in the presynaptic nerve
terminals.®® ™ " Currently, **’I MIBG represents the most commonly used tracer in
clinical cardiology to evaluate cardiac sympathetic innervation patterns.” Planar and
tomographic SPECT images are acquired 10-20 minutes (early) or 3-4 hours (late) after
MIBG administration. From the planar images, semi-quantitative measurements such as
heart-to-mediastinum (H/M) ratio and cardiac washout rate are used to evaluate global
sympathetic innervation. SPECT images are used to assess regional abnormalities in
sympathetic innervation as depicted in Figure 6. At present, several studies using |
MIBG imaging have demonstrated the presence of global and regional abnormalities in
sympatheticinnervation in diabetic patients.®®” " Turpeinen and co-workers performed
2] MIBG scintigraphy to evaluate regional abnormalities in sympathetic innervation
pattern in 7 type 1 and 13 type 2 diabetic patients.”” Type 2 diabetic patients showed
reduced "’ MIBG uptake in the inferoposterior segments compared to type 1 diabetic
patients. However, conventional indirect measures of autonomic function by power
spectral analysis of heart rate variability failed to detect any differences between the 2
groups.

Nagamachi and co-workers subsequently evaluated the prognostic value of cardiac
MIBG imaging by retrospectively evaluating 144 type 2 diabetic patients for the occur-
rence of cardiac events (arrhythmia, heart failure or acute myocardial infarction), and
all-cause mortality.®® After a mean follow-up period of 7.2 + 3.2 years, 17 (11.8%) patients
experienced a cardiac event, of which 7 died. An additional 9 patients died due to non-
cardiac causes. On multivariate analysis, the presence of CAN (relative risk 6.75, 95%
confidence interval 1.16 - 39.3, p = 0.03) was an independent predictor of cardiac events
on follow-up. Similarly, the presence of CAN (relative risk 17.1, 95% confidence interval
1.07 - 27.9, p = 0.04) and a reduced H/M ratio on delayed "’ MIBG imaging (relative
risk 6.0, 95% confidence interval 1.18 - 30.6, p = 0.04) were independent predictors of
all-cause mortality.
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Figure 6. Sympathetic innervation as assessed with '*’| MIBG SPECT imaging. Panel A: Example of a patient
with normal sympathetic innervation on *?*I MIBG SPECT imaging. Panel B: Example of a patient with regional
abnormalities as assessed with | MIBG SPECT imaging (arrows).

Positron emission tomography. PET imaging is the only technique that permits abso-
lute quantification of myocardial sympathetic innervation pattern. Using carbon-11 me-
tahydroxyephedrine ('C HED) in PET imaging has the advantage of accurately detecting
regional abnormalities in sympathetic innervation. Stevens and co-workers evaluated
regional abnormalities in cardiac sympathetic innervation with *'C HED PET imaging
in 29 diabetic patients and compared to 10 healthy subjects.” The diabetic patients
were categorized into the presence of mild or severe diabetic autonomic neuropathy.
Using the absolute difference in tracer uptake of the myocardium, the extent of regional
sympathetic denervation was expressed as the percentage of the LV in all subjects with
diabetes. The study showed that the extent of regional sympathetic denervation was sig-
nificantly larger in patients with severe autonomic neuropathy as compared to patients
with mild autonomic neuropathy (48 + 19% vs. 6 + 5%, p <0.01). Furthermore, there was
evidence of sympathetic dysinnervation with increased innervation in the basal myo-
cardial segments but decreased innervation in the apical myocardial segments (Figure
7). Thus, this observed regional myocardial variation in sympathetic innervation and
could contribute to myocardial electrical instability and potentially life-threatening ar-
rhythmias.
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Figure 7. PET imaging of a patient with severe diabetic autonomic neuropathy. Top row: short and long axis
images of the left ventricle showing normal blood flow as indicated by homogenous >N NH; tracer uptake.
Bottom row: extensive abnormalities in "'C HED PET imaging. The basal myocardial segments showed exces-
sively high ''C HED retention suggestive of increased innervation, whereas there was decreased innervation
in the apical myocardial segments as demonstrated by absent tracer uptake. Adapted with permission from
Stevens et al., J Am Coll Cardiol 1998;31:1575-1584.

4. Coronary atherosclerosis

As previously alluded to, the presence of microvascular disease and endothelial dysfunc-
tion in diabetic patients are often the precursors of vascular atherosclerosis. Although
the presence of significant coronary stenosis will result in myocardial dysfunction and
is thus strictly not considered as “diabetic heart disease”, its prevalence in diabetic
patients is higher than non-diabetics, and is associated with significant cardiovascular
morbidity and mortality.”® Furthermore, the presence of coronary atherosclerosis with-
out significant luminal narrowing may not be entirely benign.” Indeed, previous stud-
ies have demonstrated that myocardial infarction and unstable angina are frequently
caused by coronary lesions deemed to be non-significant prior to the event.®”® Thus, it
may be useful to identify and risk-stratify patients into normal coronary arteries without
atherosclerosis, non-significant coronary artery disease, and significant coronary artery
disease. At present, computed tomography (CT) techniques such as coronary artery cal-
cium (CAC) scoring and coronary CT angiography (CTA) are considered the most robust
imaging techniques for non-invasive visualization of coronary atherosclerosis.

Coronary artery calcium scoring. CAC score can characterize the location and burden of
coronary atherosclerosis by detecting calcium present within atherosclerotic plaques.
Image acquisition for CAC scoring typically involves acquiring multiple, non-contrast,
thick slice images of the entire heart. Using a cut-off value of greater than 130 Hounsfield
units to define calcium, coronary calcifications can be identified as bright white struc-
tures on the CT images (Figure 8).
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Figure 8. Example of a diabetic patient with extensive coronary calcification in all 3 coronary arteries. Total
coronary calcium score was 1599. IM: intermediate branch; LAD: left anterior descending coronary artery; LCx:
left circumflex artery; RCA: right coronary artery.

Semi-quantification of coronary calcium is commonly expressed by the Agatston score,
which uses the plaque size, density and a weighting factor to calculate a value ranging
from 0 (absence of detectable calcium) to over 1000 (indicating the presence of exten-
sive coronary calcifications). Importantly, there is a clear relationship between the CAC
score and the extent of coronary atherosclerosis, as well as the presence of significant
coronary stenosis.*” However, the association between CAC score and extent of coronary
atherosclerosis is not linear as severe coronary stenosis can occur at sites with limited
calcium deposition. Likewise, extensive CAC scores can be observed in the absence of
significant luminal narrowing. Thus, rather than being a diagnostic test for obstructive
CAD, CAC scoring may be more valuable as a risk stratification tool to identify at-risk
patients with underlying atherosclerosis who might benefit from further investigations.

In the general population, CAC scoring has indeed been shown to provide strong
prognostic information. An elevated CAC score has consistently been associated with
increased mortality and adverse cardiovascular events, independently of coronary risk
factors.® Similar findings have been observed in diabetic patients.** In one of the largest
series to date, Raggi et al. compared baseline CAC scores and outcomes among 9474
non-diabetic and 903 diabetic patients.®* During a mean follow-up period of 5 years, CAC
score was identified as the best predictor of all-cause mortality in both diabetic and
non-diabetic individuals (Figure 9).

Moreover, further analysis revealed that for each level of CAC score, mortality was higher
in diabetic patients compared to non-diabetics. Thus, CAC scoring may be a promis-
ing tool in identifying diabetic patients with increased likelihood of coronary events
who might benefit from further functional evaluation and more aggressive, individu-
ally targeted preventive treatment strategies. Indeed, Anand and co-workers recently
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Figure 9. Cox proportional hazards survival demonstrating significantly lower survival with increasing coronary
artery calcium scores by electron beam computed tomography. Comparison of survival curves show that dia-
betic patients have significantly lower survival with each coronary artery calcium score category compared to
non-diabetic patients. Adapted with permission from Raggi et al. J Am Coll Cardiol 2004;43:1663-1669.

demonstrated in 510 asymptomatic type 2 diabetic patients that while the incidence of
ischemia was low in patients with no or limited CAC, the likelihood of ischemia increases
with higher CAC scores (Figure 10).%

Coronary CT angiography. More detailed information on the coronary anatomy can be
derived from non-invasive contrast-enhanced coronary CTA which permits direct visu-
alization of the coronary arteries (Figure 11). Particularly with the newer generations of
multi-detector row CT scanners (64-slice and higher), high sensitivities and specificities
can be obtained for the detection of significant coronary stenoses. Importantly, this high
diagnostic accuracy has been shown to be maintained in the presence of diabetes.**
The advantage of this technique is the high negative predictive value which approaches
100%. Notably, coronary CTA is also unlikely to miss severe coronary artery diseases
such as left main or three-vessel diseases. Moreover, this technique allows identifica-
tion of coronary atherosclerotic plaques in the absence of calcium or stenosis, thus
permitting visualization of early, subclinical atherosclerotic disease. To a limited extent,
information on plaque composition can also be derived, although it is less precise and
detailed as compared to invasive techniques such as intravascular ultrasound (IVUS) or
optical coherence tomography.
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Figure 10. Relationship between the extent of coronary calcification and the prevalence/severity of myocar-
dial perfusion abnormality. Increasing coronary artery calcium score was associated with both an increased
incidence of perfusion abnormalities, and larger perfusion defects. Adapted with permission from Anand et
al. Eur Heart J 2006;27:713-721.
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Figure 11. Evaluation of coronary artery disease with coronary CT angiography in patients with type 2 diabe-
tes. Panel A: curved multiplanar reformation (cMPR) of the left anterior descending coronary artery without
any evidence of atherosclerosis. Panel B: cMPR of the right coronary artery revealing diffuse atherosclerosis
in the absence of significant stenosis. Panel C: cMPR of the left anterior descending coronary artery revealing
extensive atherosclerosis with multiple significant ( > 50% luminal narrowing) lesions.

Using coronary CTA, Pundziute et al. recently demonstrated that diabetic patients have
more extensive, diffuse coronary atherosclerosis compared to matched non-diabetic
patients.®® Interestingly, this increased plaque burden was mainly attributable to an
increased number of non-obstructive lesions, while the incidence of significant stenosis
was similar amongst both populations. In a smaller population, these observations were
later confirmed by the same group using MSCT and invasive plaque imaging with grey-
scale and virtual histology IVUS (VH IVUS) (Figure 12).%°
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Figure 12. Example of coronary atherosclerosis in a
type 2 diabetic patient as demonstrated by coronary
CTA (Panel A), gray-scale intravascular ultrasound
(IVUS, Panel B), and virtual histology IVUS (VH IVUS,
Panel C). Panel A: Curved multiplanar reformation of
the right coronary artery by CTA demonstrated dif-
fuse atherosclerosis along the course of the artery,
and a mixed plaque was observed in the proximal
part ofthe artery in both longitudinal and transverse
images. Panel B: The presence of diffuse atheroscle-
rosis was confirmed in longitudinally reconstructed
IVUS image. Panel C: Corresponding VH IVUS image
at the minimal luminal area site of the atheroscle-
rotic plaque, demonstrating the features of a fibro-
calcific plaque. Fibrous areas were marked in green,
fibro-fatty in yellow, calcium in white and necrotic
core in red. Adapted with permission from Pundziute
etal., J Nucl Cardiol 2009;16:376-383.

Diabetic patients had significantly higher plaque burden and more calcified lesions
than non-diabetics.®® In another study composed of 80 asymptomatic type 2 diabetic
patients, Ambrose and co-workers compared CAC scoring and CTA and demonstrated
that CTA may reveal substantial plaque burden even in patients with zero or low CAC
scores (Figure 13). Thus, coronary CTA may be more accurate in evaluating the pres-
ence and extent of coronary atherosclerosis in diabetic patients compared to CAC
scoring. Preliminary results suggest that CTA has an incremental prognostic information
over baseline clinical variables in both diabetic and non-diabetic patients.*

5. Myocardial structural changes with fibrosis

Although the etiology of diabetic heart disease is multifactorial, the final common path-
way is accelerated myocyte apoptosis, formation of advanced glycation end-products,
and development of interstitial fibrosis.”* Several animal and human studies have
demonstrated increased interstitial fibrosis in diabetic patients.””** These structural
changes lead to increased LV stiffness, impaired systolic and diastolic function, and ul-
timately the development of clinical heart failure. As such, both echocardiography and
MRI can be used to detect and quantify myocardial fibrosis.
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Figure 13. Bar graph demonstrating the distribution of both obstructive and non-obstructive coronary artery
disease per coronary artery calcium score category in asymptomatic type 2 diabetic patients. Diabetic pa-
tients can have significant plaque burden despite zero or low ( < 10) calcium score. Adapted with permission
from Scholte et al. Heart 2008;94:290-295.

Echocardiographic integrated backscatter. Integrated backscatter analysis using
2-dimensional echocardiography has been used to non-invasively evaluate myocar-
dial fibrosis.” The increased deposition of collagen alters the ultrasound reflectivity
(backscattering) of the myocardial tissue and previous study has demonstrated a linear
correlation between the myocardial backscatter magnitude and the amount of fibrosis
content on histology.” The measurement of myocardial integrated backscatter is usu-
ally performed in the parasternal long-axis view by placing a region of interest in the
interventricular septum and the posterior wall (Figure 14). The value of myocardial in-
tegrated backscatter obtained at end-diastole is corrected by the integrated backscatter
value of the pericardium, thereby providing the calibrated integrated backscatter value.

In diabetic patients without hypertension or coronary artery disease, the myocardial
ultrasound reflectivity is significantly increased compared to healthy age matched con-
trols, suggesting the presence of increased myocardial fibrosis.” This observation was
later confirmed by Fang and co-workers, who included 48 diabetic patients without
coronary artery disease and normal LVEF, 45 diabetic patients with left ventricular hy-
pertrophy, 45 patients with only left ventricular hypertrophy and 48 normal controls.”
Calibrated integrated backscatter at the interventricular septum and posterior wall were
significantly higherin the three groups of patients as compared to controls. Furthermore,
diabetic patients with concomitant LV hypertrophy had the highest calibrated integrated
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backscatter value (Figure 14). Similar trends were observed in the LV myocardial func-
tion as determined by tissue Doppler-derived strain analyses. Therefore, the presence
of subclinical myocardial dysfunction in diabetic heart disease is associated with the
presence of increased myocardial fibrosis. This observation of increased myocardial
fibrosis was in concordance with histological studies of diabetic hearts without signifi-
cant coronary disease that showed increased collagen deposition in the perivascular

and interstitial regions.** %%
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Figure 14. Evaluation of myocardial fibrosis with integrated backscatter. From LV parasternal long-axis view
(panel A), the ultrasound reflectivity or integrated backscatter of the myocardium is measured at the inter-
ventricular septum and posterior wall, and corrected for the pericardial integrated backscatter value.
Compared to normal controls, diabetic patients and non-diabetic patients with LV hypertrophy had signifi-
cantly lower longitudinal peak strain and higher myocardial integrated backscatter value. However, diabetic
patients with LV hypertrophy had the highest myocardial integrated backscatter with the lowest longitudi-
nal peak strain. PS: cIB: calibrated integrated backscatter; CON: control; DH: diabetic patients with left ven-
tricular hypertrophy; DM: diabetic patients; LVH: patients with left ventricular hypertrophy; PS: peak strain.
Adapted with permission from Fang et al. J Am Coll Cardiol 2003;41:611-7.

Magnetic resonance imaging. Currently, MRI with delayed contrast enhancement
(DCE) is the gold standard for non-invasive visualization of myocardial scar tissue. This
technique is based on an inversion recovery pulse sequence and delayed imaging of the
heart at approximately 10 - 20 minutes after administration of gadolinium-based con-
trast agents. Due to the chemical charge and molecular size of these gadolinium-based
contrast agents, they rapidly diffuse from the intravascular to extracellular space, but do
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not enter the intracellular space. Consequently, contrast accumulates within infarcted or
scarred myocardial tissues. By selecting an appropriate inversion time to “null” normal
myocardium, scar tissue will appear as bright hyperenhanced regions (Figure 15). The
ability of MRI DCE to accurately depict scar tissue has been previously validated.'® In the
seminal paper by Kim et al., ex-vivo DCE images were displayed next to histopathologi-
cal specimens of infarcted myocardial tissues, providing compelling evidence that the
extent of delayed enhancement on MRI corresponded to histopathological infarct size.'®

FA

Figure 15. Examples of MRI delayed contrast-enhanced images. Panel A: normal study without evidence of de-
layed enhancement. Note that the normal myocardium appears black due to nulling by the inversion recovery
pulse sequence. Panel B: non-transmural scarring in the anteroseptal and anterior segments appearing as
white hyperenhanced regions indicative of previous subendocardial infarction in the left anterior descending
artery territory. Panel C: transmural scarring in the septal, anteroseptal and anterior walls.

Kwong and co-workers demonstrated the prognostic value of identifying DCE in a cohort
of 107 diabetic patients without previous clinical history of myocardial infarction.'™
The presence of DCE, indicative of silent myocardial infarction, was associated with
significantly higher all-cause mortality compared to diabetic patients without DCE (log
rank p = 0.02). On multivariate analysis, the presence of DCE was the strongest inde-
pendent predictor of major adverse cardiac outcomes (combination all-cause mortality,
new acute myocardial infarction, hospitalization for unstable angina or heart failure,
ventricular arrhythmias requiring implantable cardiac defibrillators, and acute cerebro-
vascular accidents) and all-cause mortality.

B) IMAGING LEFT VENTRICULAR MYOCARDIAL DYSFUNCTION IN
DIABETIC HEART DISEASE

Although the etiology of diabetic heart disease is diverse and a source of on-going
research, patients eventually develop evidence of increased myocardial fibrosis.'”
These structural changes result in increased LV stiffness and impairment of diastolic and
systolic performance. Although it is not a prerequisite for patients to have preexisting

diabetic heart disease in order to develop heart failure, the presence of diabetic heart
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disease increases the risk for subsequent development of heart failure. Thus, early
detection of diabetic heart disease may permit early treatment and prevention of heart
failure progression.

Currently, diagnosis of diabetic heart disease requires the demonstration of myocardial
dysfunction that is independent of other causes such as significant coronary stenosis or
hypertension. Thus, in diabetic patients with overt heart failure symptoms, the presence
of echocardiographic features of LV dysfunction without other explanatory causes is
often confirmatory for the diagnosis of diabetic cardiomyopathy. However, non-invasive
imaging is usually required for the diagnosis of diabetic heart disease in patients with-
out clinical signs and symptoms of heart failure. Often, echocardiography is utilized to
demonstrate LV diastolic and systolic dysfunction in diabetic heart disease.

1. Diastolic function

Traditionally, LV diastolic function is categorized into normal, impaired relaxation,
pseudonormal and restrictive filling patterns based on transmitral flow on echocardiog-
raphy. These filling patterns occur sequentially with progressively worsening LV diastolic
function. However, the interpretation of transmitral inflow pattern is severely hampered
by its load- and age-dependency, and is also influenced by other factors such as atrial
and ventricular compliance, mitral valve competency and left atrial pressures.'®

With the advent of tissue Doppler imaging, quantification of longitudinal myocardial ve-
locities has significantly simplified the interpretation of LV diastolic function (Figure 16).
Previous studies have demonstrated that the peak early diastolic e’ velocity correlated
significantly with the time constant of LV isovolumic relaxation (Tau), the gold standard
of LV diastolic function.'® ' Transmitral inflow goes through a pseudonormalized
pattern which can potentially be misinterpreted as normal, early diastolic e’ velocity
progressively declines with worsening LV diastolic function. However, tissue Doppler
myocardial velocity imaging may be influenced by the passive translational motion and
tethering effects from surrounding myocardial tissues. In contrast, myocardial strain
and strain rate imaging permits site-specific quantification of active myocardial defor-
mation that is independent of the translational motion and tethering artifacts.*® Using
strain rate imaging, LV diastolic function could be quantified by strain rate e’ (Figures
17 and 18)." More recently, newer sophisticated echocardiographic techniques such
as 2-dimensional speckle tracking have also been used to evaluate LV diastolic function
(Figure 19)."*° Unlike tissue Doppler imaging, 2-dimensional speckle tracking is angle
independent and may be more accurate than tissue Doppler imaging in evaluating LV

diastolic function.'®*°
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Figure 16. Example of pulsed wave tissue Doppler trace at the lateral mitral annulus. The cardiac cycle is
presented by s’ during systole, followed by early diastolic relaxation (e’) and late diastolic atrial contraction
(a’) during diastole. LV systolic and diastolic function can be quantified by the peak s’ (9.8 cm/s) and peak e’
(15.2 cm/s) velocities respectively.

SL: 12.0 mm
Rej.:0.11/s

cc:1

FPS: 184.1184.1 ]

Figure 17. Example of strain rate tracing derived from color-coded tissue Doppler imaging of the mid septum.
Similar to myocardial velocity imaging, myocardial strain rate can be divided into systolic (s’), early diastolic
(e’), and late diastolic atrial (a’) contractions. Myocardial systolic and diastolic function can be quantified
by the peak s’ (-0.84 s™) and e’ (1.40 s™) strain rates respectively. AVO: aortic valve opening; AVC: aortic valve
closure.
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Figure 18. Examples of tissue Doppler derived strain rate and strain in a type 2 diabetic patient (Panels A and
B respectively) and a normal healthy control (Panels C and D). Both the diabetic patient and normal control
had comparable left ventricular ejection fraction (63% versus 66% respectively). However, the diabetic patient
had significantly lower basal septal peak systolic strain rate and strain (-0.72 s and -15.8% respectively, ar-
rows) by tissue Doppler imaging compared to the normal healthy control (-1.50 s* and -19.9% respectively,
arrows). AVO: aortic valve opening; AVC: aortic valve closure.

The most frequent finding in an asymptomatic patient with diabetic heart disease is
diastolic dysfunction with normal LVEF. Even in well-controlled, normotensive and as-
ymptomatic type 2 diabetic patients, the prevalence of diastolic dysfunction is reported
to be up to 47% of patients, of which 30% had impaired relaxation and 17% had pseudo-
normalized filling pattern."* However, newer and more sophisticated echocardiographic
techniques such as tissue Doppler or 2-dimensional speckle tracking imaging are more
sensitive in identifying subtle myocardial dysfunctions.'® ***** For example, using
tissue Doppler imaging, Fang and co-workers determined that subclinical LV diastolic
dysfunction was present in 21% of type 2 diabetic patients.'** This was in contrast to
standard echocardiographic parameters such as transmitral inflow pattern, decelera-
tion time and isovolumic relaxation time, which failed to identify subclinical diabetic
heart disease. However, as the definition of significant subclinical LV dysfunction in that
study was based on greater than 1 standard deviation less than the mean normal value
derived from healthy controls, the true incidence of diabetic heart disease diagnosed
with tissue Doppler imaging is likely to be significantly higher."** Accordingly, Boyer and
co-workers demonstrated that using a mitral annular velocity of < 8cm/s identified up to
63% of diabetic patients as having evidence of diastolic dysfunction.'*?
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Figure 19. Examples of 2-dimensional speckle tracking strain and strain rate in the same diabetic patient and
normal control. The diabetic patient had significantly lower peak global systolic strain rate and strain (-0.69
st and -16.3% respectively, arrows) by 2-dimensional speckle tracking compared to the normal control (-1.22
st and -20.1% respectively, arrows). AVC: aortic valve closure.

2. Systolic function

Traditionally, the clinical standard in the assessment of global LV systolic function is
primarily based on the quantification of LV chamber volumes to derive LVEF. Although
quantification of systolic function by LVEF is easily understandable and reasonably
reproducible, it is highly dependent in preload and afterload. Due to the relative insen-
sitivity of LVEF in detecting subtle myocardial dysfunction, demonstrating LV systolic
dysfunction in diabetic patients has been more difficult. In contrast, myocardial velocity,
strain and strain rate imaging are more sensitive systolic markers than LVEF. Similarly,
quantification of systolic function by myocardial velocity (Figure 16), strain and strain
rate imaging (Figures 17-19) has been shown to be significantly correlated with global LV

systolic function, "% >

Previous studies have demonstrated subclinical myocardial systolic dysfunction in
diabetic patients.”” ' '3 18 1% sing color-coded tissue Doppler imaging, Fang and
co-workers demonstrated reduced myocardial longitudinal systolic function in diabetic
patients compared to age-matched controls.'” In that study, diabetic patients had sig-
nificantly lower peak systolic strain rate compared to controls (1.4 £ 0.3 s vs. 1.6 + 0.3
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s, p=0.006), suggesting the presence of subtle myocardial contractile dysfunction de-
spite normal LVEF. Similarly, Galderisi and co-workers examined the value of myocardial
systolic velocity and strain rate during dobutamine stress echocardiography in 24 dia-
betic patients and 16 normal controls."® The group demonstrated that diabetic patients
had evidence of reduced myocardial contractile reserve compared to non-diabetics.
Therefore, tissue Doppler imaging is more sensitive than conventional LVEF in detecting
subclinical myocardial systolic dysfunction. More recently, Ng and co-workers utilized
2-dimensional speckle tracking echocardiography to compare type 2 diabetic patients
with normal healthy controls.’® Despite all the diabetic patients having good glycemic
control and asymptomatic without evidence of diabetic complications, coronary
artery disease and hypertension, 2-dimensional speckle tracking was able to identify
significant subclinical LV dysfunction compared to the controls.'” Diabetic patients had
significantly lower global longitudinal strain (-18.3 + 2.2% vs. -19.9 + 1.9%, p < 0.001)
and systolic strain rate (-0.99 £ 0.17 s vs. -1.07 £+ 0.13 s, p = 0.009) compared to healthy

controls.'®

3. Regional differences in myocardial dysfunction in diabetic heart
disease

The LV myocardial architecture is a complex array of longitudinally and circumferentially
orientated fibres located predominately in the epicardium/endocardium and mid-wall
respectively.”® Newer and more sophisticated echocardiographic techniques allow
site-specific and multidirectional assessments of myocardial strain and strain rate,
thereby permitting exploration of regional differences in myocardial functional changes
in subclinical diabetic heart disease. Using color-coded tissue Doppler imaging, both
Fang et al. and Vinereanu et al. demonstrated reduced longitudinal myocardial function
with a compensatory increase in radial function."**® Similarly, using multidirectional
speckle tracking analyses, Ng and co-workers demonstrated reduced longitudinal strain
and strain rate (predominantly derived from epicardial/endocardial fibre contraction)
but preserved circumferential and radial strains and strain rates (predominantly derived
from mid-wall circumferential fibres contraction) in asymptomatic diabetic patients.'®
These findings suggest that myocardial dysfunction in early diabetic cardiomyopathy
may start in the subendocardium, and the preservation of circumferential and radial
functions account for the initial preservation of LV volumes and EF.

C) CONCLUSIONS

Over the last few decades, there is increasing recognition that diabetic heart disease is
a real disease entity rather than a nebulous concept, supported by evidence from epi-
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demiological and experimental studies that demonstrated an independent association
between diabetes and heart failure. Numerous studies have explored the underlying
pathophysiological mechanisms triggering the disease onset and progression to overt
clinical heart failure. However, the etiology of diabetic heart disease remains unclear
and is likely to be multifactorial, such as altered myocardial metabolism, endothelial
dysfunction, autonomic neuropathy, coronary atherosclerosis and increased myocardial
fibrosis. Multimodality imaging including echocardiography, nuclear imaging, CT and
MRI all provide valuable insights into the disease process. In addition, cardiac imaging is
essential for diagnosing diabetic heart disease by demonstrating LV myocardial dysfunc-
tion thatisindependent of significant coronary artery disease and hypertension. Finally,
multimodality cardiac imaging may be useful for monitoring disease progression and
evaluate the effectiveness of medical interventions.
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