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Abstract Heart failure is increasing worldwide, resulting in
considerable disability, mortality, and high healthcare costs.
Gated-SPECTor PET imaging is the most prominent imaging
modality useful both for diagnosis and prognosis, capable of
providing information about ventricular function, presence of
intraventricular synchronism, and myocardial perfusion in the
same test. In addition, PET can also offer quantification of
coronary blood flow and metabolism. On the other hand,
123I- metaiodobenzylguanidine (MIBG) scintigraphy is the
only imaging technique which provides information regarding
the adrenergic function of the heart. This review provides an
overview of the literature published over the past year relevant
to this topic, presented in three parts: myocardial perfusion
imaging, intraventricular synchronism assessment, and cardi-
ac sympathetic innervation.
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Introduction

Congestive heart failure (HF) is an increasing global epidemic
that results in considerable health care expenditure, disability,
and mortality [1]. For the American population, 5.1 million
patients suffer fromHF, and the lifetime risk of developing HF
is 20 % for individuals ≥40 years [2]. It was estimated that HF
affects 23 million people worldwide [3]. The total cost related
to HF in the USA for 2013 is estimated at $32 billion which is
projected to increase to $70 billion by 2030 [4].

Taking into account the significant morbidity and mortality
due to HF, as well as the considerable resources utilized to
diagnose and treat these patients, adequate diagnosis and prog-
nosis prediction are of considerable importance. It is also con-
ceivable that only a program of screening and prevention will
reduce the public health burden in a really cost-effective way.

Gated-SPECTor PETmyocardial perfusion imaging (MPI)
is the only imaging technique able to give, in a totally repro-
ducible way, information about global and regional ventricular
function, intraventricular synchronism, and myocardial perfu-
sion with the same test. PET, additionally, makes it possible to
quantify myocardial blood flow (MBF) and myocardial flow
reserve (MFR), as well as give information on cardiac
metabolism.

Consequently, this review will focus on the literature pub-
lished over the past year relevant to this topic, presented in
three parts: myocardial perfusion imaging, phase analysis and
intraventricular synchronism assessment, and cardiac sympa-
thetic innervation.

Myocardial Perfusion Imaging

The combined assessment of perfusion and function improves
the diagnostic and prognostic power of nuclear stress testing
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and enhances the precision in stratifying patients into cardiac
event risk levels. Event-specific survival analysis by use of
perfusion and function variables has demonstrated that al-
though perfusion information is the best predictor of myocar-
dial infarction, the poststress left ventricular ejection fraction
(LVEF) is the best predictor of cardiac death. Specifically, in
the management of patients with dilated cardiomyopathy
(DCM) of ischemic etiology, MPI is the most widely used
stress imaging procedure.

The 2012 American College of Cardiology Foundation
(ACCF)/AHA guidelines on HF recommended invasive cor-
onary angiography (ICA) as a reasonable examination in pa-
tients with new onset HF of uncertain cause who would be
eligible for revascularization [5]. The ICA gives anatomical
information regarding epicardial coronary arteries. At the
same time, functional information on the presence and exten-
sion of myocardial ischemia and viability should be taken into
account according to the guidelines.

Thus, recent recommendations [6], appropriate use criteria,
and guidelines state that nuclear cardiology techniques are
adequate in patients with new-onset or newly-diagnosed HF
[5]. Noninvasive imagingmight also be considered to evaluate
the likelihood of coronary artery disease (CAD) in other cases
with HF and LV dysfunction.

Last year, a consensus statement from an international pan-
el of nuclear medicine experts assembled by the International
Atomic Energy Agency (IAEA) was published to reinforce
the information on the use of nuclear cardiology techniques
for the assessment of HF and associated myocardial disease
[7•]. The statement was mainly addressed to developing coun-
tries with limited resources, focusing on SPECT procedures
given the fact that PET radiopharmaceuticals used in HF as-
sessment are not widely available.

The 2012 ESC guidelines for the diagnosis and treatment
of HF consider MPI in HF patients thought to have CAD as a
IIA recommendation to determine extension of ischemia and
viability before revascularization [5].

Not verymuch on new data using SPECTand PETMPI for
perfusion and function assessment has been published during
the last year. Thus, a review of some of the most interesting,
useful, or recent papers published on the subject is presented
below.

Viability

According to the meta-analysis published by Allman et al.
[8•], the assessment of myocardial viability has been an im-
portant prerequisite in the decision-making process regarding
revascularization. The authors showed that patients with myo-
cardial viability had a better outcome than those without. Al-
though the STICH (Surgical Treatment for Ischemic Heart
Failure) [9] reported no impact of viability on the primary
endpoint of all-cause mortality in patients with severe

ischemic HF randomized to revascularization or optimal med-
ical therapy, this trial presented some limitations already rec-
ognized, mainly the definition of myocardial viability. Other
problems can be derived from the fact that the focus should be
on dysfunctional segments, but in the STICH trial, all seg-
ments were included. Another limitation which can be seen
comes from the consideration that a large percentage of seg-
ments may be viable but have normal contractile function
(which cannot improve in function and thus may affect the
current results) [10••].

In PARR-2 [11], a significant reduction in cardiac events in
patients with LV dysfunction and suspected CAD following a
FDG PET-assisted management vs. standard care has been
demonstrated. Thus, in the 2014 European Society of Cardi-
ology guidelines on myocardial revascularization, it is recom-
mended that myocardial revascularization should be consid-
ered in patients with chronic ischemic HF (LVEF≤35 %) in
the presence of viable myocardium (class IIA, level of evi-
dence B) [12].

Finally, it is important to note that, as it has been postulated
in an excellent and updated review recently published by Bax
and Delgado [10••], the detection of myocardial viability
should not be considered as an isolated task, but as part of a
whole picture in which functional imaging is a particularly
useful asset for clinicians (see Fig. 1). In this way, the detec-
tion of viability is still very important for a proper manage-
ment of patients with chronic ischemic HF.

Myocardial Stunning

Myocardial stunning, defined as myocardium with persistent
contractile dysfunction despite the restoration of perfusion
after a period of ischemia, can appear after silent or symptom-
atic ischemic episodes during daily activities or after diagnos-
tic stress tests (either by physical or by pharmacological stress)
with an ischemic response.

Poststress LVEF, measured by gated-SPECT, can decrease
after an ischemic insult; it remains mostly unchanged, how-
ever, with a tendency to increase if there is no ischemia.

Fig. 1 Information needed for patients with heart failure. Modified from
Bax JJ, Delgado V (ref 10). CRT cardiac resynchronization therapy, ICD
implantable cardioverter defibrillator, LV left ventricle
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In spite of the fact that in ischemic patients, exercise-
induced LV dysfunction may continue for at least 1 h, minor
to moderate abnormalities may not persist for such a long
time, because the extent of LVEF reduction is determined by
the severity of the ischemia, and both the severity and the
extension of the poststress wall motion abnormalities influ-
ence the global LVEF abnormality. Thus, it would be reason-
able to assume that performing early acquisition of gated-
SPECT after stress would enhance the detection of stunning.

An International Atomic Energy Agency (IAEA)-spon-
sored study including 229 patients was conducted with the
aim of evaluating such as assumption. Postexercise studies
were acquired at 15 ± 5 min after radiotracer injection
(Stress-1) and repeated at 60±15 min (Stress-2). Rest studies
(R) were acquired at 60 min postinjection. Poststress LVEF
was associated with both ischemia and time of acquisition,
with a significant correlation between summed difference
score and ΔLVEF (difference between rest and poststress
LVEF), which was stronger at Stress-1 than Stress-2 in the
ischemic compared to the nonischemic population (r=0.23
vs. 0.08, p=0.10). The authors concluded that early postexer-
cise imaging is feasible and can potentially improve the de-
tection of postischemic stunning without compromising im-
age quality and perfusion data [13].

PETApplications

Cardiac Allograft Vasculopathy

Cardiac allograft vasculopathy (CAV) is a key prognostic de-
terminant after heart transplant (HT) and remains one of the
most common causes of mortality after 12 months [14]. CAV
results in diffuse concentric intimal thickening of the epicar-
dial vessels affecting both the proximal and distal vessels as
well as the microcirculation, which causes myocardial ische-
mia and contractile dysfunction. As angina is absent in CAV
because of allograft denervation, annual screening is
recommended.

The International Society of Heart and Lung Transplanta-
tion Guidelines for the care of HT recipients recommend pe-
riodic invasive coronary angiography for at least the first 3 to
5 years after transplantation [15]. As this is an invasive test,
some centers monitor patients with noninvasive testing, but
this strategy may be suboptimal because of the lower sensitiv-
ity for the detection of early CAV [16].

Related to this, McArdle et al. [17] studied 140 patients
with previous HT (81 % men; median age 62 years; median
follow-up 18.2 months) who were included after a
dipyridamole rubidium-82 (82Rb) PET. There were 14 events
during follow-up (nine deaths, one acute coronary syndrome,
and four HF admissions). In addition to baseline clinical var-
iables (estimated glomerular filtration rate, previously docu-
mented CAV), relative perfusion defects, mean MFR, and

mean stress MBF were significant predictors of adverse
outcome.

On univariable Cox modeling, the PET parameters signif-
icantly associated with adverse outcomes were summed stress
score (SSS) (HR 1.19; 95%CI 1.07–1.23), summed rest score
(SRS) (HR 1.3; 95 % CI 1.13–1.51), mean stress MBF (HR
0.04; 95 % CI 0.16–0.98), and MFR (HR 0.25; 95 % CI 0.1–
0.65). On survival analysis, patients with anMFR ≤1.75 had a
HR of 4.41 (95 % CI 1.53–12.73; p= 0.006) for adverse
events [17].

Targeting Molecular Inflammation

Imaging of cardiac sarcoidosis is nowadays a clinical applica-
tion of the inflammation-targeted molecular imaging. Sarcoid-
osis is a systemic granulomatous disease, whichmay affect the
heart in up to 40 % of cases, including congestive HF. Thus, it
is important to consider both accurate and early detection and
treatment of this disease.

Owing to overexpression of glucose transporters and over-
production of glycolytic enzymes in inflammatory cells in
cardiac sarcoidosis, inflammation is generally detectable by
fluordeoxyglucose (18F-FDG)-PET [18]. FDG-PETwith a fo-
cal, patchy myocardial uptake pattern can be considered as an
accurate tool for diagnosis of cardiac sarcoidosis, to monitor
treatment effect and progress in those with cardiac sarcoidosis
requiring treatment with corticosteroids, and also as guidance
for the biopsy [19, 20]. A meta-analysis of seven studies in-
cluding 164 patients with 18F-FDG-PET showed a sensitivity
of 89 % and a specificity of 78 % for the diagnosis of cardiac
sarcoidosis [21].

Another important and novel topic is molecular imaging of
myocardial infarction (MI). Jivrag et al. [22•] present a de-
tailed review which can be consulted, showing that while
current clinical imaging modalities allow the assessment of
anatomy, perfusion, function, and viability, they do not pro-
vide insights into specific biological processes. However, nov-
el noninvasive imaging methods, using targeted imaging
agents, allow imaging of the molecular processes underlying
the post-MI immune cell response and subsequent remodel-
ing. The possibility of imaging these immune processes at the
molecular level by using magnetic resonance imaging (MRI),
SPECT, and PET would enable risk stratification of patients
and provide additional information into potential targeted
therapies.

Coronary Vascular Function Assessment

Abnormal coronary flow reserve (CFR), an integrated mea-
sure of the hemodynamic effects of epicardial coronary ath-
erosclerosis and microvascular dysfunction/remodeling, fre-
quently appears in patients with DCM even in the presence
of angiographically normal coronary epicardial arteries and is
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associated with increased risk of adverse ventricular remodel-
ing independent of clinical severity of HF.

Majmudar et al. [23] quantified the CFR (stress/rest myo-
cardial blood flow) in 510 consecutive patients with rest
LVEF ≤45 % referred for rest/stress PET MPI to determine
the incremental value of assessing coronary vascular dysfunc-
tion among patients with ischemic (IDCM) and nonischemic
cardiomyopathy (NIDCM) at risk for adverse cardiovascular
outcomes. The primary endpoint was a composite of major
adverse cardiovascular events (MACE) including cardiac
death, HF hospitalization, late revascularization, and aborted
sudden cardiac death (SCD), with a median follow-up of
8.2 months. The authors found that the annualizedMACE rate
was 26.3 % and that the patients in the lowest two tertiles of
CFR (CFR≤1.65) experienced higher MACE rates than those
in the highest tertile (32.6 vs. 15.5 % per year, respectively,
p=0.004), irrespective of the etiology of DCM.

Contrary to IDCM, where abnormal CFR may be caused
by factors such as severity and distribution of epicardial cor-
onary lesions, extent of diffuse distal atherosclerosis, and mi-
crovascular dysfunction, the causes in NIDCM are not yet
well demonstrated. Mechanisms such as endothelial and auto-
nomic nervous system dysfunction, macrovascular and micro-
vascular obstruction, changes in myocardial capillary density,
and vascular remodeling and extravascular compressive
forces have been suggested as possible causes [23].

The authors point out that from a clinical point of view, it
would seem reasonable that patients with abnormal CFR and
exertional limitation may potentially benefit from vasodilators
already used in some patients with HF, such as nitrates or
hydralazine [23].

Hybrid Imaging

Cardiac multimodality (hybrid) imaging can be obtained from
a variety of techniques, such as nuclear medicine with SPECT
and PET, radiology with multislice computed tomography
(CT), and MRI, combined in order to provide functional and
morphological data to better characterize cardiovascular dis-
ease, mainly CAD. Prior et al. [24••] published a comprehen-
sive and up-to-date overview of multimodality imaging al-
ready in clinical use (including its application both for diag-
nosis and prognosis in IDCM and some data on cost-effective-
ness), as well as a combination of techniques with promising
or developing applications.

It would be interesting to point out a couple of aspects:

& The exact sequence in which to perform the SPECT and
computed tomography coronary angiography (CTCA)
studies is not still clearly established. Nevertheless, a con-
sensus exists that considers the pretest likelihood of CAD
as a way to manage it [25]. According to this, and given
the very high negative predictive value of CTCA, patients

with low pretest likelihood of CAD could first undergo
CTCA and stop further investigation if normal. If clearly
positive or doubtful for a coronary lesion, the patient
should undergo a SPECT (or PET) determination of func-
tional stenosis significance. If the pretest probability of
CAD is higher or if the patient has known CAD, a SPECT
would be performed first. According to the authors [25], if
revascularization, either by percutaneous coronary inter-
vention (PCI) or coronary artery bypass graft (CABG), is
considered in the presence of multivessel disease, a CTCA
would be performed. Nevertheless, specifically in this last
clinical situation, in our experience and considering the
need to reduce radiation dose, an ICAwould be preferable,
because cardiovascular surgeons and interventional cardi-
ologists will ask for the anatomical information of ICA
and not for the CCTA to decide about revascularization.

& The utility of hybrid nuclear imaging with PET-CT is well
recognized in oncology, but in cardiology, its utility is less
established and clear recommendations have not yet been
implemented into guidelines, apart from a position state-
ment on the use of hybrid imaging in patients with known
or suspected CAD [25].

& It may be considered that hybrid imaging may be useful in
IDCM evaluation as a gatekeeper to ICA. Ongoing
(EVINCI, SPARC) and future large, multicentric studies
will address the cost efficiency and accuracy of this ap-
proach, as well as the complementarity of the different
hybrid imaging pathways to help clinicians to optimize
patient care. Importantly, the need for radiation dose re-
duction should be kept in mind, as new technologies
evolve.

In summary, gated-SPECTor PETMPI, alone or combined
with anatomical information in hybrid imaging, is valuable to
better characterize and follow HF patients.

Phase Analysis. Intraventricular Synchronism
Assessment

Utilization in Cardiac Resynchronization Therapy

Patients with refractory HF in spite of optimal medical thera-
py, with LVEF <35 % and QRS duration ≥120 ms on surface
electrocardiogram, have improved clinically as a result of car-
diac resynchronization therapy (CRT). Nevertheless, nowa-
days, nearly one third of patients with CRT still fail to show
clinical benefit. The causes may be multifactorial, but one of
the most important is the improper LV lead placement (failure
to properly take into account the relationship among LV pac-
ing lead position, the site of the latest electromechanical acti-
vation, and the presence of viable tissue in case of ischemic
patients) [26, 27].
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Thus, different imaging techniques such as echocardiogra-
phy, cardiac MRI, cardiac CT, and nuclear cardiology tech-
niques have been used to better understand these causes and to
help determine which patients will respond or not to this ex-
pensive therapy.

Specifically in the case of nuclear techniques, for assess-
ment of interventricular and intraventricular synchronism, ra-
dionuclide angiography (RNA) [28, 29] and SPECT gated
blood pool [30] have been applied.

More recently and considering that MPI with either
SPECT or PET is ideally suited for differentiating
hypoperfused scarred from viable myocardium, as well
as the fact that these modalities also allow the assessment
of LV function and regional and global dyssynchrony, new
softwares have been developed that permit the evaluation
of intraventricular synchronism. Those softwares use
phase-derived standard deviation (PSD) and histogram
bandwidth (HBW) as the indices to assess intraventricular
synchronism [31], both in ischemic and nonischemic
DCM patients prior to CRT.

Although several prior studies of dyssynchrony mea-
sured by gated-SPECT MPI have used discrete threshold
values of normality [32], neither the prognostic value of
the measures of mechanical dyssynchrony has been
completely studied nor is it demonstrated that there is a
threshold below which adverse events are unlikely to oc-
cur. Hess et al. [33] studied 1244 patients (68.7 % male,
median age 64 years, 24.7 % with HF), the largest sample
size with the longest follow-up period to date. The authors
showed that such a threshold does not seem to exist
among patients with CAD and that the likelihood of
events is related to the degree of dyssynchrony in a con-
tinuous way. However, as the authors acknowledge, for
developing and implementing predictive tools in a clinical
setting, discrete cutoff values would need to be selected,
taking into consideration the expected event rate and time
frame. Their data, in accordance with other authors [34,
35] support the picture of dyssynchrony representing dis-
eased myocardium. Thus, while dyssynchrony on a con-
tinuous scale can be considered useful for prognostic pur-
poses, for clinical decision-making, cutoffs are generally
more helpful.

Samad et al. [36] showed, in a population of patients with
CAD referred for SPECT MPI, that reduced LVEF, increased
QRS duration, and severity and extent of myocardial scar on
SPECT MPI are independent predictors of mechanical
dyssynchrony. Recently, it has been shown that phase-
derived synchronism indices between rest and 1-h poststress
acquisitions are similar [37]. Although it has also been shown
that an earlier acquisition, as in the case of thallium-201
(201Tl), can detect some difference between rest and stress
phase-derived synchronism [38], there is not yet enough in-
formation as to whether an earlier poststress acquisition using

technetium-labeled compounds would modify these indices in
CAD patients.

Chen et al. [38], using gated-SPECT MPI with 201Tl, that
allows the acquisition of images at 5–10 min after peak stress
showed that in the group with ischemia, LV dyssynchrony
was significantly greater during stress than during rest.

In this respect, it is important to point out that wall motion,
LVEF, and synchronism data are derived from the gated im-
ages acquired at the time of imaging and not from the images
acquired at the time of the radiotracer injection, as in the case
of perfusion data.

With the objective of assessing gated-SPECT in the predic-
tion of CRT in nonischemic DCM, Chetan et al. [39] studied
32 patients (23 men, age 57.5±12.1 years, mean QRS dura-
tion 150.3±18.2ms) with severe HF, at baseline and 3months
after CRT implantation. At 3-month follow-up, 22 patients
responded to CRTwith improvement in NYHA class by more
than 1 class and in LVEF by more than 5 %. Responders had
significantly larger PSD (63.6±16.6° vs. 38.7± 12.7°) and
HBW (214.8 ± 63.9° vs. 110.2 ± 43.5°) than the nonre-
sponders. Receiver operating characteristic curve analysis
demonstrated 86 % sensitivity and 80 % specificity at a cutoff
value of 43° for PSD, as well as 86 % sensitivity and 80 %
specificity at a cutoff value of 128° for HBW in the prediction
of response to CRT. Thus, although the sample was small and
no comparison with ischemic DCM was made, baseline PSD
and HBW were useful for prediction of response to CRT.

It has been shown that the anatomic position of the LV lead
has a marked influence on the clinical response to CRT [40].
The lateral or posterolateral branches of the coronary sinus
have frequently contributed to the restoration of the coordinat-
ed myocardial contraction if they are used to implant the stim-
ulation electrode [40]. Not only is the anatomical approach
important but also the placement of the electrode in the latest
viable contracting segment. When the LV lead is positioned in
areas with transmural myocardial scar, the outcome is not
favorable [41, 42]. Figures 2, 3, 4, and 5 show the perfusion,
LV function, and intraventricular synchronism data of a pa-
tient pre- and 6 months post-CRT.

Given that changes in LV lead position of as little as 20mm
could affect the response to CRT, Zhou et al. [43] have devel-
oped a three-dimensional (3D) fusion tool kit to integrate LV
venous anatomy on fluoroscopy venograms with LVepicardi-
al surface on SPECT MPI for guiding CRT LV lead place-
ment. Major LV veins were manually identified on fluoro-
scopic venograms and automatically reconstructed into a 3D
anatomy. The 3D LV epicardial surface was extracted from
SPECT MPI. The authors then developed a SPECT-vein fu-
sion (geometric alignment, landmark-based registration, and
vessel-surface overlay) to fuse the 3D venous anatomy with
the epicardial surface.

The accuracy of this tool was evaluated using CT
venograms, and the locations of the fluoroscopic and CT veins
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on the SPECT epicardial surfaces were compared using abso-
lute distances on SPECT short-axis slice and the 17-segment
model, obtaining a good agreement: kappa value of 0.87
(95 % CI 0.82 to 0.93). Nevertheless, the sample was very
small and the real effect of this method on the clinical response
to CRT needs to be confirmed with further investigation in
prospective trials.

Another approach to assess the response to CRT
using nuclear imaging techniques was developed by
Lalonde et al. [30], with two main objectives: first, to
determine whether lateral wall amplitude obtained by
SPECT RNA could serve as a surrogate marker for scar
in predicting response to CRT, and second, to determine
the correlation between amplitude in the lateral wall as

assessed by SPECT RNA and lateral wall scar as
assessed by FDG PET imaging. They studied 49 pa-
tients pre-CRT (LVEF <35 %, QRS> 120 ms, NYHA
class II or III, 27 ischemic and 22 nonischemic) and
found that lateral wall amplitude-based parameters ob-
tained from SPECT RNA phase analysis had an overall
accuracy in predicting CRT response in ischemic pa-
tients that was not significantly different from that pre-
dicted by PET lateral wall scar parameters. A significant
correlation existed between amplitude size and scar size
in the lateral wall, with an r= 0.51 (r= 0.64 for ischemic
patients) which suggested that amplitude may provide
complementary information in order to identify CRT
responders.

Fig. 2 Gated-SPECT perfusion image of a patient with nonischemic dilated cardiomyopathy. In each pair of lines, the top line represents the baseline
study, and the bottom line represents the follow-up after cardiac resynchronization therapy (6 months)
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In a recently published editorial, Borges-Neto et al. [34]
discuss the value of different imaging techniques for assessing
LV synchronism. A modified practical algorithm based on
their proposal is presented in Fig. 6.

Phase analysis is nowadays a useful and valuable tool for
assessing LV synchronism in gated-SPECT MPI. The new
developments in softwares that offer the contraction onset
information for segments and permit the combination of the
anatomical information of coronary veins represent a consid-
erable added value and may help to better characterize CRT
responders.

Utilization in Heart Failure Assessment

Some articles have been published on the use of intraventric-
ular assessment by phase analysis in HF patients, including its

use with PET [36, 44, 45]. However, there is a lack of studies
designed to assess both perfusion defects extension and out-
comes in cardiomyopathy (mainly nonischemic) by nuclear
imaging, as well as to assess the value of dyssynchrony indi-
ces by phase analysis, such as PSD and HBW, for prognostic
purposes in HF patients.

With the aim of evaluating the ability of rest gated-SPECT
MPI and intraventricular synchronism to identify HF patients
most likely to experience cardiac events, we studied 165 pa-
tients with LVEF <40 %, who were divided into two groups
according to the diagnosis of CAD or not. Ischemic patients
had more dyssynchrony: PSD was 70±19 (ischemic) versus
59±21° (nonischemic), p=0.016. The HBW showed no sig-
nificant differences. Forty-four of 114 patients (39 %) showed
some kind of event during the follow-up. The more frequent
events were HF progression (13 %) and acute coronary

Fig. 3 Gated-SPECT function image of the same patient of Fig. 2. Severe systolic dysfunction at rest (LVEF= 25%) appears at the baseline study (top).
There is a marked improvement at 6 months after cardiac resynchronization therapy (LVEF= 42 %) (bottom)
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syndrome (11 %). The highest odds ratios (OR) for prediction
of events were 1.91 (PSD), 1.66 (ischemic etiology), and 1.55
(summed rest score) [46].

The fact that dyssynchrony had the highest OR among our
cases and that the ischemic and more asynchronic patients
showed more events during follow-up is interesting and re-
quires further investigation. Phase SD reflects dispersion of
mechanical contraction and includes postsystolic contraction.
The mechanical dispersion may be a representation of the scar

tissue scatter within the myocardium, as well as a substrate for
arrhythmia and sudden cardiac death (SCD) [47]. Thus, this
could be an explanation for the number of episodes of arrhyth-
mia and cardiac deaths found in our group (almost 50% of the
total of events reported).

After ST-elevation MI, Murrow et al. [48] showed by
gated-SPECT phase analysis that patients had mechanical
dyssynchrony but no evidence of electrical dyssynchrony;
6 months later, however, the improvement observed in

Fig. 4 Phase-derived intraventricular synchronism assessment in the
same patient of Fig. 2 (baseline study). It shows a marked
dyssynchrony (phase standard deviation 71°, and histogram bandwidth

293°). Values of the intraventricular synchronism analysis of this patient
are shown in the upper part of the table included in the figure. The normal
values for a male patient are shown at the bottom
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mechanical dyssynchrony correlated with beneficial ventricu-
lar remodeling, showing a reduction in end-systolic volume.
Nevertheless, the full predictive value of this measure war-
rants further research.

In a group of 486 patients with ischemic cardiomyopathy
and QRS <120ms studied by 82Rb-gated PET, AlJaroudi et al.
[45] found that LVmechanical dyssynchrony was an indepen-
dent predictor of all-cause mortality with an incremental value
beyond traditional risks, including LVEF.

LV mechanical dyssynchrony measured by phase analysis
was associated with poor prognosis in patients with ischemic
cardiomyopathy and LVEF ≤35 %, in patients with LVEF
≤40 % who have an implantable cardioverter defibrillator
(ICD), and in those with end-stage renal disease [49].

In a recent study, Goldberg et al. [50] retrospectively eval-
uated the prognostic value of LVmechanical dyssynchrony by
phase analysis in 324 patients (age 62±13 years, 62 % male,
36 % diabetics), with LVEF 35–50 %, QRS<150 ms, and

Fig. 5 Phase-derived intraventricular synchronism assessment in the
same patient of Fig. 2, 6 months after cardiac resynchronization
therapy. It shows a marked improvement compared to the baseline
study (phase standard deviation 23°, and histogram bandwidth 71°).

Values of the intraventricular synchronism analysis of this patient are
shown in the upper part of the table included in the figure. The normal
values for a male patient are shown at the bottom
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nonischemic cardiomyopathy who underwent MPI for clinical
indications and were followed up for 4.7±2.3 years.

Eighty-six patients (26.5 %) died during the follow-up.
These patients were older, more frequently diabetic, and treat-
ed with diuretics, with wider QRS duration, and with a trend
for higher PSD and HBW. After adjusting for age, hyperten-
sion, diabetes, aspirin, beta-blockers, diuretics, QRS, and
LVEF, PSD was an independent predictor of all-cause mortal-
ity with hazard ratio [95 % CI] 1.97 [1.06,3.66] for the highest
tertile and added incremental prognostic value (p=0.025).
Similar findings were obtained using HBW.

On the other hand, to assess the value of a stress–rest pro-
tocol gated-SPECT MPI for identifying patients with symp-
tomatic HF likely to suffer adverse cardiac events, we studied
52 patients (mean age 59±9 years; 62 % women, 41 ischemic
and 11 nonischemic) with functional capacity II–III NYHA
and LVEF <40 %, who were followed over 36 months for
adverse cardiac effects. Perfusion summed scores were signif-
icantly different between the ischemic and nonischemic
groups, while no differences were found in ventricular func-
tion, although ΔLVEF (poststress-rest LVEF) was slightly
lower in those who were ischemic. Dyssynchrony was greater
in ischemic patients than in those nonischemic, primarily dur-
ing stress: PSD 64.45±19.8 vs. 47±11.69 and HBW 213.6
±56.69 vs. 149.9±49.17 (p<0.01). The only variable that
showed a possible association with the occurrence of adverse
events was <five METs achieved on the stress test (p=0.03),
while resting PSD showed a tendency toward association
(p=0.05) [51].

In an analysis of the 917 HF patients from the ADMIRE-
HF study [52], mechanical dyssynchrony was independently
associated with potential SCD events. Additionally, patients
with potential SCD events had significantly wider PSD than
matched control patients (62.3±2.4° vs. 55.5±2.3°, p=0.03).

Nevertheless, the utility and applicability of such findings
both in ischemic and nonischemic DCM in clinical practice
need further evaluation in larger and prospective studies.

Cardiac Sympathetic Innervation

Neuronal dysfunction plays a pathophysiologic role in the HF
progression. In the early stages of HF, the neurohormonal
activation is considered a compensatory mechanism helping
to restore the cardiac output, but in the long term, it will cause
progression of the disease, leading to adverse outcomes such
as ventricular remodeling, lethal ventricular arrhythmias, and
SCD [53, 54, 55•].

Some norepinephrine analogues have been developed both
for SPECTand PET imaging to evaluate the upregulated sym-
pathetic nervous system and its effect on the myocardium of
patients with HF [56]. The most commonly used are 123I-
MIBG for SPECT and 11C-metahydroxyephedrine for PET.
Their potential uses include the following: to estimate HF
severity and prognosis, both for ischemic and nonischemic
DCM, to assess the response to medical therapies used to treat
HF, including angiotensin-converting-enzyme inhibitors, an-
giotensin receptor blockers, betablockers, and aldosterone in-
hibitors [57, 58], and to document regional denervation for
arrhythmic event and SCD risk assessment [59–61], which
may assist in the selection of patients for ICDs to better target
this device.

In addition, it has been postulated that hyperemic myocar-
dial blood flow is independently associated with cardiac sym-
pathetic innervation in noninfarcted remote myocardium in
patients with both ischemic and nonischemic DCM, suggest-
ing that microvascular dysfunction might be a factor related to
sympathetic nerve integrity in noninfarcted myocardium [62].

The AdreView Myocardial Imaging for Risk Evaluation in
Heart Failure (ADMIRE-HF) trial was designed to identify
patients with HF who are most likely to experience cardiac
events, by prospectively monitoring 961 subjects with HF at
96 centers in the USA, Canada, and Europe after 123I-MIBG
imaging [55•]. Patients had NYHA class II or III, a LVEF
≤35 %, were being treated with guideline-based HF therapies
and were monitored for up to 2 years. The results showed that
the risk of cardiac events (a composite of time to cardiac death,
life-threatening arrhythmic event, or NYHA functional class
progression) was significantly lower for patients with an H/M
ratio ≥1.6 than for those with an H/M ratio <1.6 (hazard ratio
0.40; 97.5 % CI 0.25–0.64; p<0.001).

Fig. 6 Practical algorithm to evaluate patients prior to cardiac
resynchronization therapy with gated-SPECT MPI. Modified from
Borges-Neto, Samad Z (ref 34). CRT cardiac resynchronization therapy,
DCM dilated cardiomyopathy, LV left ventricle, LVEF left ventricular
ejection fraction, MPI myocardial perfusion imaging
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In spite of the research published to date, many gaps still
remain regarding the adequate lethal arrhythmias risk estima-
tion. For instance, Al Badarin et al. [63] developed a risk score
for the arrhythmic events that would be most directly affected
by an ICD and identified a low-risk group of 153 patients in
whom only three events occurred (2 % event rate estimate),
but although it could be Bunderstandable^ that with a 2 %
event rate, an ICD might not be necessary, even a risk of
2 % may not be low enough to rule out the potential benefit
of an ICD if the possibility of avoiding an SCD is considered.

On the other hand, Wessler et al. [64] believe that it is more
important to consider the confidence intervals around the
point estimate, which makes the risk higher, than to take into
account point estimates of risk in a studied population. Thus,
although assessment of the sympathetic nervous system from
a clinical point of viewmay be a logical next step in stratifying
SCD patient risk, prospective randomized trials will be re-
quired before risk stratification can become a mainstream
strategy.

It is important to point out that although the regional as-
sessment of 123I-MIBG distribution may be useful for the
detection of localized denervation (as for detecting viable
but denervated or injured myocardial tissue in CAD evalua-
tion), it seems to be supplementary to the global assessment of
123I-MIBG activity in HF.

In general, it is well established that the most important
parameters to report are the global cardiac innervation (mea-
sured by the delayed H/M ratio) and the sympathetic tone
(measured by the washout rate) [1]. However, there are large
variations in H/M ratios, depending on the scintillation cam-
era, collimator, administration dose, specific activity of 123I-
MIBG, and imaging protocol. High-energy photons in 123I,
for instance, result in numeric differences in measurements
from low energy (LE)- and medium energy (ME)-collimated
images. Thus, to consider a low-risk vs. high-risk assessment
with an H/M ratio, threshold might result questionable.

To help standardize this, Nakajima et al. propose a calibra-
tion phantom method to cross-calibrate H/M ratios among
institutions (225 experiments in 84 hospitals) [65]. The stan-
dardization of the H/M ratio significantly improved risk clas-
sification on the basis of the H/M ratio either with LE or ME
collimators, suggesting that low-risk patients should be ob-
served, those at medium-risk should be managed with optimal
medical treatment, and in those at high-risk, a cardiac device
should be considered [58, 65].

Verschure et al. [66], in a meta-analysis using the data of
636 chronic HF patients (78 % male, mean LVEF 31.1
±12.5 %), showed the intermediate to long-term (mean 36.9
±20.1 months) prognostic value of cardiac sympathetic activ-
ity as assessed with cardiac 123I-MIBG-derived late H/M, tak-
ing into account all-cause mortality, cardiac mortality, arrhyth-
mic events, and HT as endpoints. During follow-up, there
were 83 deaths, 67 cardiac deaths, 33 arrhythmic events, and

56 HT. In univariate regression analysis, late H/M was a sig-
nificant predictor for all event categories, but in multivariate
analysis, it was an independent predictor for all event catego-
ries, except for arrhythmias.

Considering that myocardial contractile function is un-
der the control of cardiac sympathetic activity, Leosco
et al. [67] prospectively studied 75 patients with systolic
HF, to explore the relationship between LV deformation
assessed by three-dimensional speckle tracking echocardi-
ography (3D-STE), and cardiac sympathetic derangement
evaluated by 123I-MIBG imaging. The authors found that
3D-STE measurements correlated with 123I-MIBG planar
and SPECT data in patients with ischemic HF. Further-
more, they concluded that 3D-STE area and radial strain
values, but not LVEF, predict cardiac sympathetic impair-
ment in postischemic HF.

The Japanese Circulation Society, considering the experi-
ence Japanese groups already have with 123I-MIBG, has pre-
pared some recommendations for 123I-MIBG sympathetic im-
aging [68] that summarize the current clinical experience (see
Table 1).

Abdulghani et al. [69] developed an arrhythmia-specific
757-segment analysis that can be used for 123I-MIBG evalua-
tion, and these segments can be defined quantitatively to dis-
tinguish between denervated, transition, and normal zones.

They studied patients before and after ablation of drug-
refractory ventricular tachycardia (VT) and found that patients
with ischemic DCM had a larger area of abnormal innervation
than the nonischemic. Patients with VT recurrence had a near-
ly twofold larger area of abnormal innervation than patients
without VT recurrence. Loss of sympathetic innervation is
regional and heterogeneous, which may limit the usefulness
of global parameters. Thus, VT ablation did not result in a
change in global innervation, but only at the segmental inner-
vation level.

It is convenient to remember that the current 17-segment
model was designed with the coronary artery distribution in
mind, but in this study, the authors applied a novel, arrhyth-
mia-specific, 757-segment model of cardiac sympathetic in-
nervation, which resulted in a low interobserver and
intraobserver variability.

Patients with HF are at increased risk for LV dyssynchrony
which is associated with SCD. More recently, cardiac 123I-
MIBG activity was shown to be closely and independently
associated with mechanical dyssynchrony [52]. Of the 917
patients with HF and reduced LVEF in ADMIRE-HF, 92 ex-
perienced adjudicated potential SCD events during a 17-
month median follow-up. From these, 23 had SCD, five had
fatal myocardial infarction, seven a resuscitated cardiac arrest,
46 had appropriate ICD therapy, and 11 had sustained VT.
Patients who experienced potential SCD events had signifi-
cantly wider PSD than matched control patients (62.3±2.48°
vs. 55.5±2.38°, p=0.03). Fewer patients with potential SCD
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events (6 vs. 15 % of the controls, p=0.08) had a 123I-MIBG
H/M uptake-ratio ≥1.6.

According to Borgquist et al. [70], the major challenges in
risk stratification for SCD include the accurate identification
of patients with a low LVEF who are at a low risk for arrhyth-
mias and who may not need an ICD, as well as to identify
those at high risk with an LVEF ≥35 % who may benefit from
an ICD. Thus, understanding the sympathetic nervous system
seems to be a good next step in stratifying patient risk, but
prospective randomized trials will be required.

To Use SPECT or PET?

Although PET imaging has superior quantitative capabilities,
123I-MIBG SPECT is, for the near future, the only widely
available nuclear imaging test for evaluating regional myocar-
dial sympathetic innervation.

Regarding assessment of 123I-MIBG SPECT and MPI
SPECT findings, three possibilities for imaging reporting
can be considered: both normal, both similarly abnormal
(matched defects), or 123I-MIBG SPECT defect more severe
than MPI SPECT defect (mismatched defects, where the per-
fusion defect can be ischemia or necrosis).

Dimitriu-Leen et al. [59] published an interesting review
of this topic: Given that the heart’s sympathetic nerve fibers
are located in the subepicardium parallel to the vascular
structures, penetrating the underlying myocardium, one
cause of the difference in defect size may be that the neural
tissue has a greater sensitivity to hypoxia and a longer
recovery time than myocardial fibers. This can be associat-
ed with depolarization abnormalities and ventricular tachy-
arrhythmias. In other words, the larger the extent of the
123I-MIBG SPECT abnormality, the higher the likelihood
of ventricular tachyarrhythmia.

Some evidence has been published suggesting that quanti-
tative characterization of myocardial transition zones between
normal and infarcted or denervated myocardiummay comple-
ment the information offered by the localization and extent of
the innervation–perfusion mismatch [71–73]. For instance,
Zhou et al., in a quantitative analysis of the MPI scar extent,
border zone extent, and 123I-MIBG uptake in the border zone,
found that the best prediction accuracy for VT inducibility was
achieved with the 123I-MIBG uptake in the border zone (area
under the receiver operating characteristic curve: 0.78) [71].

On the other hand, Verberne et al., after reinterpreting the
results of 123I-MIBG and MPI SPECT studies from the
ADMIRE-HF trial, showed that patients with HF and an in-
termediate severity of total defect scores (14–28 of a possible
maximum of 68) had higher arrhythmic event rates than those
with more severe defects [73].

In another analysis, global denervation (≥9 abnormal 123I-
MIBG segments considering the standard 17-segment map)
was associated with the highest cardiac mortality in both pa-
tients with ischemic and nonischemic HF. In patients with
ischemic HF, mortality risk was highest among those with
3–7 rest MPI segmental defects, while in those with
nonischemic HF, the highest risk was associated with nearly
normal rest MPI studies (0–3 segmental defects) [74].

Thus, it is important to point out that further research in
quantitative analysis of 123I-MIBG SPECT techniques is of
crucial interest to identify arrhythmic event risk and guide
therapy accordingly.

Recently, Clements et al. [75] published a paper where
quantitative MIBG myocardial SPECT analysis methods,
alone and in conjunction with 99mTc-tetrofosmin perfusion
MPI, were adapted from previously validated techniques for
the analysis of SPECT and PET MPI. Extent and severity of
voxel-based defects and number of myocardial segments with
significant dysinnervation were determined. MIBG/99mTc-
tetrofosmin mismatch was quantified using regions with pre-
served innervation as the reference for scaling 99mTc-
tetrofosmin voxel maps. Quantification techniques were test-
ed on studies of 619 ischemic and 319 nonischemic HF sub-
jects. Ischemic patients showed significantly greater and more
severe MIBG SPECT abnormalities compared with
nonischemic patients. Innervation/perfusion mismatches were
also larger in ischemic patients. Findings were consistent be-
tween voxel- and myocardial-segment-based quantitation
methods. This represents an important tool to better under-
stand the relationship between cardiac innervation and myo-
cardial perfusion, to help to personalize clinical management.

The recent introduction of new solid-state cardiac nuclear
cameras offers advantages for 123I-MIBG SPECT imaging,
including better energy discrimination and temporal resolu-
tion, as well as the opportunity to obtain true dynamic SPECT
data using a list-mode acquisition, analogous to that used in
PET. In an initial clinical experience, Gimelli et al. reported
that patients with LV dysfunction had higher 123I-MIBG
summed defect scores than those with normal function [76].

Table 1 Recommendations for
123I-MIBG sympathetic imaging
according to Japanese circulation
society’s guidelines

Indication Recommendation Level of evidence

Assessment of severity of HF and prognosis for patients with HF I B

Assessment of effects of HF treatment IIa C

Arrhythmogenic disease IIb C
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Conclusions

In summary, nuclear techniques are able to provide detailed
information about myocardial perfusion, LV function, and in-
traventricular LV synchronism. Gated-SPECT or PET MPI is
a validated tool for diagnosis and prognosis. Quantification in
the case of phase-derived LV intraventricular synchronism
(the last contracting segment), and new softwares to combine
anatomical information (coronary veins) and synchronism pa-
rameters can help to better detect those CRT responders. Nu-
clear imaging is the only noninvasive test capable of providing
information on cardiac adrenergic innervation, but it still has
some limitations and needs further investigation. Nonetheless,
its potential to stratify patients at risk for sudden cardiac death
may constitute a valuable tool to assess patients prior to an
ICD implantation.
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