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Abstract

Introduction

Cardiovascular diseases are among the leading
causes of mortality and morbidity in the world. In
different cardiac diseases, the neuronal function of the
heart is impaired. Nevertheless, the development of a
simple method to assess the autonomic effects on the
heart and/or autonomic dysfunction is a challenge.
The evaluation of autonomic innervation in cardiac
diseases has helped to improve the knowledge of
the pathophysiology of these conditions, as well as
to provide information on their prognosis. Single
photon emission computed tomography (SPECT) and
positron emission tomography (PET) are currently the
only imaging methods that allow in vivo assessment of
cardiac innervation. The majority of SPECT and PET
radiotracers evaluate sympathetic neuronal integrity
using presynapticimaging agents that are either labeled
as endogenous transmitters or analogues. Postsynaptic
imaging agents have also been developed to study
sympathetic neuronal integrity, as well as tracers to
investigate the parasympathetic nervous system. These
methods may be used to analyze the innervation of the
heart and allow for early detection of abnormalities
caused by, for example, ischemia, heart failure,
cardiomyopathies, cardiotoxicity, and arrhythmogenic
disorders. This review provides an overview of cardiac
innervation evaluation and their application in the
assessment of heart disease.
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Cardiovascular diseases (CVD) have been considered the
leading cause of death and one of the most critical global public
health problems. Although cardiovascular mortality in high-
income countries is decreasing, sudden cardiac death (SCD)
still constitutes a substantial part of cardiovascular mortality,
with an estimated 4 to 5 million cases per year worldwide.!

Sympathetic innervation plays an important role
in controlling myocardial blood flow, heart rate, and
contraction of heart performance. In several cardiac diseases,
the neuronal function of the heart is altered and neuronal
cardiac imaging can help to improve the knowledge of the
pathophysiology of these diseases, especially in SCD.

Single photon emission computed tomography (SPECT)
and positron emission tomography (PET) are currently the
only imaging methods that allow for an in vivo assessment
of cardiac innervation. The majority of SPECT and PET
radiotracers evaluate sympathetic neuronal integrity,
using presynaptic imaging agents that are either labeled
as endogenous transmitters or analogues. Postsynaptic
imaging agents have also been developed to study
sympathetic neuronal integrity, as well as tracers to
investigate the parasympathetic nervous system. Several
diagnostic methods that do not involve imaging have also
been applied in the assessment of cardiac dysautonomia.

The purpose of this article is to provide a review of
published data on the evaluation of cardiac autonomic
innervation by image and its application in various

heart diseases.

Autonomic Nervous System

The autonomic nervous system (ANS) is broad and
extends to most organic systems. Therefore, the study of
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autonomic function is usually linked to a final organ of
specific interest. Functional autonomic outputs, defined
by the sympathetic and parasympathetic systems provide
astrongly integrated combination of homeostasis control.?

The ANS is closely linked to many behaviors,
emotions, and the immune system. Some examples
include changes in the cardiorespiratory response
orchestrated during exercise, when trying to escape from
a threatening environment, when facing a situation of
fear, during an inflammatory response, or even when
simply moving from the supine to the vertical position.
In the heart, cardiac sympathetic and parasympathetic
nervous systems (SNS) work by exerting essentially
opposite responses. These branches differ in their
neurotransmitters and use stimulatory or inhibitory
effects on the target tissue through adrenergic and
muscarinic receptors ? (Figure 1).

The two mediators of the SNS, norepinephrine (NE)
and epinephrine are derived from two main sources in the
body: the sympathetic nerve endings, which release NE
directly into the synaptic cleft, and the adrenal medulla,
whose chromatin cells predominantly synthesize, store
and release epinephrine,® NE is released in the synaptic
clefts in response to neuronal stimulation through
the fusion of presynaptic storage vesicles with the
neuronal membrane. It stimulates presynaptic cardiac
a2 adrenergic receptors (ARs), which provide negative
feedback on exocytosis and postsynaptic -ARs. In the
synaptic cleft, most NE undergoes resorption at the
nerve terminals by the NE presynaptic transporter and
recycles into vesicles or is metabolized in the cytosol by
the monoamine oxidase enzyme. The overflow of NE
can also be measured in the blood and used to infer a
sympathetic flow to the heart.*

Acetylcholine (ACh), the neurotransmitter of the
parasympathetic system, is stored in the vesicles and
is released by parasympathetic stimulus, activating the
muscarinic and pre-ganglionic postsynaptic receptors.
Parasympathetic stimulation decreases the heart rate,
reducing the discharge rate of the sinoatrial node and
the conduction velocity of the atrioventricular node, with
minimal or no effect on cardiac contractility.®

ANS dysfunction may result from primary disorders
of the autonomic nerves or secondarily in response to
heart or systemic diseases. These changes can occur
in several interrelated cardiac conditions, including
hypertension, myocardial ischemia, heart failure (HF),
cardiac arrhythmias and SCD.¢ Adrenergic beta-blockers

are the most established autonomic intervention.
Other interventions (for example, cardiac sympathetic
denervation) have shown promise for the treatment of
refractory ventricular arrhythmias.”

Much has been studied about the complex interactions
along the neuroaxis and its role in cardiac control.
However, the development of a simple method to assess
the autonomic effects on the heart and/or autonomic
dysfunction is a challenge. There are several exams that
evaluate the autonomic function. Even though many
methods have demonstrated some prognostic value, none
have yet been implemented in clinical practice.

Flowchart of research execution

Methodology

A comprehensive literature review of articles
published in the following databases was performed:
PubMed and Medline. The following terms used were:
autonomic innervation evaluation (AND) cardiac disease.
Through the evaluation of abstracts, articles that were not
related to the topic were excluded.

Results

The search with the combination of all the terms listed
above returned 602 articles in a search carried out until
May 15, 2020. Only articles in the English language and
human species were selected. A total of 184 articles were
selected according to the visual analysis of correlation
with the topic studied between the years 1980 and 2020,
after excluding duplicate articles. Approximately 50% of
the articles were published in the last 10 years.

Imaging techniques used to assess autonomic
innervation:

The following imaging techniques have been used to
assess ANS activity: SPECT and PET.

Metaiodobenzylguanidine (***I-MIBG) Single-
Photon Emission Computed Tomography (SPECT)

Metaiodobenzylguanidine (MIBG) was discovered in
1980 to search for tumors of the adrenal medulla. MIBG
is an NE analogue with a similar molecular structure. It is
captured via the norepinephrine transporter 1 (uptake-1
mechanism) and stored in presynaptic neurosecretory
vesicles.® After adrenergic stimulation, MIBG is
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Figure 1 - The sympathetic and parasympathetic nervous system - arrhythmogenic effects on the heart. Adapted from Franciosi et al. "
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released into the synaptic cleft, but it has low affinity for
postsynaptic receptors without pharmacological action
and is not metabolized by monoamine oxidase (MAO) nor
catechol-o-methyltransferase (COMT) enzymes. In contrast
to NE, MIBG is stored for several hours without being
metabolized, allowing the acquisition of images. MIBG
uptake has been shown to correlate with NE concentration
in vivo, representing cardiac SNS innervation under
physiological and pathological conditions'? (Figure 2).

Iodine-123-labeled MIBG ('*I-MIBG) allows for the
visualization of cardiac sympathetic innervation by
SPECT technology and makes it possible to evaluate and
quantify the radiotracer distribution in the myocardium.
Calculations of early and late heart-mediastinum ratio
(HMR) and washout rate (WO) are performed.

Early HMR represents the integrity of the presynaptic
nerve terminals and the density of 3-ARs; late HMR
combines neural function information, including NE
uptake, release, and storage in presynaptic vesicles; and
the WO reflects the adrenergic tone."

The role of I-MIBG has been well studied in several
clinical conditions, with prognostic value in heart failure,
ischemic heart disease, ventricular arrhythmias, and
cardiomyopathies.

Positron Emission Tomography (PET)

PET imaging offers several advantages over SPECT,
including superior image resolution, allowing for a more
specific regional analysis of the function of cardiacneurons.™
The PET examination facilitates the combined assessment
of myocardial viability and perfusion together with
innervation. It also offers the potential for imaging using
autonomic receptors, as well as the global quantification of

cardiac sympathetic and parasympathetic activity.

The most studied radiotracer for the neuronal
evaluation conducted by the PET technique in humans
is carbon-11 (''C)-labeled meta-hydroxyephedrine
(""C-HED), an analogue to NE and '*I-MIBG, which is

transported by the uptake-1 mechanism.

Other agents have been researched for their role in the
direct visualization of adrenergic receptors. Examples
include "C-CGP12177 and ""C-CGP12388. Both analogues
were studied for their role in assessing the density of
[-ARs in normal and diseased hearts using PET images,
and are promising in predicting results and guiding

treatment in ischemic heart disease and HF.1> 14
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However, the main current limitations for assessing
innervation by PET technology are the higher costs
when compared to SPECT and shorter half-lives of
radioisotopes, some of which require on-site cyclotrons
for production, such as "C."” Consequently, very few
centers perform cardiac sympathetic neuroimaging using
the PET scan.

Neuronal imaging in heart disease

Heart Failure (HF)

In HF, it is possible to maintain blood flow to the vital
organs during states of low cardiac output thanks to the
activation of the sympathetic nervous systems, renin-
angiotensin-aldosterone, and antidiuretic mechanism.'

Prolonged exposure to NE leads to peripheral
vasoconstriction, sodium and water retention, activation
of the renin-angiotensin neurohumoral system, and
desensitization of 3-adrenergic postsynaptic receptors,
which can cause malignant arrhythmias and SCD, or
ventricular remodeling with insufficiency progression

due to direct toxicity, interleukin, and TNF«a system
expressions and consequent apoptosis. When facing
persistent high concentrations of circulating NE, the
heart undergoes blockage of its 3-adrenergic agonist
receptors. Several mechanisms can contribute to this
phenomenon, such as {3-adrenergic receptor down
regulation, non-coupling of B-receptor subtypes,
upregulation of the 3-adrenoreceptor kinase enzyme,
increased G-protein and reduced adenylcyclase
activity. Ventricular remodeling itself, which involves
hypertrophy and myocyte apoptosis caused by NE,
is associated with the re-expression of fetal genes
with consequent downregulation of adult genes. This
demonstrates the toxicity of chronic direct stimulation
of p-adrenergic receptors in myocytes and fibroblasts
and contributes to several biochemical and structural
changes in HF."*

15]-MIBG SPECT is characterized by reduced uptake
and increased washout of the radiotracer in patients with

HF compared to healthy individuals.

Several prognostic studies have shown that abnormal
HMR as well as accelerated washout are independent
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Table 1 - Applications of '*I-MIBG in Heart Failure patients - Pooled or Multicenter Analyses in North America, Japan,

and Europe
HMR
threshold
Ne° of Subjects Follow-up 510 Multivariate . Cardiac Cardiac
Study Year ) ) on123I- ) Endpoint
Ppatients included (mean) analysis events death
MIBG
studies
Death;
. ACD: 81;
NYHA class HMR; LVEF; progressive
Jacobson . CD: 53;
2010 961 2 or 3; LVEF 17 mo 1.60 NYHA class; HF,; life . 5.5%
etal. (41) ) arrhythmia:
<35% BNP threatening 4
arrhythmia
NYHA class;
6 cohort
Nakata et . age; HMR on ACD: 326;
2013 1,322 studies; 77.6 mo 1.68 Death 24.7%
al. (26) 123I-MIBG CD: 263
pooled data .
studies; LVEF
ACD: 83;
Death; life-
8 studi threateni CD:67,
Verschure sruies Continuous ~ HMR; LVEF; rea emr}g arrhythmia:
2014 636 for meta- 36.9 mo . arrhythmia; 10.5%
etal. (31) . variable age for ACD 33; heart
analysis heart
transplant:
transplant 56

CD: cardiac death; ACD: all-cause death; HMR: heart-mediastinum ratio; LVEF: left ventricular ejection fraction; NYHA: New York Heart Association;

BNP: brain natriuretic peptide; HF: heart failure

predictors of death in patients with left ventricular (LV)
dysfunction, even better than left ventricular ejection
fraction (LVEF), New York Heart Association (NYHA)
functional class, the size of the ventricle, and plasma
NE values.?%

A meta-analysis of 18 studies, including 1,755 patients,
indicated that HF patients with reduced late **MIBG HMR
or increased WO had a worse prognosis when compared to
those with normal '#I-MIBG uptake and WO.*

This same group demonstrated the independent
prognostic value of increased cardiac sympathetic activity
by the late HMR as a measure of '*?I-MIBG myocardial
uptake when used as a continuous parameter in another
meta-analysis of multiple single-centre cohort studies.”!

Table 1 shows pooled or multicenter analyses of
123[-MIBG SPECT in the evaluation of HF patients’
prognosis in North America, Japan, and Europe.

Regarding the therapeutic evaluation of ventricular
dysfunction, numerous studies using '*I-MIBG imaging
have shown that the use of beta-blockers, ACE inhibitors,
and spironolactone can significantly improve SNS
activity, with a significant impact on prognosis.?33

Gould et al.,* investigated whether the use of the
biventricular pacemaker would affect sympathetic
activity in HF patients. The results showed that the use
of the pacemaker increased early and late '*I-MIBG
uptakes. These authors concluded that the use of this
device in HF patients is associated with a significant
improvement in cardiac SNS activity, and this must be
the potential mechanism of benefits regading morbidity
and mortality.*

Some authors have also correlated adrenergic
denervation on '?I-MIBG imaging with abnormal heart
rate recovery,” heart rate variability, and SCD in patients
with left ventricular dysfunction, even in those with
mild dysfunction and NYHA class [ Akutsu et al.,*
demonstrated that changes in the SNS were independent
predictors of ventricular tachycardia (VT) and ventricular
fibrillation (VF) recurrence in patients with a previous
history of these arrhythmias. The authors concluded that
the 'I-MIBG image may be a good option for screening
high-risk patients of SCD.*

Finally, after the prospective and multicenter
ADMIRE-HEF trial results, '“I-MIBG was approved by
the US Food & Drug Administration for use in NYHA
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class II or III HF patients with LVEF = <35%. The trial
results showed that patients with a late HMR <1.6 (low
MIBG uptake) had a cardiac death rate of 19.1% versus
1.8% in the group with alate HMR >=1.6 (high uptake of
MIBG), with a negative predictive value for this outcome,
in two years, of 98.8%, thus permitting the identification
of individuals with a worse prognosis* (Figure 3).

Ischemic heart disease

The exact mechanisms of ventricular arrhythmias
in ischemic heart disease have been debated, and it
has been recognized that scar tissue and the presence
of myocardial ischemia may serve as a substrate.
In myocardial infarction, ischemia acts as a trigger
for ventricular arrhythmias by inducing electrical
instability. Areas of slow conduction facilitate the
development of reentrant tachycardia in the scar from
the infarction.

Sympathetic neurons have proven to be more sensitive
and take longer to recover from ischemic injury when
compared to myocardial tissue. It has been postulated
that denervated myocardial regions with preserved blood
flow and viability may predispose to fatal ventricular
arrhythmias.* Although the pathophysiology is not yet
clear, it has been suggested that denervated but viable
myocardium may be hypersensitive to circulating
catecholamines and may respond differently to sympathetic
activation with more automaticity'”* (Figure 4).

Klein et al.,** demonstrated the feasibility of integrating
12-MIBG SPECT with voltage mapping for VT ablation in
post-infarction patients. The areas defined as denervated
by ZI-MIBG were 2.5 times larger than the scar identified
by the mapping of bipolar tension, and all sites of VT
ablation showed abnormal denervation defined by the
Z]-MIBG SPECT.*#

The PARAPET study sought to predict arrhythmic
events using a 'C-HED PET study in 200 patients with
ischemic cardiomyopathy. This study demonstrated that
arrhythmic death or shock from the implanted cardiac
defibrillator (ICD) for VT or VF was directly related to the
severity/extent of abnormalities in "C-HED PET scans,
regardless of brain natriuretic peptides (BNP), clinical
symptoms, or LVEF.*

The new European Society of Cardiology guidelines
included the use of myocardial perfusion SPECT or PET
to assess ischemia and myocardial viability. However,
there is no mention of the possible usefulness of cardiac
innervation tests.* Despite several promising studies,
there is a consensus that the data are still insufficient to
replace those established in the guidelines.

Ventricular Arrhythmias

It is well-known that ventricular arrhythmias and
SCD occur frequently in the vulnerable cardiac substrate
context with a triggering event and can be induced by an
increased sympathetic tone.'” *#

Figure 3 - '“I-MIBG imaging. Planar anterior chest images demonstrate: (A) normal uptake of the radiotracer; (B) absence of
radiotracer uptake in cardiac topography in a patient with heart failure.
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lateral segments.

Figure 4 — Cardiac imaging in a patient with reduced innervation but relatively preserved perfusion. (A) short axis images of
myocardial perfusion (lower row) and (B) "*I-MIBG uptake (upper row) indicate a lack of innervation in the apical, inferior, and

Current methods to identify risk of fatal arrhythmias
are neither sensitive nor specific, and current patient
selection practices for ICD are expensive. #I-MIBG
imaging was studied as a potentially useful tool in the
prediction of ventricular arrhythmias and has shown
promise in HF patients regarding the selection of
defibrillator implantation.

Nagahara et al.,** investigated the role of *’I-MIBG
imaging to predict arrhythmias in the setting of ICD
therapy. In one study, ICD discharge was predicted
by a combination of late HMR <1.95 together either
LVEF <50% or elevated BNDP level.*® A second,
prospective study from the same group examined
the value of simultaneous innervation and perfusion
imaging to predict arrhythmia, quantifying both
12]-MIBG and *"Technetium-tetrofosmin uptakes
in 60 patients. Patients that received ICD shocks
during follow-up presented a significantly lower
HMR and more abnormal perfusion scores.* Boogers
et al. demonstrated that regional sympathetic
denervation on late MIBG SPECT images was
significantly associated with ventricular arrhythmia
and appropriate ICD shock. In this study, the uptake
defect score on '?I-MIBG late SPECT images was an
independent predictor for adequate therapy with
ICD. The risk for appropriate ICD shocks was 13
times higher in patients with large '»’I-MIBG uptake
defects than those with small defects.”

The subanalysis study of ADMIRE-HF also
demonstrated that combined arrhythmic events (self-
limited VT, resuscitated cardiac arrest, and appropriate
ICD discharges) were more common in individuals with
an HMR <1.60 (10.4%) than those with HMR > or = 1.6
(3.5% P <0.01).4

Thus, cardiac '"I-MIBG imaging may enable
cardiologists to identify patients who are most
susceptible to lethal arrhythmias and event risks, and
who can actually benefit most from device therapy by
overcoming the limitations of current device therapy
criteria, most of which consist of surrogate markers of
lethal events, such as symptoms (NYHA class), clinical
backgrounds, and LVEF. Nonetheless, this will depend
on improvements in the technical consistency of clinical
Z]-MIBG exams and a prospective generation of data
documenting a positive effect of this procedure in
clinically relevant situations.

Takotsubo cardiomyopathy

Takotsubo Cardiomyopathy (TC) also known as acute
stress-induced cardiomyopathy is defined as a clinical
condition characterized by an acute and transient (<21
days) LV systolic dysfunction that occurs mainly in
post-menopausal women after emotional or physical
distress. The classic pattern of regional LV wall motion
abnormality is the apical (apical ballooning) with basal
hyperkinesis present in up to 75-80% of the cases.”">

It was originally recognized as a benign disease
because of its typical transient nature; however,
nowadays, non-negligible rates of life-threatening
complications are also recognized. Moreover, the
frequency of recurrence is practically irrelevant (1-2%
per-patient year) happening early or much later (up to
10 years) after the primary episode.*

Clinical manifestations are similar to acute coronary
syndrome. Hence, a detailed anamnesis is essential to
suspect TC, especially when an echocardiogram reveals
a typical wall motion abnormality beyond the territory
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perfused by a single coronary artery. Nonetheless,
most patients underwent coronary angiography to rule
out obstructive coronary disease as the cause of acute
systolic dysfunction.’'

Non-invasive methods, such as echocardiogram and
cardiac magnetic resonance (CMR) have been used to
assist in the diagnosis and follow-up of TC patients.®*>*
The precise pathophysiology of this cardiomyopathy
has not been completely understood. Nevertheless, a
link between brain and heart has long been recognized.
Hyperactivity of the SNS is the cornerstone in TC.5"
> Emotional or physical distresses are triggers, and
high plasma catecholamines levels are identified in the
acute phase of the disease. Overload of catecholamines
might be linked to cardiomyocyte cardiotoxicity and
stunning. Results from animal studies displayed a higher
density of 32-AR in apical than in basal ventricular
cardiomyocytes. Thus, apical stunning could be evoked
by excessive catecholamine stimulation. Therefore, stress
cardiomyopathy represents a form of neurocardiogenic
myocardial stunning, and nuclear medicine may play an
important role in its evaluation.”

P-MIBG imaging is usually performed in the sub-
acute phase of TC. Typical findings include impaired
late HMR and WO obtained from planar imaging and
reduced apical uptake on SPECT images correlating to
impaired LV segments in the acute phase.® More recently,
some follow-up studies have unveiled promising data.
One such study showed, after some months impaired,
that a late HMR was increased and WO decreased
significantly, while impaired apical uptake was not
present. These findings reinforce the hypothesis that TC
might be related to neurogenic myocardial stunning. The

phenomenon underlying persistent reduced uptake on
SPECT images is still unknown. The increased density
and sensitivity of apical 32-AR to catecholamines may
well prolong downregulation and consequently impair
the uptake-1 mechanism. Whether those findings
could be related to an increased chance of relapse or if
[-blockers may be appropriate in the treatment is still
undetermined>*”*® (Figure 5).

Ideally, a rest perfusion should also be performed
mostly when CMR is not available. Normal or mild
reduction of uptake is likely. Of note, *C-HED PET data

are scant.>>>+%7

Hypertrophic Cardiomyopathy

Hypertrophic Cardiomyopathy (HC) is the most
common heritable cardiomyopathy and is characterized
by LV hypertrophy in absence of other possible causes.
The anatomic hallmark of HC is a non-uniform LV
hypertrophy, mainly of the interventricular septum.
Several mutations in genes encoding sarcomere proteins
have been uncovered, which impact phenotypic
expression and prognosis. Diastolic dysfunction,
dynamic LV outflow tract (LVOT) obstruction, mitral
regurgitation, myocardial ischemia and arrhythmias
are interrelated abnormalities commonly observed in
HC patients.”

The echocardiogram has long been used to assess
LV hypertrophy severity, a predictor of SCD risk. CMR
should be considered as a baseline assessment of HC
patients because of its superior spatial resolution, more
accurate volumetric evaluation, better identification
of apical aneurysms often related to ventricular

Figure 5 — Cardiac imaging in a patient with Takotsubo cardiomyopathy. (A) SPECT/CT showing '?I-MIBG distribution and the
absence of apical uptake; (B) bulls-eye image showing '*I-MIBG distribution and the absence of apical uptake. LAD: left anterior
descending coronary artery, RCA: right coronary artery, LCX: left circumflex coronary artery.
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arrhythmias, and, particularly, tissue characterization by
late gadolinium enhancement (LGE). Prevalence of LGE
is as high as 80% and a patchy, multifocal mid-wall LGE
pattern in areas of hypertrophy suggests HC. Previous
studies have revealed that LGE is useful in predicting
cardiovascular mortality, but current data do not support
LGE as an independent predictor of SCD risk.”

SCD may be the first manifestation in asymptomatic
patients. The use of ICD for secondary prevention carries
a classIindication in international guidelines. However,
its use for primary prevention remains controversial. HC
Risk-SCD Calculator incorporates LV hypertrophy, but
not LGE.®¢!

Clearly, it is mandatory to improve risk stratification
in order to detect new outcome predictors. 'ZI-MIBG
scintigraphy might be helpful in this scenario. Cardiac
sympathetic activity is known to be impaired in HC,
and some studies have indicated a correlation between
WO and echocardiogram features, such as hypertrophy
severity, septum thickness, LVOT, and diastolic
dysfunction. It is interesting to note that late HMR
increased and consequent WO decreased in the months
after septal ablation.® ©

Cardiotoxicity evaluation

The past years have led to significant improvements
in cancer treatment. Nevertheless, old and novel
therapies are known to cause cardiotoxicity. Among
cancer survivors, secondary malignancies are reported
as the leading cause of morbidity and mortality,
followed closely by cardiotoxicity. Cardio-oncology is
a developing specialty dedicated to understanding and
preventing cardiovascular disease in cancer patients. In
this context, non-invasive methods capable of screening
subclinical cardiotoxicity are most needed.®*%*

Atfirst, cancer therapeutics-related cardiac dysfunction
(CTRCD) was used to be allocated into two major
groups: type I, related to cell death, irreversible, and
normally dose dependent (anthracyclines), and type
II, associated with myocyte dysfunction rather than
apoptosis, potentially reversible, and not dose-dependent
(trastuzumab). This kind of classification demonstrates
that, initially, patient evaluation was solely related to LV
dysfunction, but nowadays, other relevant parameters
are also crucial.®¢*

MUGA, echocardiogram, and CMR are recommended
by several guidelines to regularly monitor LV function
during chemotherapy. Since LV dysfunction is a late

manifestation of cardiotoxicity, methods that precisely
evaluate molecular damage might be extremely helpful %4,

CTRCD induces a compensatory adrenergic response
and '"I-MIBG imaging can identify it in advance
detecting patients at increased risk. Some studies have
shown reduced MIBG uptake in a dose-dependent
way in patients receiving anthracycline treatment even
before slight changes in LVEF. Two mechanisms might
be involved: destruction of adrenergic nerve tissue or
functional impairment. Another study valued the use
of '”I-MIBG imaging in accessing trastuzumab-related
CTRCD. In case of persistent CTRCD, the '*I-MIBG scan
results might indicate whether recovery will occur and
may be treatment reinitiated.®*’

Nowadays, ®F-fluorodeoxiglucose (**F-FDG) PET
has been an extremely valuable technique in diagnosis,
prognosis, and management treatment in cancer
patients. However, clinical data assessing the role
of PET in detecting CTRCD is still scarce. "C-HED,
"C-epineiphrine, and '*F-6-fluordopamine and (3H)
CGP12177 might be beneficial in the future.®®

Chagas Cardiomyopathy

Chagas disease is a serious health problem in endemic
Latin America countries; an estimated six million
people are infected with Trypanossoma cruzi, leading to
significant morbidity and mortality. Due to migratory
waves, infected individuals have spread worldwide.
Chronic Chagas’ cardiomyopathy (CC) is the most
severe and frequent manifestation, occurring in 25-30%
of all infected people.” Patients may develop severe
clinical manifestations, such as congestive HF, malignant
arrhythmias, or thromboembolism. Chronic CC carries a
worse prognosis when compared to ischemic and non-
ischemic HF.”” The presence of persistent myocardial
inflammation plays a central role in the genesis of
arrhythmias due to irreversible cell damage, fibrosis,
and scar formation. Ventricular arrhythmias are a major
cause of morbidity and mortality in patients with Chagas
disease and may occur even before significant LV systolic
dysfunction, leading to SCD."”

Miranda et al. showed that regional myocardial
sympathetic denervation assessed with '*I-MIBG SPECT
is associated with sustained VT in CC, concluding that
viable, although denervated, myocardial areas were
associated with the genesis of sustained ventricular
arrhythmias.” Furthermore, researchers have been
searching for active inflammation as a trigger for
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reentry and VT. In this scenario, ®F-FDG PET may be
a promising tool to monitor disease activity and risk
stratification of patients with CC. Future studies should
address these new potential clinical applications of PET
imaging””* (Figure 6).

Limitation of the studies

Some limitations affect the quality of our review on
autonomic innervation evaluation in cardiac disease, such
as the lack of prospective multicenter studies and the
heterogeneity of the studies for autonomic dysfunction
assessment in the diverse cardiac syndromes.

Conclusions

The autonomic nervous system plays a central role
in the cardiac function. Cardiac neuronal imaging can
be used to visualize the sympathetic innervation of
the heart and allows for the early detection of these
abnormalities caused by, for example, ischemia,
heart failure, cardiomyopathies, cardiotoxicity, and
arrhythmogenic disorder.

It is important to continue research in the field
of cardiac autonomic innervation evaluation while
exploring its clinical utility, as it has the potential to
provide novel insights into pathophysiology of this

cardiac disease and potentially lead to the development
of novel therapies to improve prognoses.
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Figure 6 — "F-FDG PET-CT in a patient with chagasic cardiomyopathy and pacemaker (A, axial CT; B, axial PET-CT;
C, axial PET). Mild uptake was observed in the basal anterolateral segment. This finding could potentially indicate mild
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