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Since its original description in 2005, catheter ablation techniques,
commonly called cardioneuroablation, have emerged as a potential
strategy for modulating autonomic function. Multiple investigators
have provided observational data on the potential benefits of this
technique in a variety of conditions associated with or exacerbated
by increased vagal tone such as vasovagal syncope, functional atrio-
ventricular block, and sinus node dysfunction. Patient selection,
current techniques including the various mapping strategies, clin-
ical experience, and limitations of cardioablation are reviewed.
Finally, while cardioneuroablation has potential to be a treatment
option for selected patients with symptoms mediated by hypervago-

tonia, the document outlines the important knowledge gaps that
currently exist and the necessary next steps required before this
technique can be widely implemented into clinical practice.
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The impact of autonomic modulation of the heart in the
setting of different pathophysiologic conditions such as
ischemia, heart failure, and arrhythmias (including atrial
fibrillation [AF]) has been the subject of study by multiple in-
vestigators.'~® The potential importance of the vagal nervous
system in AF led to the concept of identifying AF nests,
regions of tissue with a complex frequency spectrum that
were associated with significant vagal effects.” Although
initially studied as a potential adjunct to AF ablation, inves-
tigators found that ablation at these sites led to vagal dener-
vation of cardiac tissue and proposed that
cardioneuroablation (CNA) could be a strategy for treating
conditions associated with hypervagotonia.”” Since then,
investigators have reported results from small- to moderate-
sized nonrandomized patient cohorts and 1 randomized
controlled trial on the use of CNA for treating conditions
associated with symptomatic periods of increased vagal
tone such as vasovagal syncope (VVS), functional atrioven-
tricular (AV) block, and functional sinus node dysfunction
(SND).”'" This review developed collaboratively by a
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group of international investigators with experience in
CNA provides information on the relevant anatomy, the
current evidence base, and the limitations, techniques, and
knowledge gaps for the procedure.

Anatomy of intrinsic cardiac autonomic nervous

system relevant for CNA

The cardiac autonomic nervous system (ANS) is complex
and traditionally divided anatomically into an extrinsic
component, composed of nerves that are not located in the
heart and that provide connections between the central ner-
vous system and the heart, and an intrinsic component, which
consists of neurons located on the epicardial surface or
embedded in the epicardial fat pad.'” Efferent fibers consist
of at least 2 serially connected preganglionic and postgangli-
onic plexi. The parasympathetic postganglionic fiber is short
because its neural body is in the heart, mainly in the atrial
wall and in the epicardial ganglionated plexi (GPs)
(Figure 1). In contrast, the postganglionic sympathetic nerve
is long because its cell body is in the paravertebral sympa-
thetic chain (Figure 1). The cell body of the parasympathetic
preganglionic nerve is nested in the medulla oblongata, nu-
cleus ambiguous, and dorsal motor nucleus of the vagus
nerve with long axons reaching the heart (Figure 1).
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m Endocardial ablation with a goal of vagal denervation
(cardioneuroablation) is an emerging strategy for
treating conditions associated with hypervagotonia
such as vasovagal syncope.

m Multiple techniques have been proposed for identifying
ablation targets and assessing the efficacy of cardio-
neuroablation.

m The current evidence base for the technique in patients
with severe drug refractory vasovagal syncope is
limited to small observational studies and one ran-
domized controlled trial, but all have consistently re-
ported a significant reduction in syncope after
cardioneuroablation.

According to the studies on the mammalian heart using his-
tologic examination of heart sections, groups of autonomic
ganglia in different sites of atria are called GPs."”

Recent studies by staining of intrinsic cardiac ANS on the
whole heart demonstrated that the human heart contains more
than 1500 ganglia and is under the control of epicardial auto-
nomic ganglia and neurons that extend from these ganglia to-
ward the sinoatrial and AV nodes and specific atrial and
ventricular regions.'* Despite epicardial localization of auto-
nomic ganglia, there is a highly dense network of sensory and
efferent neurons at the myocardial and endocardial levels
(Figure 1).'*'> Parasympathetic neurons run parallel to the
longitudinal axis of the muscle fibers and are more numerous
in the subendocardial area of the atrium than in the subepicar-
dial area of the atrium.'®

Several studies in animal models have confirmed that
damage to the epicardial fat pads with different techniques
can abolish the Bezold-Jarisch reflex.'”-'* Histologic studies
have identified morphologically necrotic and damaged post-
ganglionic neurons and staining indicators of neuronal death
(increased tyrosine hydroxylase—negative and TUNEL [ter-
minal deoxynucleotidyl transferase dUTP nick end
labeling]-positive cells) after ablation of epicardial fat
pads.l7’19’20

Based on Armour’s GP nomenclature,'® we propose the
following classification for atrial locations that generally
contain clusters with the highest numbers of autonomic
ganglia: (1) the superior right atrial GP (the inferior portion
of the superior vena cava-aortic ganglia), (2) the superior
left atrial GP, (3) the posterior right atrial GP, (4) the poster-
omedial left atrial GP, (5) the interatrial septal GP, and (6) the
posterolateral left atrial GP (Figure 2).%*'-*?

Although the parasympathetic postganglionic neurons
comprise hundreds of autonomic ganglia and up to 7 GPs,
4-5 of them usually are targeted during CNA (and, as dis-
cussed subsequently, have varied among investigators).
The vein of Marshall is also considered part of the intrinsic
cardiac ANS, and parasympathetic fibers from the vein of
Marshall innervate surrounding left atrial structures and the

coronary sinus.”” The postulated distribution of GPs and
innervation routes of these atrial GPs using clinical electro-
physiologic mapping techniques in a patient is shown in
Figure 3. It should be emphasized that although there are gen-
eral locations for atrial GPs, the specific GP location can only
be presumed and that the size, and number of neurons within
GP vary significantly from individual to individual. Because
the specific anatomic GPs defined previously cannot be pre-
cisely confirmed during an ablation, the putative endocardial
locations for targeting GPs during catheter ablation are often
referred to by investigators with a separate variable nomen-
clature. For example, RSGP or GP2 are used to refer to the
left-sided, superior, and posterior portions of the interatrial
atrial GP, RIGP or GP3 corresponds to the posteromedial
left atrial GP, LSGP or GP4 denotes the superior left atrial
GP, and the P point is identified as the more anterior portions
of the interatrial septal GP.

Physiological experiments have demonstrated selective
anatomic innervation for sinoatrial and AV nodes that
could impact ablation strategies in individual patients
(Figure 4). While removal of the epicardial ganglia
around the coronary sinus ostium eliminated vagally
mediated negative dromotropic effects without suppress-
ing the vagal modulation of sinoatrial node function,
removal of the epicardial ganglia and nerves around the
right pulmonary veins blunted vagally mediated negative
chronotropic effect without affecting vagal inhibition of
AV conduction.”® The largest number and density of
epicardial ganglia that supply the sinoatrial node are usu-
ally located at the junction of the superior vena cava with
the right atrium, GP2, and GP4. The maximum density of
neural tissue appears to be in the thick upper interatrial
septum with some ramifications. This anatomical distribu-
tion may be why biatrial ablation is needed for complete
denervation of the sinoatrial node in most cases.”””*° The
endocardial nerves from autonomic ganglia to the AV
node are extremely small, and in one anatomic study of
porcine hearts, the parasympathetic nerve route of the
AV node could not be specifically identified.”’

Current evidence base for clinical application
Since the original description of CNA in 2005 by Pachon and
colleagues,’ this treatment strategy has been adopted gradu-
ally by interested clinicians around the globe. Therefore, the
clinical evidence has been accumulated from observational
data. Currently, there is only 1 randomized controlled trial
and multiple observational studies but no large registries
that have evaluated the use of CNA for cardioinhibitory
VVS or other vagally mediated bradyarrhythmias. However,
several observational studies have confirmed the reproduc-
ibility of the technique, but information on the long-term
impact of the technique remains limited (Table 1).

CNA for VVS and mixed populations
Subclassification of different types of VVS is based on the
response to head-up tilt test (HUT): (1) type 1 (mixed
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response), (2) type 2A (cardioinhibitory without asystole),
(3) type 2B (cardioinhibitory with asystole >3 seconds),
and (4) type 3 (pure vasodepressor response).”” The first
report on CNA by Pachon and colleagues’ evaluated a mixed
patient population of 21 patients (4 women, 48 * 16 years of
age) with VVS (n = 6), functional AV block (n = 7), and
SND (n = 13) who underwent CNA using spectral mapping,
and over 9 = 4 months of follow-up, all had resolution of
symptoms, without any procedural complications. The
same group then reported a larger series of 43 VVS patients
(18 women, 33 = 15 years of age) with significant
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A schematic representation of the cardiac autonomic nervous system in humans.

cardioinhibition on HUT. The pre-enrollment syncope
burden was 5 * 2 per patient. During 45 * 22 months of
follow-up, 3 patients had recurrent syncope, 2 had a vasode-
pressor, and 1 was undefined. Postablation HUT was positive
in 4 cases with a mixed response, and specifically, the
observed rhythms were sinus bradycardia (heart rate >40
beats/min) without any pauses.”'*° Considering that CNA
does not directly affect vascular autonomic nerves, CNA
will likely not be appropriate for VVS patients with type 3
HUT response. Moreover, cardiac deceleration capacity,
which is derived from a novel analysis for heart rate
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Figure 2  Schematic view of ganglionated plexi (GPs) distribution in relation to a 3-dimensional electroanatomic map showing anterior (A) and posterior (B)
views of the left atrium (LA). The posterior right atrial (RA) ganglia are not shown. Spheres with different colors demonstrate sites of grouping epicardial ganglia
defined as GPs: (1) the superior RA GPs labeled with blue color located on the posterosuperior surface of the RA adjacent to the junction of the superior vena cava
(SVC) and the RA, (2) the superior LA GPs labeled with red on the posterosuperior surface of the LA between the pulmonary veins, (3) the posterior RA GPs
located adjacent to the interatrial groove (not shown), (4) the posteromedial LA GPs labeled with black color on the posteromedial surface of the LA, (5) the
interatrial septal GPs labeled with green color consisting of fusion and extensions of the posterior RA GPs and the posteromedial LA GPs, and (6) the postero-
lateral LA GPs labeled with orange color identified on the posterolateral surface of the LA. The course of the phrenic nerve (PN) is shown by the gray sphere and
the vein of Marshall (VOM) in yellow. Ao = aorta; CS = coronary sinus; His = bundle of His; IVC = inferior vena cava; LAA = left atrial appendage; LIPV =
left inferior pulmonary vein; LSPV = left superior pulmonary vein; RAA = right atrial appendage; RIPV = right inferior pulmonary vein; RSPV = right superior
pulmonary vein; SVC = superior vena cava.
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Figure 3  Location of the putative endocardial ablation sites for the 4 main ganglionated plexi (GPs) and P point in a 3-dimensional electroanatomical model.
Electroanatomical model of the left atrium (A) and electroanatomical model of the right and left atria (B): the GP between the superior vena cava and aorta (Ao-
SVC) (GP1), the right superior GP (RSGP) (GP2), the right inferior GP (RIGP) (GP3), and the left superior GP (LSGP). In some patients, there may be an
extended GP4 or even an left inferior GP. In this nomenclature, right and left describe the relative position in the left atrium and numbered GPs are used because
the sites on the electroanatomic map represent the putative sites of the GPs. IVC = inferior vena cava; LIPV = left inferior pulmonary vein; LSPV = left superior
pulmonary vein; RIPV = right inferior pulmonary vein; RSPV = right superior pulmonary vein.
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required). (Top) GPs predominantly innervating the sinus node: right superior GP (RSGP) (GP2) and left superior GP (LSGP) (GP4). Targeted for cardioinhi-
bitory vagovagal syncope (VVS) and sinus node dysfunction. (Bottom) GPs predominantly innervating the atrioventricular (AV) node: the posteromedial left GP
(PMLGP), the Marshall tract GP (MTGP) situated on ridge between the left atrial appendage (LAA) and left pulmonary veins, and the posterolateral GP (PLGP).
These GPs are targeted for functional AV block, with the PMLGP being the predominant target (solid oval). 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 su-

perior pulmonary vein; SVC = superior vena cava.

variability, may serve as a potential tool to monitor cardiac
vagal activity and to identify VVS patients.”® Recently, Tu
and colleagues’’ found that baseline nighttime deceleration
capacity>10 ms could identify patients with VVS in whom
CNA might be beneficial.

Yao and colleagues™”® reported similarly high success rates
in 10 patients (7 women, 50 = 6 years of age) with symptom-
atic VVS over a mean follow-up of 30 = 16 months. In their
study, high-frequency stimulation (HFS) was used to identify
GP sites. The same group extended their study cohort by
additional 47 patients (28 women, 42 * 14 years of age) in
whom CNA was performed anatomically at empirical sites

of GPs.”® No statistical differences were found between
HFS and anatomically guided ablation, either in freedom
from syncope (100% vs 89.4%, P = .348) or recurrent pro-
dromes (5%0 vs 77%, P = .167). A subsequent study evalu-
ated the efficacy and safety of left atrial CNA in 115 patients
(69 women, 43 = 18 years of age) with VVS and positive
HUT (75% of patients with mixed response). Over a
follow-up of 21 * 13 months, 92% of patients were free of
syncope. Interestingly, patients with type 3 HUT response
(14%) also showed benefit from can.'’

Aksu and colleagues™ reported 22 patients presenting
with symptomatic functional bradyarrhythmias (VVS,
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Table 1  Major studies for CNA in patients with vasovagal syncope
Follow-up
Study Study design Number of patients Age (y)  duration (mo) Technique Results
LA (£RA)
Piotrowski et al, RCT 48 38+ 10 24 LA and RA EGM Syncope in 8% in
2023% guided the CNA group,
54% in control
group; improved
QOL with CNA
Pachonetal, 2011%*  Observational 43 3315 45+ 22 LA, RA: Spectraland  80% syncope free
anatomic
Pachon etal, 2020%°  Observational 25 36 =19 24 LA, RA: Spectraland  No recurrent
anatomic syncope
Hu et al, 2019™ Observational 115 4317 21*13 LA: Anatomic and 92% without
HFS recurrent
syncope or
presyncope
Aksu et al, 2020"° Observational 51 36 = 12 15 (8-29) LA and RA: EGM and  No recurrent
HFS syncope
Huang et al, 2020*°  Observational 49 42+16 16 RA and LA anatomic  92% without
recurrent
syncope or
presyncope
Xu et al, 2022°* Observational 108 5115 8 LA: anatomic and 84% syncope-free
HFS
Tung et al, 2022°*  Observational 71 47 8.5 LA/RA varied 82% syncope-free
(abstract)
RA only
Debruyne et al, Observational 20 4119 6 RA anatomic (with 95% reduction in
2021% imaging) syncope burden
Calo et al, 20217 Observational 18 3711 34=*6 RA anatomic and Recurrent syncope
EGM in 17% and 28%
with only
prodromal
episodes
Candemir et al, Observational 23 41 *13 10=* 2.9 RA anatomic 96% syncope-free

20223

Values are mean = SD or median (interquartile range), unless otherwise indicated.
CNA = cardioneuroablation; EGM = electrogram; HFS = high-frequency stimulation; QOL = quality of life; RA = right atrium; RCT = randomized controlled

trial.

AVN, or SND) who underwent CNA targeting 3 main GPs
using right and left atrial access.’” The ablation sites were
identified by electrogram mapping, verified by HFS, and ab-
lated until atrial electrical potentials were eliminated. The pa-
tients with VVS and SND were free from the new syncopal
episodes at a mean 12.3 * 3.4 months and 9.5 * 3.1 months
follow-up, respectively. Six of the 7 patients with functional
AV block had improvement in AV conduction as assessed by
follow-up ambulatory electrocardiography monitoring.

The efficacy of CNA through a right-sided approach (pref-
erentially ablating the right GP) was studied by Debruyne and
colleagues’” in 20 patients with syncope. Patients were as-
signed to a group with positive HUT (n = 12) or to a group
with documented pause >3 seconds (n = 8). After limited
anatomically guided ablation supported by the computed to-
mography scan merged with electroanatomical map, syncope
burden was reduced by 95% at 6-month follow-up
(P < .001). A purely empirical right atrial anatomical
approach was studied by Calo and colleagues®” in a cohort
of 18 young patients (mean age 36.9 = 11.2 years). At a

mean follow-up of 34.1 * 6.1 months, 16.6% subjects expe-
rienced syncope and 27.7% experienced only prodromal ep-
isodes. A similar strategy was employed by Mesquita and
colleagues,”’ who enrolled 13 patients with functional bra-
dyarrhythmias (median age of 51 years) and performed cath-
eter ablation of the right GP using the support of 3-
dimensional electroanatomical mapping. No patients had a
recurrence of symptoms or significant bradyarrhythmia dur-
ing a median follow-up of 8.4 months.

The first observational study comparing CNA vs medical
therapy for cardioinhibitory VVS enrolled 101 patients, with
51 undergoing CNA and 50 receiving conservative ther-
apy.'” All patients had a Vasovagal Syncope International
Study type 2B response or type 1 response with >3 seconds
asystole. Recurrence rates were compared between 19
propensity-matched pairs during a median follow-up of 22
months. Syncope recurrence was noted in 8 of 19 conserva-
tive therapy patients compared with 2 of 19 in the CNA
group. CNA was associated with a hazard ratio of 0.23
(95% confidence interval 0.03-0.99, P = .049) for syncope
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Table 2  Possible patient selection considerations for CNA in different conditions
Condition Patient considerations
Vasovagal syncope e Cardioinhibitory response to tilt table testing (type 1, 2A, or 2B)
e Significant and persistent debilitating symptoms that are refractory to conservative strategies such as
physical countermeasures and exercise and medications
e Shared decision-making process that discusses alternatives and the current limited evidence base for CNA
Functional AV block e Younger (<50 years of age)

Functional sinus bradycardia

Periods of symptomatic AV block associated with hypervagotonia in whom permanent pacing is being
considered for treatment.

Atropine restores AV conduction

No associated structural heart disease or other disorder associated with AV block (eg, metabolic,
infectious, genetic causes)

Shared decision-making process that discusses alternatives and the current limited evidence base for CNA
Electrophysiology study confirms an intact conduction system and the absence of intra/infra-His disease.
Younger (<50 years of age)

Periods of symptomatic sinus bradycardia associated with hypervagotonia in whom permanent pacing is
being considered for treatment

Intrinsic sinus node disease is not present

Shared decision making process that discusses alternatives and the current limited evidence base for CNA

AV = atrioventricular; CNA = cardioneuroablation.

recurrence. The 4-year syncope-free survival was 86% in the
CNA group compared with 50% in the conservative therapy
group.

A meta-analysis of the observational data found a 92%
freedom of syncope after CNA with no differences identified
among different CNA techniques but more syncope associ-
ated with a right atrial-only approach when compared with
left atrial or biatrial approaches.”' Regardless of the technical
or anatomic strategy, the studies included in the meta-
analysis were small (average 34 patients) and follow-up in
the studies was relatively short (11 of 14 studies with
follow-up <30 months and longest follow-up 45 months).
Since publication of the meta-analysis, observational studies
from additional investigators and the first randomized
controlled trial for CNA have been published.”®?'#2-442
The observational studies reported similar efficacy to prior
reports and have also reported improvement in quality of
life. In a randomized controlled study, 48 patients with
treatment refractory VVS and several criteria including a
cardioinhibitory response to tilt table testing were
randomized to receive CNA or not.”® After 2-year follow-
up, CNA was associated with a significant decrease in syn-
cope (CNA group: 8% vs control group: 54%) and improved
quality of life. The major limitation of the study is that it was
unblinded without a sham procedure control arm, and a sig-
nificant placebo effect cannot be ruled out.

CNA for AV block

Several investigators have reported on the use of CNA for
treating functional AV block.”*"*** In the largest case series
to date that evaluated 241 patients with symptomatic AV
block, Aksu and colleagues44 identified 31 (13%) patients
with functional AV block that appeared to be vagally medi-
ated. Functional AV block was identified by a series of tests,
including improvement in AV conduction in response to
atropine or exercise and absence of intra/infra-His conduc-

tion abnormalities at electrophysiology testing. All 31 pa-
tients had prior syncope and 17 (55%) had persistent AV
block. Twenty-eight (90%) patients received biatrial CNA,
whereas the remaining 3 received right-sided CNA. Acute
resolution of AV block and abolition of atropine response
was achieved in 30 (97%) patients. Over 19 = 15 months
of follow-up, 2 patients experienced recurrent AV block
and underwent pacemaker implantation. The authors identi-
fied the posteromedial left GP as the critical area for parasym-
pathetic innervation of the AV node.

CNA in SND

The role of CNA in patients with pure SND was explored in
several studies.”'**7*3° Zhao and colleagues® evaluated
the efficacy and safety of CNA in a selected group of 11 pa-
tients (average age 46 * 11 years) experiencing symptomatic
sinus bradycardia for > 5 years. Patients with sinus pauses >2
seconds, lack of atropine response, and corrected sinus node
recovery time >525 ms were excluded from the study cohort.
Patients had significant improvement in sinus bradycardia—
related symptom score at 12 months after the CNA.* In a
larger study by Qin and colleagues™® from the same medical
center, the age-dependent effects of CNA were investigated
in 62 patients with similar clinical characteristics and exclu-
sion criteria. At 12 months, symptoms improved overall but
this was significant only in patients <50 years of age. Simi-
larly, overall quality of life assessed by the 36-item Short
Form Survey improved in 7 of the 8 domains; however, in 3
of the 8 domains, only in those >50 years of age compared
with improvement in all domains in younger patients.

Limitations of current evidence

It is important to understand the significant limitations of the
current studies. Available studies are observational, and the
majority lack an adequate control population. There are sig-
nificant differences in patient selection criteria, overlap
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Table 3

General

e Almost all anesthetic agents commonly used will impact the
autonomic nervous system, but adequate controlled sedation
with bispectral index between 40 and 50 will minimize significant
impact on CNA for mapping and assessing procedural endpoints.

e Conscious sedation is also acceptable and preferred if tolerated
because of its minimal direct effects on the vagal response.

e Atropine or any drug with autonomic action can prevent the
correct assessment of denervation during CNA. These medications
should not be used during anesthesia and in the days preceding
the CNA.

e Ablation with an irrigated-tip catheter, 30 W, 42°C, 30-60 s per
site

Practical advice for performing CNA

Identification of ablation sites and procedural endpoint

e Anatomical ablation can be impaired by individual differences
and by changes in the position and rotation of the heart.

e If denervation is not achieved with anatomical CNA, the
expansion of the ablation to additional AF sites is done using
different mapping techniques.*

e In addition to ablation of areas thought related to the 4 major
GPs, ablation of the roof of the coronary sinus and of Waterston’s
groove may be considered in refractory cases.

e Confirmation of successful denervation by using vagal
stimulation

Special considerations for AV node denervation

e AV node denervation is significantly more difficult than sinus
node denervation. The complexity of AV node innervation
demands higher accuracy of the technique and at least 2 GPs
(though primarily targeting the PMLGP. It is usual to obtain an
acute reduction in the AH interval and increase of the
Wenckebach’s point. However, a short vagal stimulation usually
shows a high-degree AV block, mainly during atrial pacing. In
addition to electrophysiological parameters, the best endpoint
for AV node denervation is to abolish AV block induced by left
vagus nerve stimulation at the end of the procedure.

e Isolated AV block can be reproduced with controlled stimulation
of the left vagus nerve and may be a useful tool during CNA in the
treatment of functional AV block.

AF = atrial fibrillation; AV = atrioventricular; CNA = cardioneuroabla-
tion; GP = ganglionated plexus; PMLGP = posteromedial left ganglionated
plexus.

*See Table 4 for more detailed information.

between indications, and technique. To date, only one ran-
domized study has evaluated the efficacy and safety of
CNA in patients with VVS. However, there are several
ongoing randomized studies studying CNA designed to
minimize the placebo effect in patients with VVS
(NCT04755101) or are evaluating the effect of CNA in
different patient populations (SND: NCT04149886). A
recent survey of 118 international clinicians has confirmed
widespread support for randomized controlled trials to iden-
tify patients who will potentially benefit from CNA.*’ It is
also critical to acknowledge that many patients with severe
VVS are young and understanding the potential long-term
consequences along with the potential placebo effect of
any therapy, will be vital before widespread application of
CNA.**7" Perhaps most important, there is a high

spontaneous remission rates in patients with VVS, with
50% to 70% of patients experiencing no additional
episodes.’’ Finally, although the data are mixed, alternative
strategies such as exercise, physical countermeasures, and
pharmacologic therapy may improve symptoms associated
with severe VVS without the potential long-term effects
of ablation.”” °

Table 2 summarizes the patient characteristics of patients
who may benefit from CAN with the current evidence base.

Technique

Typically, patients are prepared for can using a similar
approach to radiofrequency catheter ablation procedures for
AF (Table 3). Table 4 provides a description of different tech-
niques that have been used by different investigators to iden-
tify endocardial regions that correspond with potential GP
locations.

Innervation mapping

Several methods have been described for identifying endo-
cardial sites associated with innervation (Table 4).7’5(’ In
the original description of CNA in 2005, Pachon and col-
leagues’ identified 2 types of atrial tissue based on the fre-
quency spectrum identified by fast Fourier transform of
bipolar endocardial electrograms. Most atrial tissue (termed
compact by the investigators) had a homogeneous spectrum
centered around a single frequency (approximately 40 Hz),
while atrial tissue located near the ganglia were characterized
by multiple frequencies higher than 80 Hz and were termed
fibrillar and AF nests (Figure 5), and served as a potential
marker for the location of parasympathetic ganglia.””’
Specialized software has been developed to automatically
identify these using a fractionation threshold set by the oper-
ator and to tag these sites during the mapping process
(Figure 6).>’

Building on the original finding that AF nests are charac-
terized by high frequencies, another approach, if specialized
software is not available, is to set the high-pass and low-pass
filters to 200 Hz and 500 Hz, respectively, and defining
ganglia sites as those with fractionated multicomponent
signal with >4 deflections.”® However, using this approach,
low-amplitude fractionated electrograms (amplitudes <0.7
mV) may coincide with atrial scar, rather than with an area
associated with high levels of innervation.”™®

HFS approach

The HFS was initially designed to identify GP location dur-
ing circumferential pulmonary vein isolation for AF. In this
technique, HFS with frequency of 20 Hz, voltage of 10 to
20 V, and pulse duration of 5 ms is delivered to each GP
site. During HFS, the existence of a positive vagal response,
defined as transient ventricular asystole, AV block, or R-R in-
terval increased by 50%, demonstrates vagal innervation
sites.'* %" The main limitation of this method is the
inadvertent induction of AF.


https://clinicaltrials.gov/ct2/show/NCT04755101
https://clinicaltrials.gov/ct2/show/NCT04149886
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Table 4
mapping strategies

Methods for GP identification, technique-specific endpoints, and technique-independent endpoints that can be used with any GP

GP identification Mapping technique

Technique specific endpoints

Technique independent
endpoints

Construct a 3-dimensional model
of the atria (with or without
additional imaging modalities)
and perform ablation at
expected GP locations

Ablation at endocardial sites
associated with a vagal
response (transient AV block,
asystole, or an increase in the
R-R interval) with very rapid
stimulation (20 Hz, 10-20V,
pulse duration 5 ms and <5-s
total duration)

Spectral analysis: Ablation at
sites characterized by multiple
harmonics with frequencies
>80 Hz

Fractionation: Identifying sites
with >4 deflections,
particularly with higher
amplitudes (>0.7 mV)

Anatomic

High-frequency stimulation

Electrogram morphology

Electrogram elimination or

Elimination of the vagal response

e Absence of a vagal response
with extravascular vagal
stimulation

e Absence of a heart rate
response with atropine

e Sustained increase in heart rate

attenuation

with ablation or post

Electrogram elimination or

attenuation

AV = atrioventricular; GP = ganglionated plexus.

Anatomic approach

The anatomical approach is based on the assumption of the
anatomical location of the main GPs.”*“’ There are up to
7 major GPs located in protuberances or grooves of the heart
wall, such as interatrial tissues, connective folding between
the atrium and pulmonary veins, tissues adjacent to coronary
arteries, and epicardial AV tissues. Because atrial wall thick-
ness ranges from 3 to 5 mm, the epicardial GPs can be ablated
from the endocardium. In many but not all cases, anatomic
ablation of the presumptive regions of 3 or 4 main GPs is
enough to obtain a good result (Figure 3).7-2%**-%0

Assessing denervation

Regardless of ablation technique, denervation assessment is
fundamental for effective CNA and as an endpoint for the
procedure. Modification of electrophysiological parameters
and atropine challenge at ablation completion are indirect
and may not be totally reliable. While elimination of the
vagal response with HFS at endocardial sites that preablation
were associated with a vagal response has been used as a sign
of successful CNA, extracardiac vagal stimulation (ECVS) is
a technique for CNA that reproduces the cardioinhibition
associated with a head-up-tilt-test and may be repeated at
different times during the CNA procedure until the cardioin-
hibition response is abolished.'"”**°” ECVS is performed
by advancing a catheter in the right internal jugular vein close
to the jugular foramen (Figure 7). Vagus nerve capture is ob-
tained without direct contact with the nerve by rapid stimula-
tion (50 Hz) with pulse width of 50 ms and an amplitude of 1
V/kg (up to a maximum of 70 V).””” ECVS can be done
repetitively during the procedure to assess progress of

denervation. ECVS is usually performed in the right internal
jugular vein, but stimulation in the left internal jugular vein
can also be additionally performed, and the optimal location
for ECVS may be facilitated by the use of ultrasound, and can
assess both sinus node behavior and AV conduction.’"** In
some cases, ECVS can be used to assess the specific effect
of CNA. For example, in a patient undergoing CNA for func-
tional AV block, ECVS may be used to confirm absence of
AV block without impacting sinus node function.®”
Response to ECVS may be a strategy to facilitate reproduc-
ibility of CNA and consistency among different centers.
While ECVS has been shown to be an important endpoint
by some investigators, information on the best endpoint for
CNA procedures still remains incomplete.

Regardless of the strategy used, CNA is a procedure that
may have a significant associated placebo effect similar to
the initial studies evaluating the impact of permanent pacing
in VVS.*>*° Thus, denervation should be confirmed during
and at the end of the procedure and the results will guide
whether continued ablation is required.

Preventing reinnervation

Reinnervation is a process that may limit the benefit of this
therapy. In a canine model, Oh and colleagues™ delivered
extensive radiofrequency energy with an epicardial approach
to the fat pads that acutely eliminated the vagal effects on the
sinus node, atrial tissue, and AV node, only to note that these
denervation effects disappeared completely at retesting at 4
weeks. However, partial recovery of a previously severely
symptomatic autonomic response may be acceptable if
important cardioinhibition is prevented. Due to the
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Figure 5  Basis of the innervation mapping. Electrical properties of the myocardium depending on the cell connection. A: Compact myocardium. B: Fibrillar

myocardium. 1: myocardium histology draw; 2: conduction scheme; 3: time domain endocardial potential; 4: frequency domain endocardial potential (spectral
analysis). The cells of the compact myocardium are very well connected with high connexin density, represented by small blue bars (1A). That provides an
isotropic (homogeneous) conduction (2A) and a smooth potential (3A) and a smooth spectrum (4A). On the contrary, the entry of the nervous fibers into the
myocardium and the presence of numerous micro-neurons (2B) change the cells connections, causing anisotropic conduction (2B) even without fibrosis (type
1 atrial fibrillation [AF] Nest). The endocardial potential may show fractionation (3B) and the spectrum typically segmented, with several frequency branches
(4B), the conduction is heterogeneous as in a bunch of cells (type 1 AF nests).

widespread distribution of nerve endings, there is a signifi- Anesthesia considerations

cant overlap among GPs. Therefore, the denervation of one
GP may be counteracted and compensated by the neighbors
and by the numerous surrounding micro-GPs. Specific
procedural endpoints may be important, as one group has
reported that abolishing vagal effects by ECVS assessment
provided a long-term clinical benefit even in the setting of
reinnervation.”’

Almost all agents used for general anesthesia will impact the
ANS but generally not to the point that it will impact iden-
tifying ablation targets or assessing procedural endpoints.
However, it is recommended that the level of anesthesia is
controlled with bispectral values between 40 and 50. Values
<40 represent an undesirable deep hypnotic state that may
potentially significantly interfere with autonomic nervous

Figure 6

Fractionation mapping. Electroanatomical model showing fractionation map (light gray) and atrial walls (purple). Yellow dotted ellipses show

ganglia GP1 to GP4. T2 to T4 indicate the fractionation map sensitivity and specificity threshold: the higher the number is, the more specific and less sensitive
itis. This parameter must be adjusted by the operator to get the best view of the ganglionated plexus areas. Usually, the P point needs the highest threshold and GP1
the lowest. The software developed by Pachon and St Jude Medical (now Abbott Laboratories). IVC = inferior vena cava; LA = left atrium; LIPV = left inferior
pulmonary vein; LSPV = left superior pulmonary vein; RA = right atrium; RIPV = right inferior pulmonary vein; RSPV = right superior pulmonary vein; SVC
= superior vena cava.
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Figure 7

A: Optimized vagal stimulation parameters. B: Drawing showing the lead inside the internal jugular vein and its closeness to the vagus nerve. The

closest site is usually located near the jugular foramen at the base of the cranium. C: Cervical cross-section scheme showing the carotid sheath and the relationship
between the vagus nerve and the internal jugular vein. D: Anteroposterior (top) and lateral (bottom) radiographs showing the position of the lead just below the
right jugular foramen to proceed with the stimulation of the right vagus nerve. E: Electrocardiography of extracardiac vagal stimulation before cardioneuroabla-
tion (CNA) showing long sinus arrest (top), and again, extracardiac vagal stimulation after CNA showing no more vagal response (bottom) (see Video). Asterisk

indicates catheter tip. LL = left lateral; PA = lateral.

tone. Conscious sedation (intravenous administration of
midazolam and sufentanil) is also an acceptable option,
for it would not directly affect the vagal response during
CNA.

Knowledge Gaps

At this time there are different techniques employed for CNA
including location (right atrial, left atrial, or biatrial), ablation
strategies (anatomic vs GP identification), and procedural
endpoints. As CNA continues to develop, heterogeneity
will almost necessarily exist as investigators explore distinct
aspects of the procedure and which patients benefit the most.
However, as the evidence base becomes more robust, devel-
opment of relatively standardized approaches and agreement
on acute and clinically relevant long-term endpoints will be
critical, particularly in the design and interpretation of results
of randomized controlled trials.

The design of randomized controlled trials is particularly
relevant in VVS given the intermittent nature of symptoms,
placebo effect for therapies, and the complex pathophysi-
ology with interindividual variability. These issues are com-
pounded by the younger age of many patients with VVS and
the relatively short follow-up (<2 years) in published studies
to date. For all of these reasons, the likely required inclusion
criteria for any randomized controlled trial evaluating CNA

for VVS will include patients with frequent debilitating
symptoms due to cardioinhibition, a positive response to
atropine, and prior failure of conservative approaches and
medical therapy.

Interest in CNA originally developed as a potential ther-
apy for the treatment of AF. Continued research from multi-
ple groups over the past several decades has emphasized the
potential impact of the ANS in AF, and it may be that CNA
will develop as an adjunctive therapy for selected patients
with AF.”%0+°°

Conclusion

Since its original description in 2005, CNA has emerged as a
potential therapy for diseases and symptoms associated with
hypervagotonia. Multiple investigators have described bene-
ficial effects associated with CNA in patients with severely
symptomatic VVS and developing evidence suggests a
benefit in those patients with functional bradycardia.
However, almost all of the evidence is observational with
short follow-up and must be balanced by past experience
with permanent pacing and the high rate of spontaneous
remission in patients with VVS. Given the limitations in
the evidence, at this time, adoption of this technique requires
careful programmatic development including specific proto-
cols for identifying appropriate patients, technique, and
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comprehensive follow-up. Ideally, all patients who undergo
CNA and are not included in a clinical trial should be
included in registries that outline the technical aspects of
the procedure including endpoints, identify procedural com-
plications and immediate physiologic impact, and include
long-term monitoring for complications and outcomes.
Within this structure for acquiring real world data, this infor-
mation along with results from future randomized controlled
trials will delineate the appropriate use and best methods for
CNA, and the broader medical community will then better
understand how to assimilate this technique more generally
into clinical care.
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