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Use of cardiac radionuclide imaging to identify
patients at risk for arrhythmic sudden cardiac
death

losif Kelesidis, MD,*" and Mark I. Travin, MD*P

Sudden cardiac death (SCD) accounts for about "4 of all cardiovascular deaths, in most cases
the result of a lethal ventricular arrhythmia. Patients considered at risk are often treated with
an implantable cardiac defibrillator (ICD), but current criteria for device use, based largely on
left ventricular ejection fraction (LVEF), leads to many patients receiving ICDs that they do not
use, and many others not receiving ICDs but who suffer SCD. Thus, better methods of iden-
tifying patients at risk for SCD are needed, and radionuclide imaging offers much potential.
Recent work has focused on imaging of cardiac autonomic innervation. '>*I-mIBG, a norepi-
nephrine analog, is the tracer most studied, and a variety of positron emission tomographic
tracers are also under investigation. Radionuclide autonomic imaging may identify at-risk
patients with ischemic coronary artery disease, particularly following myocardial infarction
and in the setting of hibernating myocardium. Most studies have been done in the setting of
congestive heart failure (CHF), with a recent large multicenter study of patients with advanced
disease, typically at high risk of SCD, showing that "**I-mIBG can identify a low risk subgroup
with an extremely low incidence of lethal ventricular arrhythmias and cardiac death, therefore,
perhaps not requiring an ICD. Cardiac neuronal imaging has been shown to be better pre-
dictive of lethal arrhythmias/cardiac death than LVEF and New York Heart Association class,
as well as various ECG parameters. Autonomic imaging will likely play an important role in the

advancement of cardiac molecular imaging.
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INTRODUCTION

Despite dramatic advances over the past five
decades in the diagnosis and management of patients
with cardiac disease, the incidence of sudden cardiac
death (SCD) remains extraordinarily high, occurring in
184,000-462,000 people yearly, accounting for about /2
of all cardiovascular deaths." SCD has been defined as
“‘natural death from cardiac causes, heralded by abrupt
loss of consciousness within 1 hour of onset of an acute
change in cardiac status. Preexisting heart disease may
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or may not have been known to be present, but the time
and mode of death are unexpected.””? As the definition
describes a sequence of events rather than a specific
disease entity, and as its mechanism and causes are
variable, and often unknown, effectively identifying
patients at risk has been challenging, therefore limiting
attempts at prevention. While high risk patients can
often be identified, the majority who experience SCD
had been considered to be low risk.’

In most cases (about 70%), and in a variety of
clinical scenarios, the mechanism of SCD is a lethal
ventricular tachyarrhythmia.* If a patient at risk can be
identified, an implantable cardioverter defibrillator
(ICD) can be implanted that can shock and/or pace the
patient out of a lethal arrhythmia.’ A left ventricular
ejection fraction (LVEF) <30%-35% is the criterion
currently used to identify patients at risk, and thus
largely determines who gets an ICD as primary preven-
tion. However, in a considerable number of patients who
receive an ICD on this basis, the device never has to
deliver therapy. At the same time, most patients who die
suddenly have a higher LVEF and thus by current
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guidelines do not qualify for ICD placement. Therefore,
a parameter other than LVEF is needed to better select
patients at risk for lethal ventricular arrhythmias who
need an ICD, i.e., more effectively identify patients with
low LVEF who will not benefit from an ICD, and find
patients at risk for SCD but because of apparent (by
LVEF) preserved cardiac function are not being con-
sidered for the device.®

Cardiac radionuclide imaging offers a variety of
methods for identifying patients at risk for SCD from
ventricular arrhythmias, therefore potentially offering a
way to select patients for an ICD better than current
methods. In this review, the potential utility of nuclear
imaging, including standard perfusion tracer imaging
but especially also the more promising use of autonomic
radiotracers, to identify increased risk of lethal ventric-
ular arrhythmias will be described. The focus will be on
patients who already have symptoms or known cardiac
problems, including in the settings of ischemic coronary
artery disease (CAD), LV dysfunction associated with
congestive heart failure (CHF) and cardiomyopathies,
and primary cardiac arrhythmias.

THE ROLE OF RADIONUCLIDE IMAGING IN
PATIENTS WITH ISCHEMIC CAD

Most (about 80%) SCDs occur in the setting of
ischemic heart disease, often in the setting of an acute
coronary syndrome from plaque rupture.’ Identification
of extensive CAD can find patients at increased risk, and
several studies by investigators at Duke have shown that
severe and extensive defects on stress myocardial
perfusion imaging (MPI) correlate with near- and
long-term occurrence of SCD. In a study of 6,383
patients with known CAD who underwent stress *™Tc-
sestamibi SPECT imaging, Piccini et al® found that a
high summed stress score (SSS) was associated with
SCD over a 6-year follow-up, independent of LVEF and
the Charlson clinical co-morbidity index. A subsequent
analysis of the data showed that the SSS also had an
independent predictive value for supposedly lower risk
patients who had an LVEF > 35%.°

Unfortunately, the value of stress perfusion imaging
for prediction of SCD, i.e., the positive predictive value
of an abnormal test, is low because the ability to identify
specific patients who have coronary plaques at high risk
of acute rupture is not now possible with MPI. In
addition, patients with subclinical disease, which may
include non-significant arterial narrowings not detected
by perfusion imaging, are also at risk of acute plaque
rupture and SCD. Several investigators have reported on
the potential for imaging of unstable coronary plaques
with "FDG (fluorodeoxyglucose) to identify active
inflammation, often combined with CT imaging for
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anatomic localization, but there remain technical and
biological challenges to this method.'”

Thus, radionuclide image identification of patients
with known or subclinical CAD who are at risk for SCD
from an acute coronary event such that specific interven-
tions could be undertaken (other than standard risk factor
reduction and conventional medical and invasive treat-
ments) is not currently possible. As treatment of the
underlying ischemia is the proper approach in these
patients, an ICD would not play a major role in preventing
SCD other than perhaps in those with extensive CAD and
recurrent ischemia not amenable to revascularization.

Post-Myocardial Infarction

Nevertheless, once ischemic damage has occurred,
such from an acute myocardial infarction (MI), the
situation has changed. The pathophysiology of the post-
MI state is complex and dynamic, and offers more
possibilities for radionuclide and other forms of imaging
to identify patients at risk. As an infarct heals over days,
weeks, and months, changes in tissue composition of the
infarct area, the peri-infarct zone, and in remote regions
may occur, all creating substrates for arrhythmias.''"'?
There may also be ongoing ischemia. Results of several
trials—the Defibrillator in Acute Myocardial Infarction
Trial (DINAMIT)'* and the second Multicenter Auto-
matic Defibrillator Implantation Trial (MADIT m—
have indicated that while SCD is a significant problem,
particularly in the first week post-MI, an ICD improves
survival only after the first 40 days, with interestingly an
increase in non-SCD in the early period in patients who
receive an ICD.'®!” In addition, clinical predictors of
SCD, including the ability of LVEF to predict outcome,
change over time.'®

Thus, better methods are needed to identify post-MI
patients at risk for lethal arrhythmias. Post-MI arrhyth-
mias are related to a complex interplay of various
factors, including abnormal anatomic substrate, depo-
larization heterogeneity, repolarization disruption, and
autonomic dysfunction, with a lethal arrhythmia often
triggered by an initiating event such as an electrolyte
abnormality or catecholamine surge.'®' These factors
have been studied with various non-invasive techniques,
including cardiac magnetic resonance imaging (MRI),
signal averaged ECG (SAECG), assessment of T wave
alternans and QT-dispersion, but there has been minimal
success using these methods risk stratify for SCD.

However, an area of active investigation in the post-
MI setting is assessment of cardiac autonomic innervation
which plays a major role in sustaining cardiovascular
hemodynamic and electrophysiologic harmony. There is
evidence that both global and regional sympathetic
denervation (anatomic loss of sympathetic nerves) or
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dysinnervation (sympathetic dysfunction or stunning)
predispose patients to ventricular arrhythmias.”> Among
the various methods available to assess cardiac autonomic
innervation, radionuclide imaging shows promise for
assessing the risk of SCD.**?° The most studied auto-
nomic tracer is iodine-123 metaiodobenzylguanidine
('*I-mIBG), a sympathetic neurotransmitter norepineph-
rine (NE) analogue. Various positron emission tomo-
graphic (PET) tracer NE analogues, such as C-11
hydroxyephedrine (''C-HED), ''C-epinephrine, and
"'C-phenyleprine, have also been studied, and an '*F
tracer is under investigation.”’

Most published literature and current clinical appli-
cability of autonomic radionuclide imaging is of the
sympathetic system (mediated by NE), with studies of
the parasympathetic system (mediated by acetylcholine)
mostly in animals. NE is produced in presynaptic
sympathetic nerve terminals by a biochemical sequence
starting with tyrosine, then stored in presynaptic vesi-
cles. In response to stimuli, the vesicles are released into
the synaptic space with free NE binding to post-synaptic
myocyte receptors producing the desired cardiac effect.
To control the response, there is a transporter protein-
mediated, sodium, energy, and temperature-dependent
process, known as ‘‘uptake-1,”” by which free NE is
taken back up into presynaptic terminals for storage or
catabolic disposal. Some NE is also taken up by non-
neuronal postsynaptic cells (i.e., the ‘‘uptake-2’’ sys-
tem).24’28'30 Chemical modification of guanethidine, a
false neurotransmitter analog of NE, produces metaiod-
obenzylguanidine (mIBG) that is also taken up by the
presynaptic uptake-1 pathway. This compound can be
labeled with radioactive iodine-123 (***I) but unlike NE
is not catabolized by monoamine oxidase (MAO),
allowing it to localize in pre-synaptic nerve endings to
a high enough concentration for imaging with a standard
gamma camera.”’

Details of '*I-mIBG imaging have been described
in prior reviews.>” Intravenous injection is performed at
rest, with the appropriate dosage not yet definitively
established. 3-5 mCi (111-185 MBq) were used in
earlier studies, but more recently doses up to 10 mCi
(370 MBq) have been injected to obtain better tomo-
graphic images.>** Planar and single photon emission
computed tomographic (SPECT) images are obtained
approximately 15 minutes after tracer administration
(early), and again 3-5 hours later (late). Most investi-
gators feel that late images are best representative of
sympathetic function.

Interpretation of cardiac '**I-mIBG images cur-
rently includes review of planar images for global
cardiac tracer uptake, cardiac tracer washout between
early and delayed planar images, and regional uptake on
tomographic images. The standard measure of global
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cardiac '**I-mIBG uptake is the heart mediastinal ratio
(H/M), derived by assessment of per pixel activity in a
region of interest over the heart in reference to back-
ground in the upper mediastinum.*> A normal value used
for H/M has been 2.2 + (0.3, with values <1.6 considered
to be abnormal,®’** although normal values vary
depending on the population studied (e.g., young vs
older patients, differences in body habitus), and specific
imaging techniques that may differ (e.g., variations in
collimators used, methods of tracer labeling, etc). The
H/M reflects receptor density and portrays both the
integrity of presynaptic nerve terminals and uptake-1
function. A high ratio indicates predominant localization
of the tracer in the myocardium that is expected for
normal hearts, whereas a decreased ratio indicates less
myocardial uptake and signifies reduced cardiac adren-
ergic receptor density. Examples of patients with normal
and abnormal H/M ratios are shown in Figure 1.%°
'231mIBG washout may reflect turnover of catechol-
amines attributable to the sympathetic drive, and also
reflects the ability of myocardium to retain tracer. A
normal value has been reported to be 8.5%-10%.%°
Worsening heart failure is associated with a greater
myocardial 1231 mIBG washout rate (WR), often >27%.%"
Assessing regional uptake of '**I-mIBG on tomo-
graphic images is less well established. The potential
clinical utility of tomographic imaging is based on the
concept that focal abnormalities may create electrical
instability that predispose to dangerous ventricular
arrhythmias, particularly if such territories are perfused
and have viable myocytes, i.e., a neuronal/perfusion
mismatch that creates denervation supersensitivity.*®

NORMAL ABNORMAL

H/M ratio = 2.24
WO = 10.64

H/M ratio = 1.29
WO = 23.35

Figure 1. Examples of planar cardiac '*’I-mIBG images. The
example on the left shows normal cardiac uptake with a H/M
ratio of 2.24, and a normal tracer WR from initial to delayed
images of 10.64% (not shown here). The example on the right
shows an abnormal H/M ratio of 1.29 in images with an
abnormal WR of 23.35%. H/M, Heart to mediastinal ratio; WR,
washout rate (from Ji and Travin, with pelrmission25 ).
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However, the quality of '*’I-mIBG tomographic images
can be poor, particularly if there is extremely poor LV
function, sometimes exacerbated by high liver and lung
accumulation that interferes with cardiac visibility. In
addition, methods of quantitative interpretation of
tomograms are not established, in part because the
relative uptake analysis approach used for perfusion
imaging does not apply to '*I-mIBG images, and thus
new methods need to be developed.

Various PET analogs of NE have also been studied.
Besides having better physical properties for imaging,
PET tracers are more similar to NE than '*’I-mIBG.*"
The neuronal PET tracer most investigated is ''C-meta-
hydroxyephedrine (HED), having higher uptake-1 selec-
tivity than 123I-mIBG, allowing better differentiation of
innervated from denervated myocardium, recently found
to be particularly advantageous in evaluating hibernat-
ing myocardium.” In normal patients, ''C-HED has
been shown to have more homogeneous uptake than
23 .mIBG, as does ''C-epinephrine.’**’ Unfortunately,
the short half life of ''C currently limits clinical
applicability of ''C HED and similar compounds.

A tracer in the initial stages of investigation is
LMI1195, designed similarly to '**I-mIBG but incorpo-
rating the longer lived '®F PET isotope, therefore more
clinically practical. LMI1195 has a similar cellular
uptake profile to NE, and comparable NET (norepi-
nephrine transport)-binding affinity and NET-mediated
cell uptake kinetics. In vivo studies demonstrate high
cardiac uptake, producing high quality PET imaging.
Imaging in rats with heart failure has shown that
LMI1195 heart uptake levels decrease with disease
progression. This promising tracer is expected to
undergo intense investigation over the coming years.*’

Among the earliest reports of potential benefit of
autonomic imaging is in the post-MI setting, looking
specifically for patients at risk for ventricular arrhyth-
mias. Stanton et al*' found that infarct '**I-mIBG
defects are frequently larger than “*'TI defects, and that
patients with mismatch (***I-mIBG larger than °'TI)
have more ventricular arrhythmias on Holter monitor-
ing. McGhie et al* also showed that post-MI '**I-mIBG
defects are more extensive than “°'Tl defects and
associated with increased ventricular arrhythmias.

Sympathetic innervation is more sensitive to oxygen
deprivation than myocytes, with the area of injury more
widespread (i.e., more apical) in the instance of transmu-
ral infarct (in part because the sympathetic nerve trunks
traverse the area of injury), and neuronal dysfunction
often persists longer than myocyte abnormalities.** In 12
dogs in which transmural infarcts were artificially created
and imaged with 123I—mIBG, Dae et al** found that not
only were there scar zones of absent '**I-mIBG and absent
thallium uptake but also denervated (reduced '**I-mIBG
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uptake) yet viable (preserved thallium uptake) zones
distal to the infarct. Matsunari studied 12 patients
following acute MI, and found that 1 week after infarction
denervated regions by '*’I-mIBG were significantly larger
than final infarct sizes found by 99mTc-sestamibi, with
denervated areas instead being similar in size to the pre-
infarct region at risk (i.e., regions subject to ischemia but
not infarcted had residual autonomic injury despite return
of perfusion tracer uptake).*’

Work with dogs by Minardo et al showed that
regions of sympathetic denervation by '**I-mIBG but
with preserved perfusion by 2°'Tl have, using electro-
physiological response techniques, supersensitive
refractory period shortening that persist for as long
as 3 weeks, i.e., areas of denervation supersensitivity.
These regions are arrhythmogenic with an increased
likelihood of ventricular fibrillation induction®*®*’
Clinical evidence for this possibility was shown by
Simdes et al*® in which 67 patients within 14 days of MI
underwent rest imaging with '**I-mIBG and Z°'TI.
Consistent with the aforementioned work, the mean
231.mIBG defect size was larger than the mean *°'Tl
defect size in 90% of patients, with a mismatch size of
10 £ 18% (range = 0%-59%). ECG variables that have
been associated with lethal ventricular arrhythmias—
significant prolongation of the heart rate corrected QT
interval (QTc) and evidence of delayed depolarization
on SAECG—were associated with mismatch size,
although there were too few lethal cardiac events in
the short (0.7-year mean) follow-up to show a correla-
tion with adverse outcome in this cohort of patients who
generally had small infarcts and preserved LV function.

Sasano et al*® created an infarct model in pigs, with
artificial occlusion of the left anterior descending (LAD)
artery. In a study of 11 such pigs, the mean autonomic
innervation defect size measured by the PET tracer
"C-epinephrine was larger than the mean perfusion
defect size imaged with ''NH;, with an innervation/
perfusion mismatch of 7% + 4%. Pigs with larger
mismatch sizes were significantly more likely to have
inducible monomorphic ventricular tachycardia (VT),
further supporting the contention that an infarct border
zone of innervation/perfusion mismatch is an important
contributor to post-MI lethal arrhythmias.

Bax et al’” performed '*’I-mIBG imaging on 50
patients with prior MI and LVEF < 40% who were
referred for electrophysiological testing. Surprisingly, in
these patients an innervation/perfusion mismatch was
not associated with an inducible arrhythmia, or was the
late H/M. However, the summed 1231 mIBG SPECT
score that represents the size of global denervation was
significantly higher in inducible than in non-inducible
patients, with this variable being the only significant
predictor by multivariable analysis, shown in Figure 2.
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Figure 2. Relationship of EP inducible ventricular arrhyth-
mias (i.e., “‘EP positive’’) to B mIBG SPECT defects in
patients with prior MI and LV dysfunction. The mean SS was
significantly higher in patients who were EP positive than in
those who were EP negative (left irna%es), while there was no
significant relationship of the mean '*I-mIBG/*°™Tc-tetrofos-
min SS mismatch score to EP inducibility (right images). EP,
Electrophysiologic; SS, summed score (data from Bax et al>®).

As discussed, though, tomographic imaging with auto-
nomic agents is still under investigation. More work is
required to determine the role of autonomic imaging in
the post-MI patient, possibly also with accompanying
detailed anatomic investigation of the peri-infarct border
zone using cardiac MRI, for determining who benefits
from an ICD. Serial imaging may be crucial since the
situation is dynamic.

Autonomic Imaging of Hibernating
Myocardium

CAD patients for whom autonomic imaging may be
particularly useful are those with viable but chronically
dysfunctional, i.e., ‘‘hibernating’’ myocardium. Obser-
vational studies suggest that this pathological substrate
increases cardiac death, and abnormalities of sympa-
thetic nerve function are likely contributory.”'* There
may be a role for an ICD as primary prevention here.
Using a porcine model, Canty, Fallavollita, Luisi and
colleagues®”>*>* have shown that creating a 1.5-mm
LAD stenosis, producing a region of chronic hibernating
myocardium, results in large regional ''C-HED defects
that increase in size and severity during the first
3 months, and persist for at least 2 months more.
Previous work by this group had shown that pigs with
hibernating myocardium are at increased risk of an
arrhythmic SCD that is associated with sympathetic
inhomogeneity. >~

Similar abnormalities of sympathetic nerve function
in chronic ischemic heart disease without infarction
have been described in humans. Hartikainen et al
reported '**I-mIBG defects in almost all patients with
significant stenosis (>50% diameter), with defect size
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increasing as a function of stenosis severity. Among
those with a severe stenosis (>90% diameter),
L. mIBG defect size was indistinguishable from
patients with previous ML>*> Bulow et al®® reported
similar findings using ''C-HED.

An important question is which tracer is best in this
setting. In pigs with hibernating myocardium, a
48% + 3% regional reduction in ''C-HED retention by
PET imaging was found.®> In contrast, the relative
difference in '*’I-mIBG retention quantified with the
more sensitive technique of ex vivo tissue counting was
only 25% # 3%.%° Thus, PET imaging of ''C-HED
appears to provide an improved signal-to-noise ratio
over 123I-mIBG, with an almost twofold improvement in
defect severity, and would likely facilitate quantitative
regional analysis.

The potential of radionuclide sympathetic imaging
to assess risk of SCD in the setting of hibernating
myocardium is being investigated in the Prediction of
ARrhythmic Events with PET (PAREPET) trial.’” This
observational cohort study has thus far enrolled >200
patients with ischemic cardiomyopathy (New York
Heart Association (NYHA) functional Class I-III CHF,
EF < 35%) who are not under consideration for coro-
nary revascularization. PET perfusion imaging uses
>NH; (nitrogen-13 ammonia), viability imaging uses
"EDG, and '"C-HED imaging assesses sympathetic
innervation. Preliminary data demonstrate that there is
significant variability in the extent of viable, dysinner-
vated myocardium, from small borders around areas of
infarction to large confluent regions encompassing
several myocardial segments, shown in Figure 3.%
PAREPET should help determine the clinical impor-
tance of the various image patterns by testing the
hypothesis that the presence or volume (% of LV) of
dysinnervated but viable myocardium can predict SCD
(primary outcome) or cardiac mortality (secondary
outcome), and serve as a guide to ICD therapy.

THE ROLE OF AUTONOMIC IMAGING
IN HEART FAILURE

Congestive heart failure is increasing throughout
the world. As CHF largely involves disruption of the
neurohormonal state, neuronal innervation plays a key
role in the pathophysiology. An increased sympathetic
response in patients with reduced cardiac output pro-
duces deleterious neurohormonal and myocardial
structural changes that worsen the condition and
increase the likelihood of arrhythmic SCD. Autonomic
imaging provides independent prognostic information,
and promises to help guide ICD use better than current
approaches.
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Figure 3. Example of a common autonomic (HED) and
infarct (FDG) imaging pattern seen after myocardial infarction,
from a. subject in the PAREPET study. These PET polar
tomograms and wire diagrams of the left ventricle illustrate
relative tracer uptake, color coded from maximum activity in
red to minimum activity in blue. The sympathetic nerve tracer
"'C-meta-hydroxyephedrine (HED) defect (left images)
involves a significantly larger myocardial area than the
inferolateral scar seen by metabolic '®F-2-deoxyglucose
(FDG) scanning (right images), indicating extensive viable
but denervated myocardium. In addition to denervation at the
periphery of the infarct, there is apical extension due to
interruption of the sympathetic nerves that course across the
heart from the base to the apex. Ant, Anterior wall; Sep,
interventricular septum; LAT, lateral wall; Inf, inferior wall
(from Fallavollita and Canty Jr, with permission®).

Studies have consistently shown that a decreased
I-mIBG H/M predicts a poor prognosis in advanced
CHF.”® One of the first studies was by Merlet et al’’
in which patients with a mean LVEF of 22% and a
H/M < 1.2 had a 12-month survival of 40% versus
100% for patients with higher ratios, with H/M superior
to LVEF and heart size. Nakata et al®® showed that
prognosis progressively worsened as the H/M became
lower, and his group also demonstrated that H/M
predicted outcomes for both ischemic and non-ischemic
CHE.*'

Among the first multicenter studies was that by
Agostini et al involving 6 European sites that followed
290 patients of >2 years. By logistic regression the only
significant predictors of major events—cardiac death,

123

Kelesidis and Travin 147
Imaging to identify risk of sudden cardiac death

need for transplant, and potentially fatal arrhythmias—
were LVEF and H/M. ™

Subsequently, the international  multicenter
ADMIRE-HF (AdreView Myocardial Imaging for Risk
Evaluation in Heart Failure, AdreView = 123I—mIBG)
study, involving 961 patients in 96 US, Canadian,
and European sites, was completed.***> ADMIRE-HF
reported that for patients with NYHA Class II-III CHF and
LVEF < 35%, a H/M < 1.6 on a 4-hour late '*I-mIBG
image was more than doubled (from 15% to 37%) the 17-
month incidence of worsening CHF, life-threatening
arrhythmias, and cardiac death. Importantly, the predic-
tive value held for all three event endpoints separately. In
particular, there were only 2 deaths (<1%) of the 201
patients with H/M > 1.6, illustrated in Figure 4.2% Sub-
sequent multivariate analysis showed that H/M was a
predictor of cardiac and all-cause deaths independent of
other clinical and image variables, including age, LVEF,
and BNP (brain natriuretic peptide).®®

Interestingly, norepinephrine levels, although a
univariate predictor of events in ADMIRE-HF, were
not an independent multivariate predictor. The relation-
ship between circulating norepinephrine levels and
cardiac 'PI-mIBG uptake is unclear, and at least one
study showed no correlation.®* Likely the relationship
varies based on the stage of heart failure, perhaps with
elevated levels of circulating NE in early stages com-
peting with '**I-mIBG and leading to increased washout,
but in later stages that are characterized by either loss of
neurons or downregulation of presynaptic uptake,
decreased tracer uptake is no longer affected by circu-
lating NE.®

SCD from a ventricular arrhythmia is a major cause
of death in patients with CHF, and in many cases strikes

THM < 1.2 THIM 1.20-1.39 W H/M 1.40-1.59 ®H/M > 1.6

43 145 135 69 35 145 171 120

Figure 4. Relationship of EF and H/M groups to 2-year
cardiac mortality (%). 201 patients (21% of total) had
H/M > 1.6, with only 2 (<1%) cardiac deaths (one arrhythmic,
one progressive heart failure). EF, Ejection fraction (left
ventricular), H/M, heart mediastinal ratio (from Chirumamilla
and Travin, with permission®®).
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patients who are otherwise relatively well.'” Based on
large clinical trials, i.e., Sudden Cardiac Death in Heart
Failure Trial (SCD-HEFT), Comparison of Medical
Therapy, Pacing, and Defibrillation in Heart Failure
(COMPANION), and Defibrillators in Non-ischemic
Cardiomyopathy Treatment Evaluation (DEFINITE),
guidelines indicate that NYHA Class II-III CHF and
LVEF < 35% is a Class IA indication for ICD implan-
tation as primary prevention.”°*® Nevertheless, most
patients who receive an ICD based on these criteria do
not use their device,® with it widely acknowledged that
LVEF is an imperfect predictor of arrhythmic death.’
Appropriate ICD firings occur in only 5% of patients
(per year),® and the number needed to treat to abort a
life-threatening arrhythmia is about 20.°” There are risks
associated with an ICD, including a 4% post-procedural
complication rate,’® infection, device malfunction, wors-
ened quality of life, psychiatric problems sometimes
associated with shocks, and life style restrictions.”*’?
The cost is about $28,000 per device.”? Thus, a better
approach for deciding who with advanced CHF should
get an ICD is needed.”

While mechanisms of cardiac arrhythmias are
complex and multifactorial, cardiac autonomic innerva-
tion is a crucial component,” suggesting a role for
'21mIBG imaging to better select patients for an ICD.
As performing clinical studies on SCD is difficult,
particularly given that ascertaining a definitive arrhyth-
mic cause of death is often not possible, suitable patients
to investigate are those who already have an ICD.
Although occurrence of an ICD shock in these patients
does not necessarily mean that they would have expe-
rienced SCD if not for the device,”>’® it is currently an
accepted method.

There are a few small studies evaluating the
association of H/M with ICD discharges. Arora et al’’
performed a pilot study on 17 patients with advanced
CHEF and an ICD. A decreased late H/M (threshold 1.54)
was associated with increased incidence of an ICD
discharge. As in Figure 5, when autonomic imaging was
combined with heart rate variability (HRV), a group of
patients with no ICD discharges, and another group who
all had discharges, were identified (although the very
small patient number limits these findings). On tomo-
graphic imaging, patients who had ICD discharges had
more extensive 123I-mIBG/perfusion (*™Tc-sestamibi)
mismatches, with case examples seen in Figure 6.

A subsequent larger study by Nagahara et al’®
prospectively followed 54 CHF patients with an ICD,
finding that late H/M correlated significantly and inde-
pendently with appropriate ICD discharges and SCD.
Another study of 60 ICD implanted patients by
Nishisato et al showed that a combination of H/M on
'2>L.mIBG planar images and the summed perfusion
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Figure 5. Relationship of a combination of '**I-mIBG image
results (HMR) and HRV variables (5-minute low frequency) to
the occurrence of an ICD discharge. HMR, Heart mediastinal
ratio; HRV, heart rate variability; /CD, implantable cardio-
verter defibrillator; If, low frequency (modified from Arora
et al, with permission77).

defect score (SS) on *°™Tc-tetrosfomin SPECT images
separated patients with device shocks from those with-
out. Patients with an H/M < 1.9 and SS > 12 had a
hazard ratio of 3.8 that by Cox regression analysis was
independent and better than age, sex, SAECG, BNP,
medications, inducible arrhythmias, and LVEF in pre-
dicting ICD shocks or cardiac death.”

High '**I-mIBG WR has also been associated with
increased risk. Kasama et al®® showed an increased
occurrence of SCD (hazard ratio = 1.15) with an
increased WR. Tamaki et al compared ECG parame-
ters—HRV, QT dispersion, and SAECG—with
' 1.mIBG findings in 106 patients with LVEF < 40%;
those with SCD had a lower H/M and higher WR. By
multivariate analysis only WR and LVEF were indepen-
dent predictors of SCD, while ECG variables showed no
relationship.®’ Interestingly abnormal WR also identified
a group of patients with LVEF > 35 at risk for SCD.

In ADMIRE-HF, combined ‘‘arrhythmic’’ events
(i.e., self-limited VT, resuscitated cardiac arrest, appro-
priate ICD discharges) were more common in subjects
with H/M < 1.60 (10.4%) than in those with H/M > 1.6
(3.5% P < .01).°* In a subanalysis of 578 patients
without an ICD, Senior et al®** reported only one fatal
arrhythmic event in patients with H/M > 1.60, with the
single event being in a patient with H/M = 1.6
(Figure 7).

'PLmIBG imaging with SPECT has also been
reported helpful in recognizing arrhythmogenicity.
Boogers et al demonstrated that over 3 years, a large
2.mIBG SPECT defect (summed score > 26) pre-
dicted more frequent appropriate ICD therapy or cardiac
death.®?

Thus, studies consistently show that cardiac neuro-
nal imaging is an independent predictor of adverse
cardiac events, including arrhythmic events, and appear
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Figure 6. I8 mIBG (neuronal) and **™Tc-sestamibi (perfusion) SPECT images in patients with
ICDs. The images on the left are from a patient without an ICD shock and show both homogeneous
neuronal and perfusion tracer uptake. The images on the right are from a patient who had received
numerous appropriate ICD shocks, and show neuronal/perfusion mismatching defects involving the
inferior, inferolateral, and apical walls; there is a matched defect in the anterior wall. HLA,
Horizontal long axis; MIBG, meta-iodobenzylguanidine (123 I-mIBG); MIBI, gngc-sestamibi; SA,
short axis (from Ji and Travin MI, with permission25 ).
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Figure 7. Occurrence of SCD (n = 20) in the subset of
ADMIRE-HF patients without an ICD (n = 578). The lone
subject in H/M > 1.6 who had SCD had a ratio exactly at 1.6.
H/M, Heart to mediastinal ratio; /CD, implantable cardioverter
defibrillator (based on data from Senior et al®?).

better than the currently accepted standards of LVEF
and NYHA class. A satisfactory H/M has an extremely
high negative predictive value for events. Larger,
prospective studies are needed before there can be
wider acceptance and inclusion of '**I-mIBG imaging in
consensus guidelines, particularly since as discussed,
prediction of an ICD shock does not necessarily indicate
that the patient would have had SCD if not for the
device.”>’® At the same time, cardiac neuronal imaging
could potentially identify patients in ‘‘lower risk’’
subgroups (e.g., LVEF > 35%) who are in fact at

significant risk of arrhythmic SCD and might benefit
from an ICD.

PRIMARY ARRHYTHMIAS

Neuronal tracer uptake abnormalities are seen in
some primary arrhythmic disorders. In conditions such
as idiopathic VT and arrhythmogenic right ventricular
cardiomyopathy, PET and SPECT reveal altered neuro-
nal function with no other structural abnormalities
identified. Mitrani et al investigated '**I-mIBG imaging
in patients presenting with VT in the absence of CAD.
67% of patients with VT had regional cardiac sympa-
thetic denervation compared with 8% in control patients
(P = .002).%* Gill et al® found asymmetrical uptake of
"2.mIBG in about half of the patients who had VT and
“‘clinically normal’’ hearts, particularly obvious in
patients with exercise-induced VT.

Neuronal tracer uptake abnormalities have been
seen in more specifically characterized primary arrhyth-
mic disorders. Schiifers et al®® found abnormal ''C-HED
distribution in patients with idiopathic right ventricular
outflow tract tachycardia, as well as decreased uptake of
the postsynaptic tracer ''C-CGP12177 (indicating
reduced density of postsynaptic B-adrenoceptor density).
In Brugada syndrome, that manifests as severe ventric-
ular arrhythmias and sometimes SCD, neuronal tracer
(*'C-HED) abnormalities appear localized to the inferior
and inferoseptal walls.*” Thus there may be a role of
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cardiac imaging with neuronal radiotracers in guiding
ICD therapy in primary arrhythmic disorders.

CONCLUSIONS

Autonomic dysfunction plays a key role in the
generation of life-threatening arrhythmias and SCD.
There are a variety of roles for radionuclide imaging in
identifying patients at risk who would benefit from an
ICD. Neuronal radiotracers, such as 123I-mIBG, show
potential for separating high from low risk patients, and
appear to select patients who will benefit from ICD
better than currently used techniques. In particular,
global '**I-mIBG uptake above a certain level has a high
negative predictive value for death and lethal arrhyth-
mias; although, larger prospective studies are needed
before this approach can be incorporated into guidelines
and widely used. The development of PET neuronal
tracers, and improved image analysis, promises to
advance this powerful tool for effective guidance of
therapy in patients at risk for SCD. Autonomic imaging
will likely play an important role in the advancement of
cardiac molecular imaging that visualizes key processes
of cardiac pathophysiology.
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