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Cardioneuroablation: a new treatment for vasovagal syncope
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INFOGRAPHIC
Cardioneuroablation (CNA) is emerging as an appealing
therapeutic option for patients with vasovagal reflex
syncope. This review examines key aspects of CNA,
including patient selection, procedural aspects and mid-
term effects. We critically evaluate procedural results from
recent studies and address ongoing challenges, such as
the need for standardized procedural protocols and
harmonized postprocedural data collection. In addition, we
outline current gaps in knowledge concerning long-term
pathophysiological effects of the procedure, in particular
regarding ventricular arrhythmia susceptibility and
exercise capacity.
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The clinical need
Vasovagal syncope (VVS), albeit generally considered a
benign disease, is a common condition that may result in
injury and in a heavily affected quality of life (QoL).1 From
an epidemiological point of view, a recent meta-analysis2

including 12 studies with a sample size of 36156 people
and no significant publication bias confirmed a high global
prevalence of VVS of around 16% [95% confidence inter-
val (CI) 6–37.5]; data concerning the recurrence after a
first episode are more limited, but suggest a rate of about
30%,3 fully supporting the great scientific and social inter-
est in this condition.

VVS iscausedbyanabnormal vagal reflex,whichultimately
results in a quick drop in bloodpressure (BP) and/or in heart
rate (HR). Themechanism underlying this vasovagal reflex
remains incompletely understood. Specifically, there is
limited knowledge regarding the afferent component (i.e.
the transition from trigger to autonomic regulation and
central processing), while the efferent aspect appears to
be more clearly defined: hypotension typically results from
the temporary withdrawal of sympathetic arteriolar output,
while bradycardia/frank asystole is linked to a transient
increase in cardiac vagal output. Hypotension and/or se-
vere bradycardia can lead to a transient loss of conscious-
ness (TLoC) due to global cerebral hypoperfusion. Based
on the trigger and the clinical presentation, VVS is classified
as typical or atypical.4

Typical VVS is diagnosed when TLoC is triggered by an
emotional stimulus (such as fear, threat, disgust, pain,
emotional distress, or blood phobia) or an orthostatic
factor (like prolonged standing) and is preceded by auto-
nomic prodromal symptoms (such as pallor, sweating,
nausea, and abdominal discomfort). Most individuals with
emotional VVS can experience TLoC even during ortho-
static stress (as seen in tilt testing).

Atypical VVS includes episodes of TLoC that occur without
any clear trigger and with minimal or no autonomic pro-
dromal symptoms, and it can be diagnosed when TLoC is
induced during tilt testing in the absence of other compet-
ing diagnoses. Based on the first and main mechanism
leading to the TLoC, VVS is classified as vasodepressive,
cardioinhibitory or mixed. A proper pathophysiological
classification is crucial for therapeutic purposes, as the
presence and amount of the vasodepressor component
may significantly affect the efficacy of interventions only
aiming at HR control.

Nonetheless, there are currently no commercially avail-
able implantable devices equipped to simultaneously
monitor both BP and HR, leaving the head-up tilt test
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(HUTT) the only way to directly assess the vasodepressor
component during an elicited syncopal episode.5

Accordingly, in the case of a positive HUTT and based on
the modified Vasovagal Syncope International Study
(VASIS) classification,6 the hemodynamic responses
leading to the syncopal episodes are classified as mixed
response (VASIS I), cardioinhibitory without (VASIS IIa) or
with asystole greater than 3 s (VASIS IIb), and purely
vasodepressor (VASIS III). In the case of VASIS IIa, the
minimal HR must decrease to below 40bpm for more than
10 s. Notably, the vasodepressor response represents the
less frequent response among those induced by HUTT,
with advanced age being its only independent predictor
(peak after 69 years, mainly driven by male patients).4

In cases of severe and recurrent VVS with a predominant
cardioinhibition and refractoriness to lifestyle modifica-
tions/medications, implantation of a dual chamber pace-
maker was recommended by the latest 2018 European
guidelines on syncope7 for patients above the age of 40. A
closed loop stimulation (CLS) mode should be preferred,
as the latest randomized clinical trials on the efficacy of
pacing in reducing recurrences were performed using this
algorithm.8–11

The management of younger patients was recognized as
even more complex: due to the lack of evidence-based
suggestions at the time the document was released, no
specific recommendations were made for these patients
other than ruling against pacing. Indeed, pacemaker im-
plantation, particularly in young patients, is burdened by
the risk of potential long-term complications and should be
considered only after thorough reflection and after ruling
out the use of possible alternatives.12 In this scenario,
cardioneuroablation (CNA), originally described nearly
20 years ago by Pachon et al.,13 has seen a surge in
its use in recent years, in particular as a potential thera-
peutic alternative to pharmacological medications and/or
pacing in this subset of patients.

Rationale and technique
The pathophysiological rationale behind this emerging
therapy is the fact that the postganglionic efferent neurons
of the parasympathetic nervous system, differently from
themajority of those of the sympathetic system, reside and
cluster at the level of the cardiac ganglionated plexi, which
are harbored in epicardial fat pads. Importantly, ganglion-
ated plexi also contain afferent neurons, interneurons and
glia cells that, together with postganglionic neurons, con-
stitute the intrinsic cardiac nervous system (ICNS). The
ICNS, otherwise known as ‘little brain in the heart’, plays a
pivotal role in finely regulating cardiac function and
responses on a beat-to-beat basis, as well as in integrating
© 2025 Italian Federation of Cardio
them with extracardiac and higher centers for longer-term
cardiovascular reflexes.14 Seminal anatomical study from
Armour et al.15 showed that the following anatomical
regions contain most of the intrinsic cardiac ganglia: the
posterosuperior surface of the right atrium adjacent to the
junction of the superior vena cava and the right atrium
[superior-anterior right atrial ganglionated plexi (GP)-
RSGP]; the posterosuperior surface of the left atrium
(superior left atrial GP-LSGP); the region adjacent to
the interatrial groove (inferior-posterior right atrial GP-
RIGP); the posteromedial surface of the left atrium (the
posteromedial left atrial GP-PMLGP); the posterolateral
surface of the left atrium [the inferior left (posterolateral)
GP-LIGP]; the Marshall tract GP (MTGP) (Fig. 1). In a
recently published study, a new nomenclature was pro-
posed for the location of the main ganglia to facilitate the
approaches of physicians who work with electrophysiology
but are unfamiliar with anatomical definitions.16 According-
ly, the RSGP, which is responsible for the majority of the
parasympathetic innervation of the sinoatrial node (SAN), is
referred to as the superior paraseptal ganglionated plexus
(SPSGP), whereas the PMLGP, which is mainly responsi-
ble for the parasympathetic innervation of the atrioventricu-
lar node (AVN), is referred to as the inferior paraseptal
ganglionated plexus (IPSGP). Of note, ganglionated plexi
work as an integrative network in which each component
exerts a preferential, but not exclusive, influence over
specific cardiac regions. Accordingly, as expected since
ventricular mass is larger than atrial mass, albeit with a less
dense vagal innervation, atrial ganglionated plexi also con-
tribute to ventricular innervation and functional control, as
clearly demonstrated in animal studies.17 The extent of this
contribution in humans, which is very challenging to directly
ascertain other thanwith complex autoptic or in-vivo tracing
studies, is largely unknown. Based on these anatomic
notions, CNA aims at delivering radiofrequency energy
from the endocardium to obtain some degree of parasym-
pathetic denervation by eliminating the postganglionic
neurons located in the epicardial ganglionated plexi, which
are the final effectors of the abnormal vagal reflex leading to
the genesis of cardioinhibitory VVS.

Patient selection
Based on the initial clinical experiences, the typical candi-
date for CNA is a patient affected by severely symptomatic
recurrent VVS, aged 18–60years, with documentation of
a spontaneous or tilt testing-induced asystolic event that
reproduces patient symptoms and shows the typical char-
acteristics of a vagally mediated episode (preceded by
sinus node slowing and eventually PR lengthening and
followed by sinus tachycardia with shorter PR).18 The
abovementioned characteristics are the key to excluding
an intrinsic SAN and/or AVN dysfunction. Notably, a
logy - I.F.C. All rights reserved.
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Fig. 1

Schematic view of ganglionated plexi distribution. The superior (anterior) right atrial ganglionated plexus (RSGP) labeled with yellow circles is
located on the posterosuperior surface of the right atrium adjacent to the junction of the superior vena cava (SVC) and the right atrium
(currently often referred to as the superior paraseptal GP – SPSGP); the superior left atrial GP (LSGP) is labeled with gray circles on the
posterosuperior surface of the left atrium; the inferior (posterior) right atrial GP (RIGP) labeled with white circles is located adjacent to the
interatrial groove; the posteromedial left atrial GP (PMLGP) labeled with orange circles is on the posteromedial surface of the left atrium
(currently often referred to as the inferior paraseptal GP – IPSGP); the inferior left (posterolateral) GP (LIGP) labeled with green circles is
identified on the posterolateral surface of the left atrium; the Marshall Tract (MTGP) is labeled with red circles. CS, coronary sinus; IVC, inferior
vena cava; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; RIPV, right inferior pulmonary
vein; RSPV, right superior pulmonary vein; SVC, superior vena cava.
significant (25%) increase in sinus node automatism and/
or the improvement in atrioventricular conduction proper-
ties after atropine administration, which have often been
used to allegedly rule out an intrinsic nodal dysfunction,
are not adequate for this aim19. Indeed, an intrinsic SAN
and/or AVN dysfunction, often transient in nature, may
also favorably respond to atropine, although to a lesser
extent, and there is no clear cut-off to differentiate whether
the response is compatible with an intrinsic dysfunction or
not20. Structural causes of SAN and/or AVN dysfunction
should also be excluded through imaging.

Table 1 provides a concise but comprehensive description
of patient selection (and specifically the type of VVS
included and the selection workflow) of different procedur-
al aspects and outcomes of the main available clinical
studies in literature, highlighting high heterogeneity across
the abovementioned aspects. Only studies including at
least 10 patients receiving CNA for recurrent VVS synco-
pal episodes were included; when CNA was performed
also for other indications, only patients with VVS (if de-
ducible) were accounted for.

Concerning patient selection, in fewer than half (11/25,
44%) of the studies summarized in Table 1, a positive
HUTT with cardioinhibition (VASIS type I, IIa or IIB) was
© 2025 Italian Federation of Cardi
required for enrollment. In the exact same number of
studies (11/25, 44%), cardioinhibition could also be docu-
mented at Holter ECG or at Implantable Loop Recorder
tracing, albeit HUTT detection was not infrequent. Finally,
in 3 of 25 (12%) studies, patients with a purely vasode-
pressive positive HUTT could also enrolled.

Procedural aspects
Ganglionated plexi localization
A crucial part of the procedure is the identification of the
endocardial sites facing the ganglionated plexi on the
epicardial aspect of the atria. Different methods have been
described for this purpose34,35:
(1) P
olo
urely anatomical: involves creating a 3D electro-
anatomical map (EAM) of the atria and using
anatomical references to locate ganglionated plexi;
this approach might be aided by cardiac multidetector
computed tomography (MDCT)-derived data, which
could identify the area of hypoattenuation typical of the
fat pads harboring the ganglionated plexi.36
(2) T
argeting fractionated electrograms (fEGMs): uses
time-domain analysis of bipolar atrial electrograms
and presumes that autonomic innervation sites or
areas containing parasympathetic postganglionic
gy - I.F.C. All rights reserved.
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neuronal fibers are characterized by highly fractionat-
ed atrial electrograms, contrary to the surrounding
atrial myocardium with nonfractionated or less frac-
tionated atrial electrograms. Electrograms with at
least three to four deflections can be targeted.37,38

However, specificity may be limited because of areas
of atrial fibrosis, pulmonary vein potentials, or double
potentials, and the adipose tissue surrounding the
heart may cause fractionated electrogram.39
(3) S
pectral analysis: uses frequency-domain analysis of
bipolar atrial electrograms and involves assessing
frequency spectrum of endocardial signals, which
typically show a heterogenous, right-shifted spectrum
(from 40Hz of the normal myocardium to frequency
higher than 100Hz), known as ‘fibrillary pattern’, at
the neuromyocardial interface. Limitation of time-
domain analysis may also apply to spectral analysis
approaches.
(4) H
igh-frequency stimulation (HFS): involves local
endocardial high-frequency (20Hz) stimulation to
elicit vagal response at ganglionated plexus sites,
which may also be used to detect ablation success in
the targeted area. As HFS may stimulate not only
epicardial ganglionated plexi but also postsynaptic
fibers that extend from the intrinsic cardiac ganglia
towards the atrial region, the technique is neither
sensitive nor specific to localize ganglionated plexi.
Procedural targets
As previously described, in addition to SPSGP and
IPSGP, there are other atrial ganglionated plexi, particu-
larly in the left atrium, including one located within the
ligament of Marshall. This complexity of the ICNS has
resulted in several approaches being proposed, both in
terms of which atrial chamber to approach to deliver the
lesions (left-sided, right-sided or biatrial approach) and in
terms of which ganglionated plexi to target (from extensive
approaches targeting the whole set of described gangli-
onated plexi to minimal approaches only targeting SPSGP
or targeting SPSGP and IPSGP).35,40,41

Definition of acute procedural success
Another important point is the definition of the
procedural endpoint. Also in this case, various procedural
endpoints have been used (sometimes in combination),6,7

in particular:
(1) In
crease in sinus HR greater than 25% and shortening
of PR interval greater than 25% (if prolonged at
baseline or during stable atrial stimulation): these
easily measured parameters can indirectly indicate
substantial vagal denervation of the SAN and AVN,
respectively;
© 2025 Italian Federation of Cardi
(2) S
olo
ubstantial modifications of electrophysiological pa-
rameters of the SAN (decrease in corrected SAN
recovery time) and AVN (decrease in AVN Wenck-
ebach point and AH interval shortening);
(3) F
inal atropine challenge: an absent or reduced (<10%
HR increase) response to intravenous atropine
administration (0.04mg/kg for patients weighing
<50kg and with 2mg of atropine in the remaining
cases), an antimuscarinic agent, implies a successful
vagal denervation;
(4) E
xtracardiac vagal stimulation (ECVS): by advancing
a dedicated neurostimulator catheter in the right or left
internal jugular vein,42 it is possible to directly
stimulate the vagus nerve; the procedure is consid-
ered successful if it results in a complete abolition of
the typical responses induced by the ECVS and
demonstrated before CNA (sinus arrest or complete
atrioventricular block).
Results
The only available open RCT reported 8% (n¼2) recur-
rence of syncope (primary endpoint) in the 24 patients
randomized to CNA versus a 54% (n¼13) recurrence rate
in 24 controls under optimal nonpharmacologic therapy
(P¼0.0004) during 2-year follow-up.43 Secondary end-
points encompassed heart rhythm and heart rate variabili-
ty (HRV) changes as assessed through 24-Holter
electrocardiography at 3, 12, and 24 months following
CNA, in addition to changes in QoL measured at baseline
and upon the conclusion of follow-up. Patients (mean age
38 years, 58% women) were heavily symptomatic, with an
average of 10 syncopal episodes each before enrollment,
including a mean of 3 in the last year, and a severely
affected QoL; in most cases (92%), asystolic episodes
were elicited at tilting (mean duration 17 s) due to sinus
arrest. Two ganglionated plexi were targeted (SPSGP and
IPSGP) with a biatrial approach starting from the left side;
a combined strategy was used to localize them (anatomi-
cal plus targeting fEGM), and the ablation aim was a sinus
HR increase of at least 25% associated with local fEGM
elimination and lack of response to atropine (<10% in-
crease in sinus HR). No complications were reported,
either acutely or during follow-up, albeit it was not speci-
fied how side effects were searched for during follow-up.
Notably, in the control group, most recurrences were
observed during the first year of follow-up (n¼12), and
only one in the second year. In contrast, the CNA group
experienced two recurrences, both in the second year
(after 17 and 24months of follow-up), supporting a sus-
tained vagal denervation in most patients, confirmed by
Holter ECG data. Indeed, sinus HR and HRV effects were
maintained for up to 2 years, although a mild tendency
toward normalization of some HRV variables at 24months
gy - I.F.C. All rights reserved.
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was described. Notably, despite an increase in the mean
sinus HR from 67 to 83bpm at 3months and to 80bpm at
24months, the maximum HR at Holter ECG was similar
across the study (around 127bpm). Unfortunately, the
maximum sinus HR at exercise stress test and exercise
capacity were not evaluated. Finally, there was a signifi-
cant improvement in QoL assessed by the Impact of
Syncope on Quality-of-Life Questionnaire University
of Calgary.

The most recent meta-analysis on CNA (28 studies in-
cluding the only available randomized one previously
described, 1153 patients, median age 40 years) estimated
a pooled efficacy of 95% during median follow-up of
21months.35 All but one of the studies in this metanalysis
were observational rather than controlled studies. All 28
studies had biases that were defined as severe in 27
(including the RCT) and moderate in 144 according to
the ROBIN-I method. Concerning the type of biases, they
were limited to two domains, specifically bias due to
confounding and in measurement of outcomes. Indeed,
the syncope recurrence rate ranged widely from 0 to 33%,
clearly indicating nonhomogeneity of methods of follow-
up. Only 18 studies (64%) reported about peri-procedural
complications, 12 with details. Middle- and long-term
complications were not even addressed by the meta-
analysis probably because of lack of specific data in most
of the studies included. At subgroup efficacy analysis,
there was a numerical (not statistical) trend towards a
reduced efficacy in the case of the RA-only approach
(84%) and in the case of an electroanatomical mapping-
only localization of the target ablation sites (94%). Con-
cerning safety, the meta-analytic acute complication rate
was 0.99%, in line with what is expected from experienced
centers performing a procedure mostly including an ultra-
sound-guided vascular access and transseptal puncture.
The few reported acute complications were mainly related
to the vascular access but also included a pericardial
effusion requiring pericardiocentesis in a case treated with
a biatrial approach.45

Long-term safety issues have been specifically addressed
by Kulakowski et al.46 in a recent study also included in the
meta-analysis and deemed to have serious risk of biases,
with a specific deficiency in the measurement of outcome.
The study included a total of 115 consecutive patients
(mean age 40years; 58% women) treated between 2016
and 2022, who completed at least 1-year follow-up (medi-
an 28months, range 12–75). The same procedural ap-
proach as the RCT was used (biatrial CNA to the SPSGP
and IPSGP, combined anatomical and fEGM-based map-
ping), with two patients (2%) experiencing minor acute
complications (issues with intubation with successful
rescheduling of the procedure and femoral bleeding with
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no need for blood transfusion). After the procedure, 20%
(n¼23) of the patients reported a symptomatic sinus HR
increase that spontaneously resolved during the follow-up.
Another 14% (n¼16) reported long-term adverse symp-
toms, consisting of inappropriate sinus tachycardia-like
symptoms requiring treatment (n¼8, 7%: 7 chronically
treated with drugs, 1 with sinus node modification), dys-
pnea (n¼6, 5%), chronic chest pain (n¼4, 3%), and
decreased exercise capacity in 12 (10%). Finally, among
the 20 patients (17%) who suffered at least one syncope
recurrence, 3 (3%) underwent repeated CNA, whereas 5
patients (4%) underwent pacemaker implantation. Despite
that, the overall degree of satisfaction with the procedure
was very high, with 96% of patients stating that the
procedure was worth it. Overall, albeit the issue could
not be directly addressed by the meta-analysis, the most
frequently encountered side effect of CNA seems to be
symptomatic sinus tachycardia, which may occur in a
highly variable number patients (6–27%) but is transient
in most cases, with less than 10% of cases requiring
chronic treatment. These data also emerged from a recent
survey on CNA from the European Heart Rhythm Associ-
ation.41

Efficacy of cardioneuroablation according to
vasovagal syncope type
Most of the studies about CNA efficacy included patients
with documented asystole/bradycardia, either at HUTT or
at ECG/Implantable Loop Recorder. A potential difference
in efficacy according to the HUTT-induced asystole, as in
VASIS IIb, or bradycardia, as in VASIS IIa or I, was
not investigated.

From a pathophysiological point of view, patients with a
HUTT-induced asystole (VASIS type IIb) would be
expected to respond better than those with HUTT-in-
duced bradycardia (VASIS type I or type IIa). However,
in the very few studies45,47–49 in which a HUUT test was
repeated during follow-up, a negativization was reported
for most of the patients (including those with mixed
responses before CNA). These data suggest the hypoth-
esis that preventingHRdecrease could prevent the TLoC
even in the clinical context of HUTT-induced mixed
responses.

Finally, two recent and relatively large studies (>100
patients) from the same group48,50 did not exclude patients
with a purely vasodepressor response to HUTT, and
assessed the efficacy of CNA according to the HUTT
response.

In the first study,48 including 123 patients (mean age
42�18years; 44% men) receiving CNA, 13% showed
negative HUTT, 6.5% vasodepressive response, 26%
logy - I.F.C. All rights reserved.
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cardioinhibitory response, and 54.5% mixed response.
During a mean follow-up of 4.0�1.1 years, one of the
longest reported, 33 patients (27%) experienced events
after CNA that were accounted for in the case of not only
syncopal (as in all the other studies) but also presyncopal
episodes. The recurrence rate of syncope only was 20%.
Three independent predictors of all events (synco-
peþpresyncope) were identified: gender, SBP, and decel-
eration capacity. Specifically, female individuals had a
higher risk, whereas a higher resting SBPwas a protective
factor. A higher deceleration capacity,48 a marker of car-
diac vagal output previously associated with VVS suscep-
tibility, was also a protective factor. On the other hand, the
response to HUTT was not associated with recurrences
after CNA (not at the univariate nor at the multivariate Cox
regression analysis). A sensitivity analysis based on syn-
cope recurrence only was also performed confirming the
same results.

In the second retrospective study from the same group,50

including 141 patients (mean age 40�18years; 36%
men) in large overlap with the previous 121, and with a
similar follow-up, the rate of recurrences (syncope þ
presyncope) after CNA as assessed by the Kaplan–Meier
survival curves was significantly different according to the
responses to HUTT, with the vasodepressor subtype
showing the highest one (almost 50% at 2 years). None-
theless, syncope/presyncope burden was still significantly
reduced after CNA even in the vasodepressive type, with
patients with a higher deceleration capacity confirmed to
be at lower risk.

Overall, these data might support the hypothesis of a
potential benefit of CNA, even if partial, in reducing the
syncopal burden among selected patients with vasode-
pressive VVS. Notably, conventional cardiac pacing was
already proven to perform poorly in this setting.7

Ongoing issues and future directions
As CAN is a novel technique, several procedural aspects
still require standardization. In particular, the optimal method
for ganglionated plexus localization, as well as the ganglion-
ated plexus targets and the definition of acute procedural
success still need to be defined and standardized.

Additionally, there are important pathophysiological and
clinical questions to solve. From a pathophysiological
point of view, preclinical data showed that discrete gan-
glionated plexi activation leads to both divergent and
overlapping cardiac responses with a high plasticity,
underpinning the concept of thewhole ganglionated plexi
network as an integration center that modulates complex
central and local cardiac reflexes. The effects of partial
damage to the ICNS such as that targeted by CNA on
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cardiac autonomic control, aswell as the regenerative and/or
reparative potential of the ganglionated plexi, remain uncer-
tain. Indeed, it will be crucial to understand not only whether,
to what extent and after how long cardiac vagal output on the
SAN and/or AVN could be restored but also the potential for
acute and long-term pro-arrhythmic effects at the ventricular
level. In this respect, the UCLA group recently developed a
dedicated chronic porcine model of ganglionated plexi abla-
tion.51 They targeted with a biatrial endocardial RF ablation
the SPSGP and the left superior ganglionated plexus, there-
fore sparing the IPSGP; nonetheless, they demonstrated an
abolished vagal control of both SAN and AVN, supporting
once again the integrative and interconnected nature of the
ICNS.At 6weeks, atrial ganglionatedplexusablation caused
cardiovascular dysreflexia, a reduced cardioprotective re-
sponse to ECVS, increased QTc and QTc dispersion and
increased ventricular arrhythmias susceptibility at rest and
during acute MI. Very importantly, despite acute procedural
success, the autoptic study revealed only a 55% effective
ablationof the targetedganglionatedplexi, suggestingon the
one hand that a partial ablation is enough to produce func-
tional effects, and on the other hand that local regeneration
may be possible. Overall, these data mandate caution
before widespread usage of the procedure, particularly
among patients with a higher baseline VA risk and among
older patients (>60years), despite preliminary clinical data
suggesting potential efficacy of CNA also in this latter sub-
group.45 Of note, as is well known by most, atrial fibrillation
ablation by itself can produce an accidental partial vagal
denervation52 that may increase the success of the proce-
dure. Yet, in this case, unless the ganglionated plexi are
intentionally targeted, the damage to the ICNSmostly affects
neuronal fibers and only to a much lesser extent neuronal
bodies in theganglionatedplexi.Nonetheless,anuncommon
(<5%) and minor pro-arrhythmic potential at the ventricular
level in the short term has been reported in the very few
studies systematically assessing the premature ventricular
complex (PVC) burden before and after atrial fibrillation
ablation.53

From a clinical standpoint, follow-up after CNA is still
limited, with very few clinical studies providing data after
2 years. In the only available RCT previously de-
scribed,43 vagal output at the SNA level, as assessed
by sinus HR and time-domain HRV analysis at 24-h
Holter ECG, was still significantly reduced at 24months;
no VA were reported (but QTc values were not
assessed). The same results were confirmed by another
study44 evaluating the 2-year functional consequences
of CNA at 24-Holter ECG (both at the sinus node as well
as the ventricular level) among 83 patients undergoing
the biatrial procedure for either cardioinhibitory syncope
(n¼25, 30%, mean age 26 years) or within atrial fibrilla-
tion ablation (n¼58, 70%, mean age 52 years), with no
ology - I.F.C. All rights reserved.
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associated structural heart disorders. SinusHRandHRV
parameters (both in the time-domain and frequency do-
main) were significantly affected for up to 2 years. On the
other hand, maximumQTc values were not influenced by
CNA, while isolated PVCs and ventricular couplets were
reduced. Notably, by assessing HRV also in the frequen-
cy domain, the authors were able to detect a significant
increase in the low-frequency component, potentially
suggesting a combined sympathetic (mostly postgangli-
onic fibers) and parasympathetic (mostly ganglionic)
damage. In the few available studies with a longer fol-
low-up (>2 years), both with a small sample size and
using a partial CNA (right side only in one,54 left side only
in the other),55 that assessed and reported sinus HR and
HRV parameters in the long term, a progressive trend to
recovery towards baseline values was noticed 24–
30months after CNA. Notably, these functional signs
of vagal reinnervation were not associated with an in-
creased risk of recurrences. If confirmed, these data
would be very reassuring on the effective regenerative
potential of the ICNS, although the functional impact on
cardiac autonomic control is still unknown. Careful short-
term and long-term data collection from Holter ECG and
an implantable loop recorder of patients undergoing CNA
will be crucial in the near future to answer these ques-
tions. Also, a strong body of evidence suggests that
cardiac vagal tone is not only influenced by the individual
fitness level but also significantly contributes to ability to
exercise56 through several mechanisms, including a va-
soactive intestinal peptide (VIP)-mediated increase in
coronary reserve during exercise.57 VIP is a co-transmit-
ter released from postganglionic vagal neurons together
with acetylcholine. Indeed, cases of decreased exercise
capacity as well as chronic chest pain after CNA have
been described. A comprehensive evaluation of young
patients undergoing CNA that includes a cardiopulmo-
nary exercise stress test will also be necessary for a
proper risk-to-benefit assessment, particularly in ath-
letes. On the other hand, dedicated pre-CNA and post-
CNA protocols, including noninvasive functional ische-
mic tests such as stress cardiac magnetic resonance,
might be considered, particularly in patients older than
50 years.

Finally, it will be of the utmost importance in the near future
to develop a standardized way to assess and report out-
comes after CNA, including not only recurrences and
impact on functional parameters but also QoL and pre-
specified acute, middle-term, and long-term side effects
(with a qualitative as well as quantitative evaluation). An
international, multicentric, prospective registry with cross-
over design aimed at evaluating acute and long-term
(3 years) outcomes of CNA for VVS and atrioventricular
block patients treated with conservative treatment and
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CNA is currently ongoing and plans to enroll almost 300
patients.58

Potential clinical applications of
cardioneuroablation in the next future
Overall, once the technical issues have been overcome,
the procedure standardized and themiddle- and long-term
safety definitively explored, CNA has the potential to
represent a valid therapeutic option for the management
of selected young patients with severely symptomatic
recurrent VVS with a predominant cardioinhibition and
refractoriness to lifestyle modifications/medications. The
implementation of this treatment, if properly optimized, is
likely to offer, in the imminent future, a better risk/safety
profile among patients who are younger than 40 years.

In this setting, the risk of device-related complications
associated with transvenous dual chamber pacing is al-
ready considered not acceptable for curing a nonlife-
threatening condition. On the other hand, with CNA, the
young age and a proper procedure mostly aimed at neu-
romodulation rather than ablation may hopefully guaran-
tee a progressive, at least partial, restoration of cardiac
vagal output over the years.

The benefit of CNA is also likely for selected patients
between 40 and 60 years of age, with a major role for
age in the decisional process.When looking at the efficacy
of the competitive treatment, the expected 2-year syncope
recurrence rate with conventional cardiac pacing among
patients with cardioinhibitory VVS is extremely low
(�5%),7 and results with the more physiological CLS
pacing are even better, with a further 80% reduction in
recurrences compared with conventional pacing.8–11

In this setting, the estimated efficacy of CNA, albeit lower
(at least>80%, but largely variable also depending on the
procedural approach), might be counterbalanced by the
elimination of implantable device-related complications.
The long-term price to pay in terms of cardiac autonomic
control and arrhythmic risk has still to be established and
properly weighted. Ideally, in the more distant future,
modulating rather than definitively abolishing the tempo-
rarily dysfunctional vagal reflexes responsible for VVS
would be the best treatment option. Other than with bioe-
lectronic medicine,14 neuromodulation of the ganglionated
plexi might also be achieved with different energetic mo-
dalities of ablation. The risk/safety profile of CNA might
also be completely reevaluated in the distant future
against fully implantable and bioresorbable cardiac pace-
makers without leads or batteries.59
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