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Nuclear imaging of failing myocardium is targeting the impaired part related to several processes of myocardial

metabolism or work. Myocardium mainly utilizes fatty acid or glucose for ATP production in mitochondria.
Intracellular calcium handling, which needs an amount of ATPs, induces myocardial contraction and relaxation,
and is regulated with beta adrenal-stimulation. In the failing myocardium, any of these parts related to the
myocardial work are variedly impaired, and could be the imaging target. Despite recent advancement of heart
failure treatment, the patients with heart failure remain in high morbidity and mortality. For appropriate
managements or prediction of prognosis in patients with heart failure, it is important to evaluate the mechanism

of the failing myocardium. In this article, we focus on the usefulness of the 2 radionuclide imaging in evaluating

sympathetic nerve function using myocardial *

“I-MIBG scintigraphy and mitochondrial function using

myocardial " Te-sestamibi SPECT in the patients with cardiomyopathy.
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uclear imaging of the failing myocardium is targeting the
N impaired part related to several processes of myocardial
metabolism or work. Myocardium mainly utilizes fatty acid or
glucose as the energy source in the aerobic metabolism to
produce adenosine triphosphate (ATP), and each of them is
targeted as '‘F-fludeoxyglucose (FDG)- positron emission
tomography (PET), '
noic acid (BMIPP) (1, 2), or ''C-Acetate PET (3). ATP

production is made with oxidative regeneration in the

I-beta-methyl-p-iodophenyl pentadeca-

mitochondria, and the mitochondrial function is visualized
with “"Tc-sestamibi (4, 5), as described in detail later.
Intracellular calcium handling, that needs an amount of ATPs
in several processes, induces myocardial contraction and

relaxation. Beta adrenal-stimulus by sympathetic nerve in the

myocardium regulates the intracellular calcium handling, and
is imaged with '“I-metaiodobenzilguanidine (MIBG) (6) or
"'C-meta-hyroxyepedrine (HED) (7).

Despite recent advancement in heart failure treatment,
patients with heart failure still remain in high morbidity and
mortality rate (8). Heart failure is defined as the decompen-
sated status of the hemodynamics with insufficient blood
supply to peripheral tissues, not only due to low cardiac output
caused by reduced myocardial contraction, but also due to the
impairment of myocardial relaxation and stiffness, increased
vessel resistance, or systemic fluid unbalance. Even if cardiac
function is preserved at rest, the impairment of myocardial
relaxation in left ventricular hypertrophy (9), or the reduced

myocardial functional reserve in myocardial contraction or
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relaxation at physical or pharmacological stress (10, 11) could
cause heart failure. Accordingly, detailed evaluation of the
myocardial properties in failing heart is important for
appropriate treatments or the prediction of the prognosis in the
patients with heart failure, using non-invasive imaging
modalities, such as echocardiography, nuclear imaging,
magnetic resonance image (MRI), or computed tomography
(CT) (12-14).

In this article we focus on the clinical usefulness of the 2
radionuclide molecular imaging in evaluating myocardial
mitochondrial function which produce myocardial energy
source of ATPs using *"Tc-sestamibi, and the sympathetic
nerve function which regulates the myocardial intracellular
calcium handling in myocardial contraction and relaxation

123

using ~I-MIBG in patients with non- ischemic cardio-

myopathy.

Sympathetic nerve functional imaging with “I-MIBG

Myocardial imaging with '“I-MIBG, the analogue of
norepinephrine (NE), could visualize the activity and the
innervation of adrenal sympathetic nervous system in the
heart, and is widely used for evaluation of the patients with
heart failure (6, 15). Increased sympathetic nervous activity or
denervation are seen in heart failure patients, and could be
imaged with myocardial *I-MIBG image (16). Several reports
have shown the clinical usefulness of *I-MIBG for prediction
of major cardiac events, including heart failure hospitalization
or cardiac death (17-20), discharge of implantable cardioverter
defibrillator (21), or evaluation of the effectiveness of beta-
blockade (22-26), renin-angiotensin-aldosterone system in-
hibitor (27-29), and nicorandil (30, 31) in patients with heart
failure. And, a multi-center study of ADMIRE-HF (AdreView
Myocardial Imaging for Risk Evaluation in Heart Failure) trial
was conducted (32), and meta-analysis of Japanese-single
cohort was also performed (33) and verified the perceptions of
the previous studies. Myocardial “I-MIBG imaging is
accepted as class I in the guideline of clinical use of nuclear
medicine for patients with heart failure according to the
Japanese Circulation Society (34).

On the other hand, reduced myocardial functional reserve
during atrial pacing tachycardia or during dobutamine stress
test is reportedly caused by the impairment of intracellular
calcium handling, especially of SERCA2 or phospholamban
(35-37) in the failing heart; and that is related to the poor
prognosis (11, 38). We therefore investigated the relationship
between the parameters of myocardial '“I-MIBG imaging,
myocardial functional reserve during atrial pacing stress or
dobutamine stress, and mRNA gene expression of the protein
related to calcium handling or beta-adrenal signaling in
myocardial tissue in patients with idiopathic dilated cardio-
myopathy (DCM) and hypertrophic cardiomyopathy (HCM).

Ann Nucl Cardiol 2018 ; 4 (1) : 155-162

We reported that patients with reduced delayed heart to
mediastinum ratio (HMR) showed an impairment in myocar-
dial functional reserve with reduced mRNA expressions of
sarcoplasmic reticulum calcium ATPase (SERCA2a) and
phospholamban during atrial pacing tachycardia in 24 DCM
patients (39). And we demonstrated significant correlations
between the washout rate or delayed HMR and myocardial
functional reserve in DCM patients during dobutamine stress
(40, 41) (Fig. 1 and 2). These parameters were also associated
with mRNA expressions of the proteins related to calcium
handling or beta-adrenal signaling. And we also demonstrated
that

"PI-MIBG parameters are associated with impaired

myocardial functional reserve during atrial pacing tachycardia
in 30 HCM patients (42). In these studies, we showed that
myocardial '“I-MIBG imaging parameters could predict
abnormal myocardial functional reserve related to the
impairment of calcium handling or beta adrenal signaling in
non-ischemic cardiomyopathy patients.
Mitochondrial functional imaging with " Tc-Sestamibi
Myocardial mitochondria produce about 30 kg/day of ATPs
as a myocardial energy source (43). Intra-mitochondrial
membrane potential is strongly negative charged of -161 7
mV in normal myocyte (44). When cardiomyocytes are
damaged by myocardial ischemia or other causes, the
mitochondrial membrane potential is increasing (45). *"Tc-
sestamibi, which is generally used as the tracer of SPECT-
MPI, is a mono-positive ion, and usually retained within the
mitochondria by the strong negative membrane potential (46).
However in the damaged myocyte with increased mitochond-

""Tc-sestamibi is washed out from

rial membrane potential,
myocyte (47).

It is reported that mitochondria in large clusters varied in
size and shape with few myofibrils in myocardial tissue of
DCM patients (48). Also, it is reported that mitochondrial
damages were seen in several other heart diseases (43). In

99 g o
"Tc-sestamibi

experimental studies, increased washouts of
were seen in the model of myocardial ischemia and
reperfusion (49), hypertensive heart failure (50), and pharma-
cological mitochondrial injury, related to mitochondrial
damage (51). Several clinical investigations have also

99; P
"Tc-sestamibi in

demonstrated the increased washout of
patients with myocardial infarction with reperfusion (52, 53),
severe ischemia with triple vessel disease (54), non-ischemic
cardiomyopathy (4, 55, 56), mitochondrial cardiomyopathy
(57), and post-chemotherapy cardiomyopathy (58).

We similarly investigated the relationship between the

99m,

washout of ~Tc-sestamibi and the myocardial functional

reserve of force frequency relation in patients with non-

ischemic cardiomyopathy. We demonstrated that the washout

99m,

rate of ~ Tc-seatamibi was associated with myocardial
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Fig. 1 Myocardial “I-MIBG in DCM patients.

A-C. Relationships between delayed H/M of '“I-MIBG and the parameters of cardiac catheterization. Significant
correlations were observed between delayed H/M and %HR (A), %LV dP/dt,. (B), and %T, (C). Group A comprise the
patients showing a delayed H/M ratio of <1.9 (median value). Group B comprise the patients showing that of >1.9.

D-F. Relationships between washout rate of '*I-MIBG and parameters of cardiac catheterization. Significant correlations
were observed between washout rate and %HR (D), %LV dP/dtw. (E), and %T,, (F). (From ref. (41) reprinted with
permission.)
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Fig. 2 Representative case of DCM patients in '*I-MIBG study.
G. Representative case of group A. A patient with markedly reduced cardiac uptake (delayed H/M=1.5), globally increased

12.
washout of '*

I-MIBG shows impaired inotropic, chronotropic, and lusitropic responses to dobutamine stress.

H. Representative case of group B. A patient with preserved cardiac uptake (delayed H/M=2.3) and only slight washout in

the inferior wall of '*

stress. (From ref. (41) reprinted with permission.)

I-MIBG shows a favorable change in HR and fair inotropic and lusitropic responses to dobutamine
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Fig. 3 ""Tc-sestamibi in DCM.
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Tc-sestamibi washout rate (WR) and hemodynamic changes from baseline to peak

dobutamine stress. A. A significant inverse correlation was observed between *"Tc-sestamibi WR and % changes in LV
dP/dtm. from baseline to peak (15 u g/kg/min) dobutamine stress. B. A significant inverse correlation was observed between
#"Tc-sestamibi WR and % changes in T, from baseline to peak (15 ug/kg/min) dobutamine stress. C-F. Comparison of
mitochondrial mRNA expression between the 2 Groups. « -KGDH (C), NDUFV3 (D), and COX5B (E) were significantly
lower in Group B (WR of *"Tc-sestamibi <24.3%) than in Group A (WR of *"Tc-sestamibi >24.3%). The normal value

99m

of ""Tc-sestamibi washout rate of the age-matched control group (10 subject; 9 men; age: 56 9 years) was 11 = 5%. (From

ref. (59) reprinted with permission.)

functional reserve during dobutamine stress, mitochondrial
morphological and functional abnormalities in 20 DCM
patients (59). DCM patients with increased washout of *"Tc-
sestamibi showed reduced mRNA expressions of the proteins
related to the mitochondrial electron transport chain, including
a-KGDH, NDUFV3, and COX5B (Fig. 3). Significant
correlations were observed between the washout rate of *"Tc-
sestamibi and mitochondrial morphological abnormalities, as
shown in abnormal mitochondrial shape and size, degenera-
tion of the cristae formation, and the presence of glycogen
positive area which represents an impairment in glucose
utilization. Representative cases of each group are shown in
Fig. 4. In 30 HCM patients, the increased washout of *"Tc-
sestamibi was also related with the impairment force
frequency relations during atrial pacing stress, and with
mitochondrial functional damage of the protein related to
electron transport, morphological abnormality of mitochondria

as shown in disorganization or variation in size and increased

number of mitochondria (60, 61).

Clinical implications

Myocardial mitochondria produce ATP to maintain myocar-
dial function (43). Myocardial contraction and relaxation are
caused by the sliding of actin and myosin filaments with
intracellular calcium handling, which needs an amount of
ATPs in several processes (Fig. 5) (62, 63). When myocardial
mitochondria are impaired, these processes do not work well,
leading to cardiac functional deterioration (64). Beta adrenal
stimulus initiates and regulates the calcium handling process.
The downregulation of beta receptors in the failing myocar-
dium impairs several processes of intracellular calcium
handling related to myocardial work. Consequently, it is
important to figure out the pathogenesis of the failing heart
with regard to sympathetic nervous system, mitochondrial
function, calcium handling, or beta-adrenal signaling using

99m,

myocardial """ Tc-sestamibi or '“I-MIBG imaging.
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Representative Case of group A (Left). A 66-year-old man shows no global increased =~ Tc-sestamibi WR (19.4%). An
increased washout was observed in the small anteroseptal area (red arrows) on SPECT image. The %LV dP/dt... was
favorably increased. Electron microscopy revealed a relatively preserved mitochondrial configuration as well as a small
amount of glycogen accumulations (green arrows) and lipid droplets (yellow arrows).

Representative case of group B (Right). A 45-year-old woman exhibited an increased MIBI WR (28.3%). An increased
washout was observed in the anteroseptal to the inferoseptal wall. The %LV dP/dt... showed a subtle increase in response to
dobutamine. Electron microscopy reveals many damaged mitochondria (blue arrows) and glycogen accumulations (green

arrows). (From ref. (59) reprinted with permission.)
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Fig. 5 Molecular mechanism of myocardial contraction and
relaxation: intracellular calcium handling regulated with beta
adrenergic signaling.

Calcium influx through cell membrane calcium channel induces
calcium-induced calcium release from sarcoplasmic reticulum (SR)
through ryanosine receptor (RyR). Then, intra-cellular calcium
binding to the actin filament induces the sliding of the actin-
myosin filament, resulting in myocardial contraction. Calcium
dissociation from actin filament causes myocardial relaxation, and
calcium is retaken up to SR through sarcoplasmic reticulum
calcium ATPase (SERCAZ2a), regulated by phospholamban (PL).
Intracellular calcium concentration is regulated with a calcium
pump out through natrium calcium exchanger or plasma membrane
calcium ATPase. Beta adrenal stimulus activates phosphokinase A,
which makes for phosphorylation of calcium channel, RyR, PL, and
the calcium handling cycle is activated. Each process consumes an
amount of ATP, and the lack of ATP would have a harmful effect
on calcium handling and reduced cardiac function.

NCX: Na'/Ca® exchanger, SR: sarcoplasmic reticulum; SER-
CA2: sarcoplasmic reticulum Ca’* ATPase, PL: phospholamban,
PKA: phosphokinase A, CAMP: cyclic AMP, AC: adenylate
cyclase, RyR: Ryanosine receptor, BI-AR: betal adrenal-receptor.
(From ref. (63) reprinted with permission.)
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And previously described, the parameter of myocardial '*I-
MIBG and ""Tc-sestamibi scintigraphy could predict the poor
prognosis, select the responder of the pharmacological or
device treatment, or could be used the evaluation of the
effectiveness of the various treatments in the patients with
various heart disease, including ischemic heart disease or
cardiomyopathies. And the combined evaluations of these
molecular parameters with the other non-invasive imaging
modalities could make appropriate management for favorable

prognosis in heart failure patients.

Conclusions

""Tc-sestamibi and I

The myocardial imaging with
MIBG could visualize myocardial mitochondrial or sympathe-
tic nervous function, that is closely related to myocardial work
at the molecular level. These radionuclide imaging contribute
to make for a profound understanding of the essential

mechanism of pathogenesis of the failing myocardium.
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