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Abstract

Background Adenosine infusion after pulmonary vein
isolation (PVI) with radiofrequency energy reveals dor-
mant muscular sleeves and predicts atrial fibrillation
(AF) recurrence. The aim of our study was to determine
whether adenosine could reveal dormant PV sleeves after
cryoballoon isolation and study its effect on long-term
recurrence of AF.

Methods Patients with paroxysmal AF underwent cryobal-
loon PVI. After PVI, adenosine 25 mg was infused to test
for dormant muscular sleeves in each vein. If reconnection
under adenosine was shown, further cryoballoon ablation
was performed until no more reconnection occurred.
Follow-up was performed with ECG, 24-h Holter recording,
and a symptom questionnaire at three monthly intervals.
Transtelephonic Holter monitoring was performed for
1 month before and 3 months after PVI. Patients who
underwent cryoballoon PVI without adenosine administra-
tion were used as controls for comparison.

Results In the study group (n=34, 24 males), adenosine
revealed dormant sleeves in 9/132 (8 %) veins, and 7/34
(21 %) patients. All but one vein was further treated until the
dormant sleeves were isolated. During a mean follow-up of
520+147 days, 23/34 (68 %) patients were free of AF
without antiarrhythmic drugs (AADs). In the control group
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(n=65, 46 males), 29/65 (46 %) were free of AF without
AADs. There were significantly less AF recurrences in the
study group (p=0.04).

Conclusions Adenosine administration after cryoballoon
PVI reveals dormant muscular sleeves in 21 % of patients.
Clinical follow-up shows that adenosine testing is effective
in reducing AF recurrence after cryoballoon ablation.

Keywords Atrial fibrillation - Ablation - Pulmonary veins -
Cryoballoon - Adenosine

Introduction

Pulmonary vein isolation (PVI) has become the cornerstone
of invasive treatment of atrial fibrillation (AF). Previous
studies have shown that there is a high percentage of elec-
trical reconduction from the atria to the pulmonary veins
after circumferential ablation using radiofrequency current
(RF) and that resumption of conduction to previously ablat-
ed pulmonary veins is responsible for recurrence of AF [1,
2]. It has also been proven that adenosine infusion after PVI
reveals dormant muscular sleeves, which are a predictor of
late reconduction [3].

Adenosine activates adenosine-sensitive potassium chan-
nels, restoring the resting potential to its normal value in
myocytes with reversible thermal injury [4, 5]. Cryoballoon
ablation has been proven to be effective in pulmonary vein
isolation [6, 7], but reconduction to the pulmonary veins is
invariably present (100 %) in patients who develop recur-
rences of AF [8]. The scope of our study was to determine
whether adenosine could reveal dormant PV sleeves after
cryoballoon isolation and gain insight into the long-term
outcome.
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Methods
Study population

Patients referred to our centre for ablation of symptomatic
paroxysmal AF resistant to antiarrhythmic drugs (AADs), at
two or more occasions, were included. Patients with ob-
structive pulmonary disease and severe valvular disease
were excluded. Informed consent was obtained in all
patients.

A control population with similar demographic character-
istics was selected from patients who were ablated for AF
with the cryoballoon during the same period as the study
population. They were used to compare the freedom of AF
after long-term follow-up. For comparison the groups were
labelled ‘adenosine’ and ‘no adenosine’.

Pulmonary vein isolation procedure

The procedure was performed under conscious sedation or
general anaesthesia according to patient preference. Both
femoral veins were used for venous access. A 10 Fr intra-
cardiac echocardiography (ICE) catheter (Flexview, EP Med
Systems, New Jersey, USA) was introduced through the left
femoral vein and positioned in the right atrium. A decapolar
catheter was placed in the coronary sinus. A single trans-
septal puncture was performed using a transseptal needle
(BKR1, St Jude Medical, Minnesota, USA) and an 8F
sheath (Fastcath SL1, St Jude Medical, Minnesota, USA),
guided by both ICE and fluoroscopy. A 6 Fr angiocatheter
(Mach 1 MP2, Boston Scientific, Massachusetts, USA) was
used to perform a selective angiography of each pulmonary
vein to locate the ostium. A circular mapping catheter was
advanced and positioned in the antrum of each pulmonary
vein to record the presence of PV potentials. The sheath was
exchanged for a 14 Fr steerable sheath (Flexcath, Medtronic,
Minneapolis, USA), through which a 28 mm, 12 Fr cryo-
balloon catheter (Arctic Front, Medtronic, Minneapolis,
USA) was inserted, and positioned over an exchange wire
to occlude the ostium of each PV. Cryoablation was per-
formed for 5 min per application. A minimum of two appli-
cations per vein were given. Before targeting the right
superior pulmonary vein (RSPV), a quadripolar catheter
was positioned in the superior caval vein for continuous
phrenic nerve stimulation during cryoapplication. At loss
of capture, ablation was instantaneously terminated. After
targeting all the PVs, the cryocatheter was exchanged for a
circular mapping catheter to register any remaining electri-
cal activity. If this registration showed persistence of PV
potentials, the cryoballoon was introduced again and an
additional two applications of 5 min were given. If PV
potentials remained present after this second ablation at-
tempt, a conventional cryocatheter (Freezor Max, Medtronic,
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Minneapolis, USA) was used to perform a segmental isolation
through the same transseptal puncture. After isolation of all
the veins, the electrical activity was registered at the ostia
during bolus administration of 25 mg of adenosine. If recon-
duction to the pulmonary vein was confirmed during adeno-
sine administration, additional cryoablation was performed
until this was no longer the case. Throughout the procedure,
the activated clotting time was monitored every 30 min and
maintained between 275 and 300 s.

The control population was ablated using the same meth-
od, except for the administration of adenosine.

Rhythm evaluation

Patients were instructed to submit daily rhythm strips, and
additional strips when symptomatic, for 1 month before the
ablation and 3 months after, with a transtelephonic Holter
monitoring system. These recordings were used to calculate
the AF burden, defined as the ratio of transmitted strips
revealing AF and the number of days the patient was in
possession of the recording device. Twenty-four hour Holter
monitoring was performed before the ablation and repeated
at three monthly intervals after ablation. The patients were
evaluated at three monthly intervals by a cardiologist at the
outpatient clinic, at which time an electrocardiogram (ECG)
was performed, until at least 1 year after ablation. Unsolic-
ited ECG tracings, performed for any reason outside the
routine follow-up, were also taken into consideration. No
blanking period for AF recurrence was applied.

A questionnaire was used to score palpitation symptoms
for frequency and duration. Patients were asked to score this
at baseline and at each outpatient visit during the follow-up.
Frequency categories were subdivided into: none, daily,
weekly, monthly, and yearly; duration categories into: none,
minutes, hours, and days.

Drug management

The AAD regime was discontinued 5 days before the pro-
cedure and restarted the day after the procedure, until
3 months after ablation. If no recurrences were recorded
during this period, the AADs were discontinued.

Oral anticoagulation (INR between 2.0 and 3.0) was
stopped 3 days before the ablation. The day before the
procedure a transoesophageal echocardiography was per-
formed to exclude the presence of a left atrial thrombus.
Oral anticoagulation was restarted the day after the proce-
dure, until at least 6 months after ablation.

Statistical analysis

Continuous variables are expressed as mean+SD if normal-
ly distributed, or otherwise by median and interquartile
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range. Continuous variables were analysed using Student’s
t-test or the Mann—Whitney U test in case of non-normal
distribution of data. Categorical data were summarised as
frequency (percentage) and compared using a Chi-square
test. A two-sided p value<0.05 was used for declaring
statistical significance. Analyses were performed with SPSS
for Windows (version 16.0, SPSS Inc, Chicago, Illinois,
USA).

Results
Demographics

Patients with drug-resistant, paroxysmal and symptomatic
AF (n=34, 24 males, 57+12 years) were included in the
study. The control population was a similar group of patients
with drug-resistant, paroxysmal and symptomatic AF, ablat-
ed during the same period with the cryoballoon (n=65, 46
males, 5849 years). Demographic data are represented in
Table 1.

Adenosine revealing dormant conduction to the pulmonary
veins: adenosine group

Administration of adenosine revealed dormant conduction
to one or more PVs in seven patients (21 %) and nine veins

Table 1 Demographic, procedure and follow-up data: comparison
between the study group (adenosine) and the control group (no
adenosine)

Adenosine No adenosine p

Demographic data

Male/Female (n) 24/10 46/19 NS
Age (years) 57+12 58+9 NS
LA diameter (mm) 45+7 42+6 0.05
Body mass index 28+5 2645 NS
Years of AF (years) 745 7+6 NS
AF burden (%) 12+23 20+21 NS
Procedure data

Procedure time (min) 202+68 193+57 NS
Fluoroscopy time (min) 41424 46+23 NS
Balloon applications (n) 11 (9-13) 9 (8-11) 0.013
Follow-up data

Follow-up (days) 520+147 539+214 NS
No AF, no AAD (n (%)) 23 (68) 29 (46) 0.04
AF recurrence (1 (%)) 11 (32) 34 (54) 0.04
Reduced burden and/or 6 (18) 16 (25) NS

AAD (n (%))

Re-intervention (n (%)) 5(14) 18 (29) NS

AAD antiarrhythmic drugs; AF atrial fibrillation; LA left atrium

(8 %): left superior pulmonary vein (LSPV) 1 (3 %); left
inferior pulmonary vein (LIPV) 3 (9 %); right superior
pulmonary vein (RSPV) 1 (3 %); and right inferior pulmo-
nary vein (RIPV) 4 (12 %). These results are represented in
Fig. 1a and b. The average dose of adenosine administered
per vein was 27+2 mg. There was no significant difference
when considering reconduction in right versus left veins
(NS), inferior versus superior veins and/or the RIPV versus
other veins. All veins with dormant conduction were addi-
tionally ablated until adenosine could not reveal reconduc-
tion. The electrical activity revealed by adenosine in one
vein (RIPV) could not be ablated by the operating physician
within a reasonable timeframe, and the procedure was ter-
minated before isolation under adenosine was achieved.
These findings are summarised in Table 2.

Outcome of the ablation procedure: adenosine group

All study patients underwent successful pulmonary vein
isolation with a median procedure time of 202468 min
and a fluoroscopy time of 41+£24 min. General anaesthesia
was given in 13 (38 %) patients, 21 (62 %) were consciously
sedated. The median number of balloon applications was 11
[9-13], and the left-sided veins needed significantly more
balloon applications than the right-sided veins to achieve
isolation: 3 (2-7) versus 2 (1-6) (p<0.001). An example of
a cryoballoon occlusion of the right inferior pulmonary vein
is shown in Fig. 2. The use of an additional linear cryocath-
eter was necessary in nine patients (26 %) and/or 14 veins
(10 %); in one patient, however, the linear catheter was used
due to failure of the balloon console. There were signifi-
cantly more linear catheters used in left-sided than in right-
sided veins to complete the circular lesions: 9 (13 %) versus
5 (7 %) (p=0.01) (Table 2). Complete isolation of the four
veins was achieved in all patients.

Long-term outcome after cryoballoon ablation: adenosine
group

The follow-up period was 17+5 months. All results are graph-
ically depicted in Fig. 3. At the end of follow-up, 23 (68 %)
patients were free of AF episodes, without AADs. The aver-
age AF burden of the entire group decreased from 12 % to 3 %
(»=0.01). Of the 11 patients who had a recurrence of AF, 6
(18 %) had a reduced AF burden of arrhythmia under the
previously ineffective AAD regime, and were not reconsid-
ered for reintervention (Fig. 3A shows paired data of AF
burden before and after the procedure). The remaining five
patients with recurrence of AF despite AAD (14 %) were
planned for reintervention. The one patient in whom dormant
reconduction under adenosine had not been eliminated at the
end of the ablation procedure was also scheduled for reinter-
vention. These results are summarised in Table 1. The median
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Fig. 1 Reconnection of dormant pulmonary vein sleeves under aden-
osine administration after cryoballoon ablation. A. Schematic repre-
sentation of the absolute number of reconnecting veins at the respective
ostium. Each arrow represents a reconnecting sleeve. B. Bar graph
representing the ratio of reconnection under adenosine in each vein. C.

ﬁf

200ms

An example of signals present in a right inferior pulmonary vein as
measured with a 20-pole catheter at the ostium. Before ablation,
electrical activity is present in dipoles PV7-8 to PV15-16. After abla-
tion no more electrical signals are present. After adenosine administra-
tion, electrical activity reappears on dipoles PV7-8 to 11-12

Table 2 Procedure characteris-
tics in the adenosine group

LSPV LIPV RSPV RIPV Total

LIPV left inferior pulmonary
vein; LSPV left superior pulmo-
nary vein; RIPV right inferior Linear touch-up : n (%)

pulmonary vein; RSPV right su- Early reconduction adenosine: n (%)

Balloon applications : median (range) 3 (2-6) 3 (2-7) 2 (2-4) 2 (1-6) 11 (8-16)

5 (15) 4(12) 2 (6) 3(9) 14 (10)
1 (3) 3(9) 13) 4(12) 9 (8)

perior pulmonary vein
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Fig. 2 Cryoballoon pulmonary vein isolation. a Fluoroscopic image
(anteroposterior projection) of a selective contrast injection in a right
inferior pulmonary vein through a multipurpose catheter positioned at
its ostium (circle) in the left atrium. Also visible are a decapolar
catheter in the coronary sinus, and an intracardiac echocatheter in the
right atrium. b Fluoroscopic image (anteroposterior projection) of an
occlusion at the ostium of the right inferior pulmonary vein by a 28 mm
cryoballoon catheter, with distal contrast injection. Also visible are a
decapolar catheter in the coronary sinus, a quadripolar catheter in the
superior caval vein (used for phrenic nerve pacing during ablation),
and an intracardiac echocatheter in the right atrium. ¢ Graph showing
the average number of balloon applications necessary for isolation of
the respective veins. CS coronary sinus catheter, CB inflated cryobal-
loon catheter, /CE intracardiac echography catheter, P multipurpose
angiography catheter, O quadripolar catheter positioned for phrenic
nerve capture in the superior caval vein, RIPV right inferior pulmonary
vein, 7SS transseptal sheath

time until the first recurrence after ablation was 9 (2—84) days.
As shown in Fig. 3a, one patient exhibited an artificial in-
crease in burden due to poor compliance with transtelephonic
Holter recording before the ablation (Fig. 3a).

Antiarrthythmic drugs were used by 29 patients (85 %) at
baseline: 14 (41 %) class I AAD, 10 (29 %) amiodarone,
and 5 (15 %) sotalol. One year after ablation, only ten
patients (29 %) were still on AAD: nine patients due to
recurrence of AF, and one patient because of symptomatic
supraventricular extrasystoles. Of the 24 (71 %) patients
who were free of AAD, 22 (65 %) had no more AF, and 2
(6 %) had stopped the AAD because they had a drastic
reduction in AF burden (Fig. 3b).

The baseline symptom score showed that the average
patient had a symptom frequency of weekly complaints,
with a duration of hours. One year after the procedure, the
average patient had no more symptoms (Fig. 3¢ and d).

Comparison with the control population:
adenosine vs. no adenosine group

The adenosine group had a significantly larger left atrial
diameter compared with the no adenosine group: 45+7 vs.
4246 (p=0.05). There were no other significant differences
between the groups at baseline. In both the adenosine and no
adenosine groups, all patients were ablated until pulmonary
vein isolation was achieved (NS). The number of balloon
applications in the adenosine group was significantly higher
than in the no adenosine group: 11 (9-13) vs. 9 (8-11) (p=
0.013). No difference in procedure and fluoroscopy times
was observed (NS).

Both groups had a comparable follow-up period. At the
end of the follow-up, the freedom of AF recurrence showed
significantly less recurrence in the adenosine group: 68 %
vs. 46 % (p=0.04) (Table 1). Figure 4 shows a Kaplan-
Meier graph of AF-free survival in both groups.

Adverse events

In the adenosine group, one patient experienced a right phren-
ic nerve paralysis after cryoballoon ablation of the RSPV: this
resulted in slight dyspnoea which resolved spontaneously
within 3 months. Another patient experienced transient wors-
ening of preexisting migraine during the first 2 weeks after the
ablation. An extensive neurological diagnostic work-up could
not reveal a procedure-related cerebral event.

In the no adenosine group one patient experienced a
pericardial tamponade after the procedure, which was suc-
cessfully treated with a percutaneous drain. A second patient
experienced an asymptomatic phrenic nerve paralysis that
spontaneously resolved within 6 months.

No other adverse events were noted in the two groups.
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Discussion

Our report shows that administration of adenosine after
cryoballoon pulmonary vein isolation demonstrates recon-
duction to the PV sleeves in 9 out of 132 (8 %) of the veins,
and is useful in 7 out of 34 patients (21 %). The 1-year
follow-up after one procedure showed a freedom of AF
without AAD of 68 % (23/34 patients). There is a significant
reduction in AF recurrence during the long-term follow-up
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as compared with a control group, ablated without adeno-
sine testing.

It has been proven that in pulmonary vein isolation by
radiofrequency energy, transient conduction after adminis-
tration of adenosine occurs in 25 % to 35 % of veins [3, 9].
Since resumption of electrical activity in the muscular
sleeves seems to be one of the most important factors for
recurrence of AF after isolation [1], it remains a challenge to
achieve both continuous and permanent lesions during the
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Fig. 4 Kaplan-Meier graph
representing the AF-free sur-
vival after pulmonary vein iso-
lation without AAD in the
adenosine vs. the no adenosine

group
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first procedure. Ablation of dormant PV sleeves has proven to
reduce recurrence of AF during follow-up [10—12]. Most of
the currently available studies have been performed using
radiofrequency energy. It is therefore unclear what the clinical
implications are for cryothermal ablation. Our study is in
accordance with a recent report about a comparable number
of patients, also demonstrating a lower number of dormant
PVs demonstrated with adenosine after cryoballoon PVI than
one would expect in RF ablation [13]; our study in addition
shows a clear clinical benefit of adenosine testing. In cryobal-
loon ablation, however, it has also been shown that reconduc-
tion is an important factor for recurrences of AF after PVI,
with on average 3 PVs showing recovery during a second
procedure [8]. Therefore, elimination of dormant PV sleeves
could improve long-term results. Building on these findings,
we designed our study to answer the question whether aden-
osine could have the same predictive value in cryoballoon
ablation as it has in radiofrequency ablation.

The mechanism by which adenosine causes reconnection
of apparently isolated PVs is by activating an outward
potassium current through activation of a purginergic Al-
membrane receptor [5]. Reversibly damaged myocytes
show a higher resting potential, deactivating the depolaris-
ing voltage-dependent sodium channels and thus inhibiting
fast depolarisation. By hyperpolarising the muscular PV
cells that underwent reversible damage due to ablation,
normal function of the sodium channels is restored, normal-
ising the conduction properties and revealing viable excit-
able tissue [4]. A possible explanation for the difference in
incidence of reconnection between radiofrequency and cry-
othermal PV isolation is the difference in the amount of
reversible damage around the permanent lesion. Radiofre-
quency ablation causes a temperature-specific zone of re-
versible lesion around the ablation point [14-16].

182 364 546
Days

22 19 10

34 26 13

Cryothermal energy has been proven to cause little or no
surrounding reversible injury after ablation [17, 18]. This is
probably caused by the fact that the cryomapping effect at
temperatures around —30 °C is immediately reversible upon
cessation of the application [19]. The substrate that is sen-
sitive to adenosine would therefore be absent or present in
small amounts, resulting in the lower incidence.

We report a freedom of AF without AAD after one
procedure of 68 %, which is a significant increase in success
compared with the 46 % in the control group without aden-
osine testing. Since adenosine testing (with subsequent ab-
lation) is a proven method for increasing freedom of AF
after radiofrequency ablation, it seems to prove that the
same is true for cryoballoon ablation. There is a high dis-
crepancy in published literature on recurrence of AF after
cryoballoon ablation: success rates after a single procedure
range from 49 % (8) to 74 % (6). Two major differences in
follow-up method are apparent in published literature on
cryoballoon ablation: the use of a blanking period, and the
modalities of rhythm monitoring after ablation. In this study,
no blanking period was employed since early AF recurrence
is a proven predictor of late recurrence [8, 20]. HRS/EHRA/
ECAS recommendations for follow-up after AF ablation
still state that a blanking period of 3 months should be
employed [21], but this is based on studies performed with
radiofrequency energy, which has a delayed effect, render-
ing up to 60 % of patients free of AF during long-term
follow-up after early recurrence [22]. It is hypothesised that
either the thermal injury of radiofrequency ablation [23], or
a transient autonomic imbalance [24] is responsible for this.
Unlike RF, cryothermal ablation causes tissue injury with
preservation of tissue architecture [25], so it remains unclear
at present whether a blanking period should be adopted for
cryoballoon PVI.
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As a follow-up method our study combines daily trans-
telephonic ECG, 24-h Holter monitoring and a symptom-
based questionnaire. Studies have shown that transtele-
phonic ECG and 7-day Holter have the same sensitivity
for detecting AF episodes of about 70 % [26]. The addition
of both 24-h Holter monitoring and a symptom-based ques-
tionnaire should increase the sensitivity and therefore de-
crease the reported long-term freedom of AF [27], compared
with reports using less follow-up modalities.

Limitations

This study focused on demonstrating the potential of adeno-
sine for revealing dormant pulmonary vein sleeves after cry-
oballoon ablation. No blinded randomisation was performed;
instead a control population was used to assess the difference
in outcome. No repeat procedures were performed in these
patients to assess long-term durability of the pulmonary vein
isolation, to prove the predictive value of reconnection of
sleeves under adenosine for late reconduction.

Conclusion

Adenosine administration after cryoballoon pulmonary vein
isolation reveals dormant connections from the left atrium to
the PV in 21 % of patients. Additional ablation of dormant
PVs gives a long-term freedom of AF in 68 % of patients after
a single procedure. This is a significant increase compared
with cryoballoon PVI without ablation of dormant PVs.
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