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Abstract
Purpose Modulation of the intrinsic cardiac autonomic
nervous system (ICANS) has been described to occur
during radiofrequency pulmonary vein (PV) isolation for
paroxysmal atrial fibrillation (AF) and has been controver-
sially proposed to increase clinical success. Energy source
used for PV isolation might influence ICANS modulation.
The effect of balloon-delivered cryoenergy on the ICANS is
unknown. We conducted a study investigating acute
periprocedural effect on ICAN as well as changes in heart
rate variability (HRV) for standard deviation of normal-to-
normal intervals (SDNN) and triangular index (TI) as
surrogates for ICANS modulation after cryoballoon PV
isolation.
Methods Fourteen consecutive patients without structural
heart disease underwent cryoballoon PV isolation for
paroxysmal atrial fibrillation. Acute changes in heart rate
requiring pacing during the procedure were recorded. HRV
was tested by Holter ECG for SDNN and TI before ablation
and after 1 week, 1 month, and 3 months following
ablation.
Results Fifty-five out of 56 PV were isolated (98%) with
short-term 6-month freedom from paroxysmal AF of 64%
by one single procedure. Five patients (36%) showed
significant bradycardia during balloon thawing requiring
temporary pacing. HRV decreased significantly immediate-
ly after PV isolation for both SDNN and TI until 1 month,
gradually normalizing toward 3 months follow-up. HRV

modulation was not different between patients with or
without AF recurrences.
Conclusions Cryoballoon PV isolation significantly modu-
lates the ICANS, but only temporarily for up to 3 months,
measured by HRV changes after ablation.
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1 Introduction

Catheter ablation has evolved as effective treatment option
in symptomatic paroxysmal atrial fibrillation and is cur-
rently being investigated for first-line therapy in selected
cases. After identifying focal activity within the pulmonary
veins [1], pulmonary vein (PV) isolation has become the
cornerstone in interventional treatment of paroxysmal atrial
fibrillation [2].

Themechanism responsible for the cure of atrial fibrillation
(AF) after PV isolation is still unresolved. It has been
speculated that the inadvertent ablation of the adjacent
intrinsic cardiac autonomic nervous system (ICANS) may
play a crucial role for successful ablation of AF. The ICANS
consists of an interconnected neural network composed of
four ganglionated plexi (GP) at the posterior aspect of the left
atrium, whereas free nerve endings aggregate subendothe-
lially on the anterior surface of the pulmonary veins. The four
ganglionated plexi are located epicardially in fat pads at the
right superior pulmonary vein (anterior right GP), at the
junction of the inferior vena cava and both atria (inferior right
GP), at the root of the left superior vein (superior left GP), and
at the root of the left inferior pulmonary vein (inferior left GP).
Due to the proximity of GPs at the PVostia, it is still unclear
whether the disruption of electrical conduction of PVs or
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solely the destruction of the GPs is the clue for the cure of AF
ablation.

Ablation of GPs is sufficient to significantly decrease the
AF inducibility in dogs at both the ipsilateral and contralateral
pulmonary veins [3]. Intact conducting PVs were not
necessary whereas intact GPs were necessary for the
maintenance of cholinergic AF in another dog model [4].

The results in human atrial fibrillation are controversial
due to different patient populations, procedural approaches,
and endpoint definition. Studies investigating ablation of
the ganglia only without additional PV isolation were
associated with an unfavorable outcome concerning AF
recurrence or AF inducibility as compared to circumferen-
tial pulmonary vein isolation [5–8].

Parameters calculated from Holter ECG recordings such
as heart rate variability (HRV) serve as surrogates for
ICANS modulation [9]. It has been shown that circumfer-
ential PV isolation of left and right PVs by RF ablation
significantly influences cardiac autonomic innervation with
a significant reduction of HRV during short-term observa-
tions of 5-min ECG samples compared to HRV before PV
isolation [10]. Longer observations showed significantly
decreased HRV for a limited period of approximately 3–
6 months duration after circumferential radiofrequency PV
isolation [8]. Improvement of clinical success was proposed
for patients, who demonstrated significant HRV reduction
during follow-up, undergoing circumferential PV isolation
by RF ablation [8].

Balloon-delivered cryoablation on the other hand has
recently been introduced as effective alternative ablation
energy for PV isolation [11–14]. The present prospective
single-center study investigates whether cryoballoon abla-
tion of pulmonary veins, similar to radiofrequency ablation
of pulmonary veins, is associated with a modulation of the
ICANS as assessed by acute bradycardia during ablation as
well as changes of HRV. Since phrenic nerve injury evoked
by cryoenergy or radiofrequency is different concerning
reversibility (100% reversibility after cryoenergy ablation
vs. only 60–70% reversibility after radiofrequency ablation)
[15], it is of importance to know whether cryoenergy might
affect the ICANS as extensive and sustained as radio-
frequency energy does and whether the success of
cryoablation relies on ICAN modulation.

2 Methods

Fourteen consecutive patients without structural heart
disease, scheduled for pulmonary vein isolation for symp-
tomatic paroxysmal atrial fibrillation, were eligible for the
study. All patients gave written informed consent for use of
data. A Holter ECG recorded on the day before interven-
tional treatment for analysis of heart rate variability during

sinus rhythm was acquired in all cases. Standard deviation
of normal-to-normal intervals (SDNN) and triangular index
(TI) were calculated from Holter data.

Holter analysis was performed using the pathfinder
software (Pathfinder Digital V8.257, Reynolds Medical
Ltd., Edinburgh, UK). Artifacts, premature complexes, and
short atrial runs were manually edited and excluded from
calculation. Patients presenting in persistent atrial fibrilla-
tion before ablation were excluded.

Pulmonary vein isolation was performed as described
previously [12]. The entire ablation procedure was per-
formed during mild sedation with midazolam and morphine
as needed in 13 patients while one had asked for general
anesthesia for additional general anxiety disorder. Briefly,
following transesophageal echocardiography for exclusion
of intra-atrial thrombi shortly before the procedure during
oral anticoagulation pause, venous access was achieved for
a hexapolar coronary sinus (CS) catheter (Bard, Lowell,
MA,USA) and a quadropolar catheter (Bard, Lowell, MA,
USA) in the superior vena cava (SVC) via two left femoral
vein punctures. The right femoral vein was used to access
the left atrium via transseptal puncture using standard
fluoroscopy-guided technique with SR-0 sheath (Fast Cath
SR-0, St. Jude Medical, Minnetonka, MN, USA) and
transseptal needle (BRK-1, St. Jude Medical, Minnetonka,
MN, USA) before changing to the steerable transseptal
sheath (Flexcath sheath, Cryocath, Montreal, Canada) over
the wire with a stable wire position inside the left superior
PV. Heparin was administered after positioning of the
steerable sheath in the left atrium. PV angiography was
performed using the steerable sheath for identification of
individual PV anatomy, in particular the left atrium to PV
junction region and on the other hand for the localization of
different PV branches for strategic planning of wire
positioning during later balloon stabilization during abla-
tion. A large 28-mm-diameter cryoballoon (Arctic Front,
Cryocath, Montreal, Canada) was used for all cases in order
to allow proximal isolation of all PVs, making complete PV
isolation the prespecified endpoint of the procedure. Using
the cryoballoon stabilized over the wire inside the PV to
atrium junction region, one PV after another was treated
with each freeze lasting 300 s. Optimum PV balloon
occlusion was proven by contrast media injection through
the distal tip of the inflated balloon. Ablation was started
when no or only minimal leakage was shown. Pacing of the
right phrenic nerve within the SVC was performed in order
to show intact nerve conduction during ablation of the right
superior PV. No endocardial pacing maneuvers within the
left atrium were performed in order to identify ICANS.
Temporal CS left atrial pacing was performed for a few
seconds until recovery, when a symptomatic decrease in
sinus node rate below 40 beats per minute or pauses during
or after PV cryoablation occurred. Following ablation of all
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PVs, a lasso-shaped duodecapolar adjustable mapping
catheter (Inquiry Optima, Irvine Biomedical, Irvine, CA,
USA) was used to confirm successful proximal isolation of
all PVs as previously described. Balloon ablation was
repeated in nonisolated veins until they were successfully
treated. The activated clotting time was kept at 300–350 s
during the procedure and oral anticoagulation was reiniti-
ated the following day. Previous antiarrhythmic medication
was kept unchanged during and after ablation until the
3-month follow-up. After this period, class I and class III
antiarrhythmic drugs were terminated in patients free of
paroxysmal AF.

Postinterventional follow-up included 12 lead ECG,
Holter recordings with arrhythmia analysis, and HRV
measurements as well as clinical assessment. Follow-up
was performed within the first week after ablation before
hospital discharge and during scheduled outpatient visits
after 1 month and after 3 months.

SPSS statistics software (SPSS 15.0 for Windows, SPSS,
Chicago, IL, USA)was used for statistical calculations. A two-
sided paired Student’s t test was used for calculation of
significance. A p<0.5 was considered statistically significant.

3 Results

Fourteen consecutive symptomatic, predominantly male
patients without structural heart disease receiving cryobal-
loon PV isolation for paroxysmal atrial fibrillation were
included. Arterial hypertension was present in most cases
but without enlarged left atrial diameters as measured by
echocardiography as presented in Table 1.

Successful ablation of all PV was achieved in all but one
case. A total number of 56 PVs were treated in 14 patients
with successful isolation of 55 PVs (98%) leaving one PV
with only significant conduction delay. Each patient
received 13±2.3 (range 10–17) cryoballoon ablations.
Additional touch-up cryoablation (FreezorMax, Cryocath,
Montreal, Canada) of a single PV was performed in three
patients. The acute single balloon-only success rate of PV

isolation was 92%. One right phrenic nerve palsy was
observed during isolation of the right superior PV during
continuous phrenic nerve pacing after approximately 120 s
of ablation; therefore, ablation was immediately terminated
with complete recovery of the nerve after 3 min. Five
patients (36%) required temporary cardiac pacing for less
than 30 s, each due to symptomatic sinus bradycardia and
pauses, which occurred during cryoballoon thawing, par-
ticularly immediately after balloon thawing and deflation.
Interestingly, four of them were later judged as free from
paroxysmal AF. Complete normalization of sinus node rate
was observed in all cases after pacing. Fluoroscopy
duration was 34±10 min (range 20–54 min).

Clinical success 6 months after initial PV isolation
procedure, defined as freedom from symptomatic paroxys-
mal atrial fibrillation in clinical assessment, 12 lead ECG,
and Holter ECG recordings was observed in nine patients
(64%) after one single procedure cryoballoon PV isolation
during 6 months follow-up. One patient underwent a
second procedure showing reconduction in three out of
four PVs and was free from paroxysmal AF following the
second procedure. One patient underwent ablation of the
right atrial cavotricuspid isthmus for documented atrial
flutter and was free of paroxysmal AF thereafter. One
patient received a pacemaker for symptomatic sick sinus
syndrome with chronotropic incompetence during sinus
rhythm and recurrent syncope following spontaneous AF
termination, while a diagnostic invasive study showed
persistent isolation of all PVs 5 months after the initial
procedure.

Following cryoballoon PV isolation, a significant change
in the cardiac autonomic tone indicated by HRV could be
detected in a time-dependent way. Immediately after the
procedure, a significant drop of SDNN was observed with a
mean drop by 31±28.6 ms to a significantly depressed
mean SDNN of 84±34.9 ms, while baseline SDNN values
were normal in all cases before cryoballoon PV isolation
(115±13 ms). The ablation-induced change persisted during
the first months after PV isolation and showed normaliza-
tion of SDNN after 3 months. HRV analysis was performed
until the 3-month follow-up. Individual development of
HRV is displayed in Fig. 1(a); mean SDNN is shown in
Fig. 2(a). SDNN returned to baseline levels 3 months after
ablation.

Similar changes were detected measuring the triangular
index as shown individually for each patient in Fig. 1(b).
With normal baseline values before cryoballoon PV
isolation (31±2.8), a significant mean drop by 8±10.5
was observed during the first week, again with normaliza-
tion of this parameter 3 months after the initial procedure as
shown in Fig. 2(b). Changes of SDNN and TI from baseline
values are shown in Fig. 3. The ablation-induced decrease
in HRV was observed in 12 out of 14 patients (86%). The

Table 1 Patient baseline characteristics

Age 59 (10.9)

Male patients 9 (64%)

Normal left ventricular function 14 (100%)

Left atrial short axis diameter 38±6 mm

History of hypertension 10 (71%)

Previous antiarrhythmic drugs

Mean number/patient 1.6

Vaughan/Williams class I 5 (36%)

Vaughan/Williams class III 5 (36%)
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two patients without significant changes of HRV shown in
Fig. 1 were judged as free from paroxysmal AF during
follow-up. Symptomatic bradycardia suggesting vagal
reaction during ablation and thawing was present in one
of the two patients without HRV decrease during follow-up.
The three largest reductions of HRV occurred in patients
without reflex bradycardia during the procedure.

Patients without AF recurrences (nine patients) and
patients with AF recurrence (five patients) after a single
procedure did not show differences of left atrial diameter
(38.9±4.7 vs. 35.4±7.8 mm, p=0.31). The calculated
changes from baseline levels in SDNN and TI as shown in
Fig. 3 did not differ between both subgroups neither within
the first week, at 1 month nor at 3 months after ablation.

Fig. 1 Individual development
of (a) SDNN and (b) TI for each
patient studied

Fig. 2 (a) Standard deviation of
normal-to-normal intervals
measured by Holter ECG before
ablation and after ablation with-
in the first week, after 1 month,
and after 3 months follow-up.
Data presented as mean values ±
standard deviation. *p=0.01;
**p=0.09. (b) Triangular index
measured by Holter ECG before
ablation and after ablation with-
in the first week, after 1 month,
and after 3 months follow-up.
Data presented as mean values ±
standard deviation. *p=0.01;
**p=0.02
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4 Discussion

Our study demonstrates significant changes in heart rate
variability, a surrogate for ICANS modulation, following
cryoballoon PV isolation for paroxysmal atrial fibrillation.
However, modulation of the ICANS did not sustain for more
than 3 months after ablation, and modulation of the ICANS
was not associated with freedom of AF recurrence. The
population was a typical cohort for patients with paroxysmal
AF without structural heart disease with normal left ventric-
ular function, no significant valvular disease, and normally
sized left atria, predominantly with a history of hypertension.

Acute procedural success of 98%, defined as PV isolation,
and clinical success (64% at 3 and 6 months), defined as
freedom from atrial fibrillation, are consistent with previously
published reports on larger numbers of patients treated by
cryoballoon PV isolation [11–14]. Temporary sinus brady-
cardia or even pauses have not been described systematically
for cryoballoon ablation of paroxysmal atrial fibrillation. We
attribute this observation to cardiac autonomic plexus
modulation, which was observed frequently in 36% of the
procedures. Bradycardia observed during balloon-based
cryoablation was only observed during the period of balloon
(and tissue) thawing and balloon deflation following thawing
at the end of ablation. Cell damage from cryoablation occurs
during cell freezing on the one hand and cell thawing
followed by reactive hyperemia and edema on the other hand
[16]. We hypothesize that bradycardia during the balloon and
tissue thawing period may be induced by balloon-induced
stretch of left atrial tissue, hyperemia within cryoablation
border zones, or possibly by direct damage to cardiac nerve
tissue during thawing. This observation may be similar to
reflex bradycardia during mapping of plexi by rapid
endocardial pacing. Reflex bradycardia was not associated
with a better clinical outcome or greater change of HRV
during follow-up.

Our study population consisted of nondilated left atria
only. Only large 28-mm balloons were used, which have
been shown to create PV isolation in the PV to left atrium
junction region [17]. We hypothesize that balloon-based

cryoablation not within the PV but at the PV to left atrium
junction region would affect cardiac ganglia. Hence,
cryoballoon PV isolation is associated with a significant
decrease of HRV in a time-dependent manner. The greatest
decrease of SDNN and TI can be detected shortly after PV
isolation. Gradual recovery of HRV is observed with
normalization of HRV levels after 3 months. This finding
confirms previous data from circumferential radiofrequency
PV isolation. RF ablation of GPs as indicated by depressed
HRV was associated with a better clinical outcome [8].
However, superiority of GP ablation was shown by
excluding early AF recurrences. This classification for
early and late recurrences has not been used in our study.
Most of the other studies comparing circumferential PV
isolation with GP ablation only could not find superior
results with GP ablation [5–7]. Thus, cryoenergy appears to
behave quite similar to radiofrequency energy concerning
ICANS modulation.

The recovery of HRV and triangular index in our study
3 months after ablation might be due to cardiac reinnervation.
This has also been shown after heart transplantation [18, 19].
Since epicardial modulation of the ICANS is only temporary,
we speculate that GP modulation is rather a bystander than
essential part of the cure in cryoballoon PV isolation.

5 Conclusion

Cryoballoon PV isolation significantly modulates the ICANS,
but only temporarily for up to 3 months, as assessed by HRV
parameters SDNN and TI. HRV modulation did not indicate
clinical cryoballoon ablation success. Thus, ICANS modula-
tion may likely represent a bystander effect rather than
necessary target for cryoballoon ablation of paroxysmal AF.

6 Limitations

Our study is limited by the fact that we included patients
with paroxysmal atrial fibrillation and did not exclusively

Fig. 3 Change in SDNN and TI
compared to baseline values.
Light gray bars represent SDNN
changes (milliseconds) and dark
bars represent changes of TI (no
units). Data presented as mean
values ± standard deviation
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study patients with clinical characteristics of vagal atrial
fibrillation such as bradycardia-associated and nocturnal
atrial fibrillation episodes. Persistent ICANS modulation
might be of utmost importance in this subgroup of AF
patients.

This study describes temporary modulation of the ICANS
in the majority of patients following cryoballoon PV isolation.
However, follow-up using single Holter ECG recordings may
be insufficient in proving freedom from atrial fibrillation.
Considering its small sample size of 14 patients, our study is
not powered to prove that ablation of ICANS is essential in
achieving clinical long-term success. A larger study is needed
to investigate the role of ICANS cryomodulation on long-term
freedom from atrial fibrillation.

Conflict of interest statement There are no conflicts of interests for
any author of this manuscript.
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