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Cardiac sympathetic activity plays a key role in supporting cardiac function in both health and disease conditions, and nuclear cardiac imag-
ing has always represented the only way for the non-invasive evaluation of the functional integrity of cardiac sympathetic terminals, mainly
through the use of radiopharmaceuticals that are analogues of norepinephrine and, in particular, with the use of 123I-mIBG imaging. This
technique demonstrates the presence of cardiac sympathetic dysfunction in different cardiac pathologies, linking the severity of sympathet-
ic nervous system impairment to adverse patient’s prognosis. This article will outline the state-of-the-art of cardiac 123I-mIBG imaging and
define the value and clinical applications in the different fields of cardiovascular diseases.
...................................................................................................................................................................................................
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Introduction

Cardiac sympathetic activity plays a key role in supporting cardiac
function in both health and disease conditions, a mechanism operated
by released norepinephrine (NE),1–3 the physiological neurotransmit-
ter binding alpha- and beta-adrenoceptors and undergoing reuptake
by presynaptic (uptake 1) and extra-neuronal transporters (uptake
2).4 While these mechanisms ensure an optimal NE turnover at a
normal neuronal stimulation, they cannot compensate NE overflow
at high and prolonged stimulation frequencies. This will lead to diffuse
functional denervation due to post-synaptic receptor down-

regulation and enhanced NE spillover by pre-synaptic re-uptake
mechanisms in patients with chronic heart failure (CHF) leads.3–6 On
the other hand, in patients with ischaemic heart disease (IHD) dis-
crete regions of anatomical myocardial denervation are present, typ-
ically exceeding the extent of myocardial fibrosis and representing
ideal substrates for cardiac arrhythmogenicity.5,7 However, the evalu-
ation of cardiac sympathetic activity has been classically precluded by
the regionalization of sympathetic activity, but results obtained in
other body regions are difficult to extrapolate to the heart.

Nuclear cardiac imaging has always represented the only way for
the non-invasive evaluation of the functional integrity of cardiac
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sympathetic terminals, mainly through the use of radiopharmaceuti-
cals that are analogues of NE.6–8 In this context, 123I-mIBG (metaio-
dobenzilguanidine) imaging, a non-metabolized NE analogue
undergoing reuptake by the uptake-1 mechanism, represents the ref-
erence for the non-invasive evaluation of cardiac adrenergic nervous
function. This technique demonstrates the presence of cardiac sym-
pathetic dysfunction in different cardiac pathologies, linking the sever-
ity of sympathetic nervous system (SNS) impairment to adverse
patient’s prognosis. While planar acquisitions have been classically
used to evaluate global cardiac 123I-mIBG uptake, the current imaging
protocol should also include single-photon emission computed tom-
ography (SPECT) imaging that is able to evaluate the regional distri-
bution of the radiotracer. More recently, the introduction of
dedicated cardiac cameras, equipped with solid-state Cadmium–
Zinc–Telluride (CZT) detectors has offered the advantage of
repeated studies due to its low radiation exposure, while evaluating
at the same time the perfusion of the heart.9–11

This article will outline the state-of-the-art of cardiac 123I-mIBG
imaging and define the value and clinical applications in the different
fields of cardiovascular diseases.

General concepts of nuclear
imaging in the assessment of
cardiac sympathetic activity

Radionuclide imaging interrogates the handling of NE in presynaptic
sympathetic nerve terminals. Positron emission tomography (PET)
uses short-lived tracers, such as 11Carbon (11C)-hydroxyephedrine,
11C-epinephrine, S-[11C]CGP 12177, or more recently longer living
variants, such as 18Fluoride (18F)-LMI1195 or 18F-hydroxyphenetyl-
guanidine.12,13 It should be noted that the tracers differ in their affinity
to the NE transporter, vesicular storage and metabolism, and in their
flow-dependency, leading to distinct differences in their kinetics and
specificity. Yet, PET can be used to quantify the integrity of presynap-
tic nerve terminals in CHF by absolute means. The most commonly
used tracer, however, is the gamma-emitting agent 123I-mIBG, which
enables semi-quantitative planar scintigraphy and SPECT over a lon-
ger period of time.1 Using 123I-mIBG, several parameters can be
derived from planar images (Figure): i.e. the early and late heart-to-
mediastinum (H/M) ratio, derived 15 min and 4 h post-injection, both
considered to be markers of NE uptake. Of note, the 123I-mIBG
washout (WO) may then be obtained as a potential marker of NE
turnover/sympathetic tone (see formula).1

WO ¼ ðearly H=M� late H=MÞ
ðearly H=MÞ

� �
� 100

Despite the large number of studies on 123I-mIBG assessed cardiac
sympathetic activity in CHF, the lack of standardization in both acqui-
sition and semi-quantitative analysis between different institutions
may be a significant factor limiting wide scale clinical implementation.
Hence, technical considerations are important for standardized imag-
ing with 123I-mIBG. This particularly includes the choice of collimator.
In addition to the main photopeak of 159 keV, 123I emits also high-
energy photons. These high-energy photons may penetrate

collimator septa, degrade image quality and affect calculation of the
H/M ratio. The use of a medium energy (ME) collimator limits septum
penetration and is preferable to low energy (LE) collimators.2

However, ME collimators are not widely available and therefore LE
collimators are most often used. Collimator choice is one of the
most important factors causing variation in myocardial 123I-mIBG-
derived parameters.2 A part of this variation can be overcome by
assessing a phantom based conversion coefficient for each gamma
camera-collimator combination.3,4 This allows for conversion of vari-
ous conditions to standardized H/M ratios, and thereby, cross-
calibration enables a better comparison between institutions. Such
an approach may be of critical importance for identifying appropriate
thresholds to differentiate high- and low-risk CHF patients for future
applications.

Pros and cons of myocardial
innervation imaging: impact of
recent technological innovations

Despite solid prognostic evidence in favour of their implementation
in daily clinical routine, planar measures of cardiac sympathetic activ-
ity have remained somehow neglected, possibly due to the intrinsic
rudimentariness of the technique and the ability to provide only a glo-
bal evaluation of myocardial innervation.5–7

As a matter of fact, regional differences in myocardial 123I-mIBG
uptake may characterize specific cardiac pathologies, such as IHD and
left ventricular hypertrophy.7,14

Increasing evidence is available on the possibility to compare, by
the use of SPECT, cardiac sympathetic activity, and myocardial perfu-
sion on a regional basis,8 deriving indexes of myocardial innervation
that might be superior to the standard H/M ratio in predicting
morbidity.15

Accordingly, SPECT-derived measures of cardiac innervation cor-
relate with major indicators of myocardial (hypo)perfusion, contract-
ile (dys)function, and volume overload, possibly predicting adverse
cardiac events.9,16,17 Consequently, the tomographic evaluation of
cardiac sympathetic activity might be of additional value for clinical
stratification in selected subgroups of high-risk patients.

Nevertheless, the combined assessment of myocardial innervation
and perfusion has never gained wide clinical application, possibly due
to the high radiation exposure and long acquisition time of this inte-
grated imaging protocol. The use of new solid-state cardiac cameras
with CZT detectors, characterized by a higher photon sensitivity and
spatial resolution than standard cameras, could overcome these limi-
tations and allow the assessment of myocardial innervation and per-
fusion in a single imaging session and with a limited radiation
exposure, possibly guiding clinical decision-making.9,10

Recent data9,10 indicated that CZT-derived measures of myocar-
dial innervation heterogeneity (i.e. 123I-mIBG defect score and innerv-
ation/perfusion mismatch score) could better identify, if compared
with the classical planar indexes, patients at higher cardiovascular
risk.
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Myocardial innervation imaging in
patients with CHF

Patients with CHF present a condition of cardiac sympathetic hyper-
activity coupled with impaired post-synaptic beta-adrenoceptor de-
sensitization, impaired NE re-uptake and NE spillover.18 In the past
decade, cardiac 123I-mIBG scintigraphy has been shown to be useful
in prognostication of patients with CHF. Initially, numerous single-
centre and retrospective studies have demonstrated the prognostic
value of cardiac 123I-mIBG imaging in CHF patients.19–23 The
ADMIRE-HF study was the first large multicentre, prospective study
in CHF (n = 961), using a predefined late H/M ratio cut-off value of
1.6.5 The late H/M ratio was, independent of brain natriuretic peptide
(BNP) and left ventricular ejection fraction (LVEF), a predictor of the
composite endpoint and of each individual component of the com-
posite endpoint: progression of CHF, lethal ventricular tachycardia
(VT), and sudden cardiac death (SCD). A late H/M ratio >1.6 was
associated with incidence of 1% cardiac death per year. In contrast,
the annual cardiac mortality in those patients with a late H/M ratio
<1.2 was almost 10 times higher (9.6%).

Those results were reproduced by pooled analyses of independ-
ent studies, confirming the long-term prognostic value of 123I-mIBG
imaging in patients with CHF.24,25 However, a number of limitations
have prevented the implementation of planar 123I-mIBG scintigraphy
in daily clinical routine. First of all as a main reason, no real cut-off of
H/M ratio actually exists (i.e. <1.6).26 In fact, the H/M ratio shows a
continuous association with patients risk, and the different cut-off val-
ues proposed so far have only shown a modest accuracy in risk dis-
criminating.25 Interestingly, in contrast to the linear correlation
between late H/M ratio and prognosis, a ‘bell shaped’ curve was seen
for the late H/M ratio in relation to appropriated implantable cardi-
overter defibrillator (ICD) therapy. Patients with intermediate late H/
M ratio (range 1.40–2.10) were more likely to have appropriate ICD
therapy compared to patients with low and high late H/M ratios.
These findings are in line with previous findings of Agostini et al.19

showing arrhythmia in CHF patients with an intermediate late H/M
ratio (1.46–2.17) only. This suggests that the presumption of a mono-
tonic increase of arrhythmia with decreasing late H/M ratio may not
be correct and suggests that CHF patients with severe increased
impaired sympathetic activity probably die due to terminal HF rather
than arrhythmia. Incorporating 123I-mIBG scintigraphy into the assess-
ment of CHF patients eligible for ICD implantation may result in a re-
duction in ICD implantation of 21%.27 According to these
suggestions, the number needed to screen to prevent one ICD im-
plantation would be 5. Screening with 123I-mIBG scintigraphy could
reduce the costs per patient by 5500 and 13 431 US dollars over 2
and 10 years, respectively, with <1 day and 2 weeks of life lost over 2
and over 2 and 10 years, respectively.27 However, to date no pro-
spective evaluation of the prognostic impact of innervation parame-
ters on clinical decision-making and patient management has been
provided, with the recent ADMIRE-ICD (NCT02656329) study
interrupted prematurely because of low recruitment rate.

SPECT 123I-mIBG imaging has been proposed as a possible solution
to some of these limitations, providing information on the regional
heterogeneity of cardiac sympathetic activity that could improve the
diagnostic abilities of planar measures in identifying patients at risk of

adverse cardiac events. In fact, it has been demonstrated that a higher
123I-mIBG defect score on SPECT imaging is associated with a signifi-
cantly worse prognosis, particularly regarding arrhythmic events.15

Accordingly, based on current evidence, 123I-mIBG scintigraphy
might be of value in the risk stratification of patients with CHF, pos-
sibly contributing in identifying patients at increased risk that could
benefit from more aggressive therapeutic/invasive approaches,28 par-
ticularly in the case of patients currently excluded from prophylactic
ICD implantation (i.e. borderline EF impairment).29 Moreover, the
presence of a relatively preserved cardiac sympathetic tone might
help to postpone ICD implantation in patients with otherwise bor-
derline indication (i.e. non-ischaemic dilated cardiomyopathy with
LVEF 25–35%), in whom the benefit of ICD is disputed.30

Specific interest has been given to the evaluation of cardiac sympa-
thetic activity in patients eligible for cardiac resynchronization ther-
apy (CRT), showing that the degree of sympathetic impairment
predicted the magnitude of LV reverse remodelling and that the pres-
ence of sympathetic reserve (increase of late H/M ration short after
CRT implantation) could individuate positive responders to CRT.31–

33 However, whether multiparametric nuclear cardiac imaging, com-
prising the evaluation of perfusion, dyssynchrony (phase analysis),
and innervation, may help to individuate responders to CRT is still a
matter of investigation10,34 (Figure 1).

An additional field of interest could be the assessment of cardiac
sympathetic reinnervation following heart transplantation. In fact,
while cardiac denervation occurs immediately after a heart trans-
plantation, due to axial Wallerian degeneration of post-ganglionic
sympathetic nerve fibres, the extent of reinnervation if variable and
inhomogeneous.35 Specifically, reinnervation usually appears first in
the left ventricle followed by the sinus node region.36–38 Cardiac de-
nervation explains the abnormally elevated heart rate of heart trans-
plant recipients, as well as the compromised exercise capacity and
altered blood pressure control. On the other hand, an incoherent
reinnervation may increase the arrhythmic risk.35 Nuclear cardiac
imaging has been instrumental for clarifying the pathophysiology of
cardiac denervation/reinnervation after transplantation and may be
possibly used for advanced risk-stratification of such patients.39

Myocardial innervation imaging as
predictor of ventricular
arrhythmias

The evaluation of the integrity of cardiac sympathetic with 123I-mIBG
scintigraphy has been long proposed as a valuable method for the
stratification of patients at risk for ventricular arrhythmias (VA).5

However, despite the value of planar 123I-mIBG assessed myocardial
innervation for prediction of adverse outcome in CHF, no dedicated
randomized study has shown that outcome in 123I-mIBG-defined cat-
egories of patients at risk can be improved by a preventive interven-
tion, greatly in limiting the implementation of this technique in daily
clinical routine. Also, following technological improvements of nu-
clear cardiac imaging, the interest in 123I-mIBG scintigraphy has been
recently increasing, with reports showing its possible use in innova-
tive clinical scenarios.40 Specifically, the application of SPECT technol-
ogy to 123I-mIBG imaging has been instrumental in demonstrating the
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..causal link between increased regional 123I-mIBG heterogeneity and
arrhythmic risk. It is now well accepted that patients with the highest
arrhythmic risk, which could possibly benefit from an ICD implant-
ation, are not necessarily those with a homogeneously depressed
cardiac sympathetic activity (i.e. severely reduced H/M ratio), but ra-
ther patients showing a regionally jeopardized 123I-mIBG uptake that
may ultimately predispose to cardiac electrical instability.41 In add-
ition to that, consistent evidence suggests that denervated regions
having relatively preserved perfusion (the so-called innervation/
perfusion mismatch phenomenon) can represent a specific marker of
arrhythmic susceptibility, particularly in patients with IHD.16

Accordingly, the presence of areas of viable but denervated myocar-
dium located nearby scarred regions has been identified as a likely
source of VA and, as a consequence, an ideal site for targeted thera-
peutic intervention, such as endocavitary ablations42 (Figure 2).

Also, on PET, the presence of innervation/perfusion mismatch
resulted the major predictor of VA, typically co-localizing at the level
of the electrically unstable border-zone of a myocardial scar.43

Current data may support myocardial innervation imaging for the
stratification of patients at risk for VA, showing a causal role of in-
nervation/perfusion mismatch in cardiac arrhythmogenicity. In this

setting, after initial validation hybrid PET/MR evaluation, combining
the high-quality molecular imaging of PET with the insuperable tissue
characterization of MR,44,45 has been shown to further increase the
clinical value of molecular cardiac imaging, allowing a better charac-
terization of patients at risk for VA46,47 possibly candidate to invasive
procedures (i.e. cardiac ablations).

Myocardial innervation imaging in
patients with atrial fibrillation

Atrial fibrillation (AF) occurs when structural and/or electrophysio-
logical abnormalities alter atrial tissue to promote abnormal impulse
formation and/or propagation. A focal source in the pulmonary veins
(PVs) can trigger AF, and for this reason, pulmonary vein isolation
(PVI) represents the cornerstone technique for treating patients with
AF resistant to standard pharmacological therapies.48 However, the
success rate of the first AF ablation remains only� 60% at 1 year.49

More recently, interest has turned to the role of left atrium (LA)
innervation in the modulation of AF substrate. As a matter of fact, ex-
perimental and clinical studies have shown that the intrinsic cardiac

Figure 1 A patient with history of diabetes and recent onset of rest dyspnoea. Normal coronary anatomy. One episode of VT treated with DC
shock. The scintigraphic perfusion images show a homogenous perfusion. The innervation images (lower rows) reveal an extensive area of denerv-
ation involving the basal to mid-ventricular lateral and the basal inferior walls with relevant innervation/perfusion mismatch. At EP study located the
sites of origin of the arrhythmia at the level of the infero-lateral LV walls.
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autonomic nervous system plays an important role in the initiation
and maintenance of AF.

In fat pads on the atrial epicardium, large ‘nests’ of nerve cell bodies
form the so-called ganglionated plexi (GP) containing both sympa-
thetic and parasympathetic nerves. The GP can measure from 5 to
10 mm.50 Catheter ablation of GPs as an add-on to PVI or even in iso-
lation in patients with AF has been reported to improve clinical

outcomes by several investigators51,52 and the presence of residual
GP activity after PVI might predict likelihood of recurrence.53

The standard approach is to apply high-frequency stimulation
(HFS) to the presumed GP areas to induce their typical vagal reaction
(i.e. elicit AV block). As HFS has low specificity and sensitivity, is inva-
sive and time consuming, better methods for localization of GPs are
needed.

Figure 2 A patient with ischaemic heart disease and a previous myocardial infarction involving the circumflex coronary artery. 99mTc-
Tetrofosmine perfusion images (upper rows) show a mainly inferior-to-inferolateral myocardial scar. 123I-MIBG images (lower rows) show an evident
area of sympathetic denervation at the level of the necrotic myocardium (innervation/perfusion match) and another ample region of impaired sympa-
thetic tone at the level of the anterior, anteroseptal-to-apical LV segments despite a preserved perfusion (innervation/perfusion mismatch). Phase
analysis demonstrates the presence of significant LVD with the regions of more delayed activation localized at the level of the mismatched myocardial
regions. LVD: left ventricular dyssynchrony.
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.123I-mIBG imaging has been performed to assess patients with AF,
classically by imaging the indirect deleterious effect of AF on the firing
activity of LV sympathetic nervous terminals, showing the ability to
prognosticate patients with paroxysmal AF,54,55 predict the outcome
of PVI,56,57 and evaluate the patterns of denervation/reinnervation
after PVI.57,58 In patients with paroxysmal AF and without structural
heart disease, cardiac autonomic nervous system abnormality defined
as reduced late H/M ratio was a predictor of vascular events (i.e.
myocardial infarction, stroke, or heart failure) during a mean follow-
up of 4.5 years. Therefore, 123I-mIBG imaging in this group of patients
could support clinical risk stratification.54 However, more data of
multicentre studies are need to implement this strategy for clinical
purpose.

More recently, it has been proposed that the non-invasive evalu-
ation of LA innervation might identify the GPs areas as discrete up-
take areas (DUA) on the LA epicardial surface, potentially guiding
catheter ablation procedures.

According Stirrup et al.59 reported an initial experience of left-
atrial sympathetic innervation imaging with a solid-state SPECT. After
feasibility assessment, they described methods for image acquisition
and interpretation and thereafter present pilot data in patients with
AF, with assessment of inter- and intraobserver variability, inter-
study variability in sequential. Despite this pilot study comprised small
numbers, it underlines that GP size and distribution are highly individ-
ual and a simple anatomical approach to GP ablation may not achieve
complete results. The use of an individual GP localization by the use
of might allow safer and more time-efficient GP ablation.

Myocardial innervation imaging in
patients with amyloidosis

Cardiac amyloidosis (CA) is a form of restrictive cardiomyopathy
commonly resulting from deposition of misfolded immunoglobulin
light chain (AL) or transthyretin (ATTR) protein. ATTR has gained
increasing attention in recent years and can be divided into a heredi-
tary type (ATTRv) and a wild-type (ATTRwt). CA is an underesti-
mated cause of heart failure and potential risk on arrhythmia, due to
amyloid infiltration of the nerve conduction system and the myocar-
dial tissue,60,61 most commonly in ATTR CA, particularly ATTRv.62,63

The prognosis in this progressive disease is poor, probably due to the
development of arrhythmias. While AL CA patients less commonly
manifest autonomic dysfunction, it may develop as a complication of
AL amyloidosis treatment.64

Early detection of myocardial innervation disturbances has be-
come of major clinical interest, because its occurrence and severity
limit the choice of treatment. 123I-mIBG plays an important role in
evaluation of myocardial innervation in CA.63,65–67 However, 123I-
mIBG scintigraphy is not able to discriminate between CA subtypes
nor differentiate CA from other forms of cardiomyopathy.65,68 In
TTR mutation carriers, cardiac sympathetic denervation evidenced
by decreased 123I-mIBG uptake is detected earlier than amyloid bur-
den evidenced by bone scintigraphy.69 These results raise the possi-
bility of a diagnostic role for 123I-mIBG scintigraphy at an early stage
of cardiac involvement in TTR-mutated carriers, in addition to its
well-established prognostic value.

An overview of the imaging acquisition parameters and reporting
for 123I-mIBG is available in recently published expert consensus
document.70 The potential role of PET for myocardial innervation in
amyloidosis has not yet been identified. Prospective studies evaluating
the diagnostic and prognostic value of 123I-mIBG assessed myocardial
innervation in CA should be undertaken. Current treatments are tar-
geted at reducing the production of or stabilization of the precursor
protein of amyloid deposits, thereby aim to stop or slow down fur-
ther accumulation of amyloid.71,72 Molecular imaging, such as 123I-
mIBG, may be able to visualize regression of CA infiltration of the
nerve conduction system under these new treatment regimens, but
data are lacking at this moment.

Myocardial innervation imaging in
diabetic patients

Diabetes mellitus (DM) is a worldwide healthcare problem that is
largely the result of overweight and physical inactivity.73 Long-term
complications include microvascular- and macrovascular disease and
also cardiac autonomic neuropathy (CAN), a complication that is
proportional to the duration and magnitude of hyperglycaemia.74

CAN results from injury of the autonomic nerve fibres innervating
the heart and blood vessels, causing abnormalities in heart rate con-
trol and vascular dynamics. Major clinical manifestations of CAN are
orthostatic hypotension, impaired heart rate control, and silent myo-
cardial ischaemia, ultimately leading to increased arrhythmia suscepti-
bility.75,76 CAN has been classically demonstrated non-invasively by
assessing heart rate variability (HRV) and baroreflex sensitivity.75 In
particular, HRV can be tested simply by recording a Holter ECG
registry, evaluating the sympatico-vagal balance at the sinoatrial level,
and by measuring the difference in systolic blood pressure between
supine and upright position. Despite its prognostic value, the evalu-
ation of CAN by means of HRV is limited by its indirect nature and
the fact that it evaluates predominantly parasympathetic function,
mostly disregarding sympathetic contribution.76

Since the 90’s of the former century cardiac 123I-mIBG scintigraphy
has been used to assess diabetic CAN, generally diagnosing the pres-
ence of a reduced H/M ratio. It has been suggested that 123I-mIBG
scintigraphy may be more sensitive than HRV for the detection of
CAN in patients with DM77,78 and a better predictor for major car-
diac events, likely showing more precocious alterations of the auto-
nomic tone.

As in the case of HRV, also the H/M ratio provides only a measure
of global myocardial (dys)innervation, that may be ‘paradoxically’ pre-
served even in the presence of regional abnormalities. In this setting,
SPECT imaging is able to look at regional innervation, demonstrating
that the inferior wall and apex of the LV are more prone to show
impaired 123I-mIBG uptake,76 a condition that might revert after sus-
tained glycaemic control.79

Accordingly, since 123I-mIBG scintigraphy appears the most accur-
ate technique for the detection of CAN, it might be used for the early
risk stratification of DM patients, guiding intensive risk factors man-
agement even before the onset of micro- and macrovascular compli-
cations, and evaluating the effect of novel anti-diabetic drugs, such as
SGLT2 inhibitors.80
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Myocardial innervation imaging in
Takotsubo

Takotsubo cardiomyopathy (TTC) is a unique cardiac syndrome
characterized by the presence of transient left ventricular wall mo-
tion abnormalities without a culprit coronary lesion.81–83 In all cases,
a massive catecholamine release is observed.84 The precise patho-
physiological mechanism of TTC has not been completely elucidated.
Emotional, psychological, or physical stress is frequently, but not al-
ways present prior to the onset of TTC and may thus trigger the
onset of disease.85 It has been suggested that epinephrine-mediated
myocardial stunning in TTC is related to multiple coronary artery
spasm and impaired coronary microcirculation. Furthermore, epi-
nephrine seems to be an important factor in the pathophysiology. In
the acute phase of TCC plasma epinephrine levels are more elevated
compared with the acute phase of a myocardial infarction.84

Recently, nuclear studies were conducted at different phases dur-
ing the TTC time course.86,87 In the acute and subacute phases of
TTC, similar defects of 123I-mIBG and 18F-Fluorodeoxyglucose
uptake, despite only slightly reduced perfusion, have been demon-
strated in the dyskinetic LV segments. Subsequently, rapid normaliza-
tion of myocardial perfusion, and delayed recovery of both LV
glucose metabolism and sympathetic innervation, is observed. In a
prospective study, late? H/M ratio was compared in subacute and re-
covery phases of patients with TTC, showing a dysfunctional sympa-
thetic activity in the early phase that resolved with recovery.88 The
observed decreased cardiac 123I-mIBG uptake as expressed as H/M
ratio could be due to inhibited 123I-mIBG reuptake by high epineph-
rine levels in the synaptic cleft and/or down-regulation of the human
NE transport. Moreover, in a study based on an animal model by
Paur et al.89 proposed the hypothesis that the apical ballooning in
TTC is related to switching of epinephrine signalling. The data
showed that there is an increasing gradient of from base to apex in
rat and exposed to high levels of circulating epinephrine beta-2-
receptors signalling switch from positively inotropic beta-1-mediated
Gs stimulation (Gs) coupling to negative inotropic b2-dependent G-
inhibitor (Gi) coupling in the apex, resulting in apical ballooning.84,89

This hypothesis is based on the assumption that beta-2-receptors are
more expressed in the apical region than the basal area, even if, it is
unclear whether the human heart has a similar pattern of beta-2-
receptors gradient.

Myocardial innervation imaging in
neurodegenerative diseases

Increasing attention has been given recently on the use of myocardial
innervation imaging in the clinical characterization and differential
diagnosis of major neurodegenerative conditions. In particular, myo-
cardial 123I-mIBG uptake is reduced in patients with Lewy body dis-
eases such as Parkinson disease (PD) and dementia with Lewy
bodies,90,91 helping to differentiate these conditions to other types of
parkinsonism.92 Specifically, in patients with PD, 123I-mIBG scintig-
raphy may play a central role in the functional characterization of
patients, since a relatively preserved 123I-mIBG uptake identifies
patients with a small motor burden and a reduced myocardial 123I-

mIBG uptake is associated with a subsequent increased risk for the
wearing-off phenomenon.91

Innovations in the field of
myocardial innervation imaging:
the role of quantification

PET imaging has sufficient spatiotemporal resolution and well-
validated attenuation correction that allows for quantification of glo-
bal and regional abnormalities in cardiac sympathetic activity based
on tracer activity concentrations (Bq/mL) in the myocardium and
blood pool in dynamic datasets.93 Characterization of 11C-meta-
hydroxyephedrine ([11C]-mHED) kinetics is usually performed with
quantification of the tracer retention index that is defined as the ratio
of the activity in the myocardium in the late uptake image of a 40- or
60-min dynamic scan to the integral of the image-derived arterial
blood time-activity curve corrected for radiolabelled metabolites.93

Quantification of volume of distribution in myocardial tissue based
on compartment models can also be performed, but robustness of
compartmental modelling may be impaired by rapid kinetics of [11C]-
mHED.1,2,93,94 In patients with stable heart failure and reduced
ejection fraction, test–retest repeatability of global [11C]-mHED re-
tention index was 30% and regional defects (percentage of the left
ventricle myocardium with reduced [11C]-mHED uptake) 12%.2,94

In addition to [11C]-mHED, other 11C labelled PET tracers, such as
[11C]-epinephrine and [11C]-phenylephrine are available.3,93,95 These
tracers show differences to [11C]-mHED in their affinity to intra-
neuronal vesicular storage and metabolism. Combination of tracers
and pharmacologic challenge may provide mechanistic information
about differential effects of disease on anatomical nerve density as
well as functional changes in cellular catecholamine uptake, storage,
and metabolism.95,96

A limitation of tracers labelled with 11C is that due to short half-life
an onsite cyclotron is required for production, which has limited their
widespread use in the clinical setting. Tracers labelled with the posi-
tron emitter 18F have been introduced recently. [18F]-meta-fluoro-
benzylguanidine ([18F]-LMI1195) has similar kinetics to 123I-mIBG and
was well tolerated in a phase 1 clinical trial.97,98 Yet, approaches
for absolute quantification for this tracer have not yet been widely
established. Imaging properties of two other tracers, 18F-meta-
hydroxyphenethylguanidine and 3-[18F]fluoro-para-hydroxyphene-
thylguanidine, have been studied in healthy volunteers.99 Both tracers
provided myocardial images of high quality and, owing to slower up-
take kinetics when compared with 11C labelled NE analogues, they
offer the possibility for reproducible quantification of intraneuronal
retention by Patlak kinetic analysis.

The introduction of cardiac dedicated SPECT devices equipped
with cadmium-zinc-telluride (CZT) detectors has allowed evaluation
of regional myocardial 123I-mIBG kinetics in dynamic 3D data-
sets.100,101 Furthermore, improved spatial resolution of CZT SPECT
scanners may facilitate evaluation of regional 123I-mIBG uptake in
combination with myocardial perfusion.9,16 Yet, this approach
requires further validation and cross-comparison of clinical and prog-
nostic value to the current standard of semi-quantitative heart-medi-
astinum ratios from planar scans.
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..Future perspectives

The consistent improvement that has been taking place in nuclear
cardiac imaging in the last years, comprising innovations in both soft-
ware and hardware as well as the introduction of novel radiotracers,
has allowed a gradual revival of cardiac sympathetic innervation imag-
ing, with possible novel fields of applications.

Specifically, the combined evaluation of cardiac sympathetic in-
nervation and perfusion in the same imaging session allows the as-
sessment of cardiac innervation/perfusion mismatch, a parameter of
increased prognostic relevance that has proven valuable for the char-
acterization of patients with malignant ventricular arrhythmias candi-
date to ablation procedures.

In this setting, dedicated cardiac CZT cameras, with their increased
sensitivity and resolution, have represented a quantum leap in con-
ventional nuclear cardiology, allowing to couple a significant com-
pression of imaging times together with the possibility to perform
dynamic acquisitions, and hence the absolute quantification of data.

On the other hand, the recent introduction of 18-Fr-labelled PET
radiotracers for sympathetic innervation imaging has the potential to
increase the clinical application of this techniques, whose image qual-
ity and overall accuracy is still unsurpassed.

The possible field of application of cardiac sympathetic innervation
imaging with either conventional nuclear imaging (planar scintigraphy
and SPECT) or PET is reported in Table 1. As shown, while the use of
cardiac innervation imaging has been classically limited to patient with
HF and severely depressed EF, novel clinical scenarios have been re-
cently added, comprising both the characterization of patients with
malignant VAs, and the risk stratification of patients with innate or
acquired cardiomyopathies, in whom the evaluation of cardiac sym-
pathetic innervation may have both diagnostic (i.e. amyloidosis) and
prognostic values.

Conclusions

The interpretation of myocardial innervation imaging requires the
knowledge of different topics: neuronal biology, tracer kinetics, and
the specific disease state. The possibility to help in understanding the
pathophysiology of the different disease could add a new dimension

to myocardial innervation imaging and its appropriate use. Although
cardiac 123I-mIBG scintigraphy has been shown to be useful in prog-
nostication of patients with CHF, limitations in tracer’s availability and
crude quantification methods has discouraged widespread clinical
utility. However, the new CZT cameras for 123I-mIBG on one hand
and the new 18F-labelled PET tracers on the other, would take advan-
tages of the improved spatial resolution, quantification capabilities,
and potential wide distribution. Improving standardization and valid-
ation of myocardial innervation imaging is needed and will help to im-
prove the quality of myocardial imaging and to facilitate appropriate
use. Before this non-invasive imaging modality can become a part of
clinical practice, larger prospective, and randomized control trials are
required to confirm whether myocardial innervation imaging strat-
egies can guide clinical management that can improve clinical out-
comes, and constrain medical costs.
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Table 1 Impact of Planar and SPECT 123 mIBG images in the evaluation of different clinical scenarios

Clinical scenarios for 123I-MIBG imaging Planar imaging SPECT

HF and severely depressed LV ejection fraction (<30–35%): advanced risk stratification 111 1

Hypertrophic and infiltrative cardiomyopathies: evaluation of the arrhythmic risk 11 1/-

Ventricular arrhythmias candidate to trans-catheter ablation: identification of the ablation targets 2 11

Neurodegenerative disorders: differential diagnosis between Lewy body diseases (i.e. Parkinson disease)

and parkinsonisms

11 2

Cardiac channellopaties: stratification of the arrhythmic risk 1 2

Atrial fibrillation before transcatheter ablation: identification of the autonomic ganglia 2 1

Heart transplantation: monitoring reinnervation 1/2 1/2

HF and borderline depressed LV ejection fraction (35–40%): indication for ICD implantation 1/2 2

Diabetes mellitus: long-term risk stratification 1/2 2
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scintigraphy to predict inducibility of ventricular arrhythmias on cardiac electro-
physiology testing: a prospective multicenter pilot study. Circ Cardiovasc Imaging
2008;1:131–40.

9. Gimelli A, Liga R, Giorgetti A, Genovesi D, Marzullo P. Assessment of myocar-
dial adrenergic innervation with a solid-state dedicated cardiac cadmium-zinc-
telluride camera: first clinical experience. Eur Heart J Cardiovasc Imaging 2014;15:
575–85.

10. Gimelli A, Liga R, Genovesi D, Giorgetti A, Kusch A, Marzullo P. Association
between left ventricular regional sympathetic denervation and mechanical dys-
synchrony in phase analysis: a cardiac CZT study. Eur J Nucl Med Mol Imaging
2014;41:946–55.

11. Gimelli A, Liga R, Avogliero F, Coceani M, Marzullo P. Relationships between
left ventricular sympathetic innervation and diastolic dysfunction: the role of
myocardial innervation/perfusion mismatch. J Nucl Cardiol 2018;25:1101–9. doi:
10.1007/s12350-016-0753-3.
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