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Ablation for Atrial Fibrillation
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Aims Complete pulmonary vein isolation (CPVI) can be achieved by continuous circular lesions (CCL) around the ipsilat-
eral pulmonary veins (PVs) guided by a 3D-mapping system. We investigated whether CPVI can be achieved with a
single CCL around the isplilateral PVs without recording PV activity during ablation.

Methods
and results

Fifty patients with atrial fibrillation underwent ablation of CCLs around ipsilateral PVs guided by 3D mapping. One or
two Lasso catheters were placed within the PVs. Lasso tracings were hidden to physicians during ablation. After com-
pletion of CCLs, Lasso tracings were evaluated. If PV activation was present, conduction gaps (CGs) were identified
and ablated with guidance by the local electrogram and the Lasso catheter(s). In 21 patients (42%), CPVI was achieved
after ablation of a single CCL around ipsilateral PVs. Pulmonary vein isolation was achieved in 43 patients (86%) in the
right-sided PVs and in 21 patients (42%) in the left-sided PVs. In the remaining patients, there were eight CGs in right-
sided CCLs and 40 CGs in left-sided CCLs. Conduction gaps along the left CCLs were found at the ridge between
the PV ostia and the left atrial appendage in 27 out of 40 CGs (68%). Mean time from the P-wave onset to the earliest
PV potential was 112+ 35 ms in the presence of a CG at the roof, and 166+59 ms in patients with CGs at other
locations in left-sided CCLs (P, 0.05).

Conclusion Complete pulmonary vein isolation is difficult to achieve with a single CCL around ipsilateral PVs without continuous
recording of PV activation during ablation.
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Introduction

Pulmonary vein isolation (PVI) has become the cornerstone in
catheter ablation of paroxysmal and short-term persistent
atrial fibrillation (AF).1–3 It can be performed either with
small circular lesions around each single pulmonary vein (PV)
guided by a Lasso catheter within the PV1 or with large continu-
ous circular lesions (CCLs) around the ipsilateral PVs guided by
a 3D-mapping system and the Lasso technique.3,4 A recent trial
has demonstrated that complete PVI with large CCLs leads to
better outcome when compared with PVI with small circular
lesions in patients with paroxysmal and persistent AF.5

Circumferential PVI is usually performed with one sheath for the
ablation catheter and one (sometimes two) additional sheath(s) for

the circumferential mapping catheter(s),2,3,5 providing real-time
information of left atrial to PV conduction during ablation. The
use of multiple sheaths in the left atrium (LA) can make catheter
manipulation difficult and increases procedural costs. In the
present study, we prospectively investigated whether complete
PVI can be achieved by a single CCL around ipsilateral PVs
without guidance by a Lasso catheter within the PV.

Methods

Patient characteristics
This prospective study included 50 consecutive symptomatic patients
(32 males; 58+10 years; range 32–78 years) with paroxysmal AF in
43 and with persistent AF in 7 patients (persistent AF duration 5+
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4 months, Table 1). All patients had been ineffectively treated with a
mean of 3+1 antiarrhythmic drugs (AAD), including amiodarone in
21 patients (42%). Common-type atrial flutter had been previously
documented in two patients. Primary hypertension had been docu-
mented in 25 patients (50%). None of these patients had previously
undergone PVI. In seven patients structural heart disease was docu-
mented: coronary artery disease in four, moderate aortic valve stenosis
in one, and rheumatic mitral stenosis with percutaneous mitral balloon
valvuloplasty in two patients. The mean LA diameter was 43+5 mm.
Transoesophageal echocardiography was performed to rule out LA
thrombi in all patients. Anticoagulation treatment with phenprocou-
mon was stopped on admission and replaced by intravenous heparin
to maintain partial thromboblastin time at 2–3 times higher than the
control value in all patients.

Electrophysiological study
All patients provided written, informed consent. The ablation pro-
cedure was performed by a single, well-experienced operator. Patients
were kept on previous AAD and sedation was performed by continu-
ous infusion of propofol. One multipolar 6-F catheters was positioned
in the coronary sinus via the left subclavian vein. Placement of two
(5 patients) or three (45 patients) 8-F non-steerable sheaths (SL1, St
Jude Medical Inc., MN, USA) in the LA using a modified Brockenbrough
technique has been described previously.3 After transseptal catheteri-
zation, intravenous heparin was administered to maintain an activated
clotting time of 250–300 s. The activated clotting time was monitored
every 30 min and heparin dosage was adjusted accordingly. Addition-
ally, continuous infusions of heparinized saline were connected to
the transseptal sheaths (flow rate of 10 mL/h) to avoid potential
thrombus formation or air embolism.

Three-dimensional electroanatomical
mapping and irrigated radiofrequency
ablation
The method of 3D electroanatomical mapping in the LA has been
described previously.3 Mapping was performed with a 3.5 mm tip cath-
eter (ThermoCool Navi-Star, Biosense–Webster Inc., CA, USA)
during sinus rhythm (SR) or AF. After reconstruction of the LA,
each PV ostium identified by selective venography was tagged on the
electroanatomical map. One or two decapolar Lasso catheters (Bio-
sense–Webster Inc.) were placed within the PVs to record the PV
potentials before ablation. Irrigated radiofrequency (RF) energy was
delivered as previously described using a target temperature of
438C, a maximum power of 30W, and an infusion rate of 17 mL/min
at the posterior and roof aspects of both CCLs.3 Radiofrequency

energy with a maximum power of 40W and a flow rate of 25 mL/
min was delivered to the anterior and inferior aspects of both CCLs.
Continuous circular lesions were performed in the posterior wall
≈1 cm and in the anterior wall ≈5 mm from the angiographically
defined PV ostia. Radiofrequency ablation was initially performed to
create the right-sided CCls, and subsequently the left-sided CCLs.

During ablation, the Lasso recordings were hidden from all screens,
but continuously stored in the background for later reviewing. Further-
more, the mapping catheter was strictly placed on the CCLs not to
allow the investigator to check for ongoing PV conduction. After com-
pletion of the right- or left-sided single CCLs the investigators were
unblinded to the Lasso tracings to evaluate whether there was
ongoing PV conduction. In the latter case, location and number of con-
duction gaps (CGs) were identified by a sequence change or disap-
pearance of PV activation during additional RF delivery at the CCL
guided by the Lasso signals. The location of CGs was arbitrarily
defined as roof, antero-superior, antero-inferior, inferior,
postero-inferior or postero-superior. The procedural endpoint was
defined as absence or dissociation of all PV potentials documented
by the Lasso catheter(s) at least 30 min after PV isolation during SR.

Post-ablation care
Intravenous heparin was administered to all patients for 3 days after
the procedure, followed by phenprocoumon for a minimum of 6
months. All patients were kept on the previously ineffective AAD
for at least 3 months after the ablation whereupon AAD treatment
was discontinued if no recurrent atrial tachyarrhythmia occurred.
One day after the procedure, a surface echocardiogram (ECG), a
transthoracic echocardiography, and a 24 h Holter ECG recording
were performed. Holter ECG recordings were repeated at 1, 3, 6,
and 12 months after the procedure.

Statistical analysis
Continuous variables were summarized as mean+ standard deviation,
or median and lower and upper quartile where appropriate, and ana-
lysed using Student’s t-test or Wilcoxon–Mann–Whitney test,
respectively. Categorical variables were summarized as frequencies
or proportions and analysed using cross tables, x2, and Fisher’s
exact test. A logistic regression model including left atrial diameter,
duration of AF, age and presence of hypertension, or coronary
artery disease was used to analyse the influence on residual LA–PV
conduction after purely anatomically based circumferential ablation.
Backward-, forward-, and stepwise selection procedures were
applied to detect influential variables. The significance level of the
score x2 for entering an effect into the model and of the Wald x2

for an effect to stay in the model was set to 10%. A P value of
,0.05 was considered statistically significant.

Results
In 50 patients a total number of 194 PVs were identified including a
left common PV in six patients. In 21 out of the 50 patients (42%),
complete PVI was achieved after completion of single right- and
left-sided CCLs (Figure 1A). In the remaining 29 patients (58%),
additional RF delivery to the previous CCLs guided by the local
electrogram and the Lasso catheter(s) was necessary to achieve
complete PVI. The RF application times were 22+ 4 min for
the right-sided PVs and 24+6 min for the left-sided PVs. The
procedure time was 120 + 39 min with a fluoroscopy time of
12+ 6 min. No complications occurred during the procedure.

Table 1 Baseline patient characteristics (n 5 50)

Age (year) 58+10

Male (n) 32 (64%)

Paroxysmal AF (n) 43 (86%)

Persistent AF (n) 7 (14%)

Hypertension (n) 25 (50%)

CAD (n) 4 (8%)

Failed antiarrhythmics (n) 3+1

AF duration (year) 7+6

LA diameter (mm) 43+5
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Complete isolation of right-sided
pulmonary veins
Irrigated RF delivery on the right-sided CCLs was performed during
SR in 42 patients and during AF in 8 patients. After completion of a
single right-sided CCL in the patients with SR, PVI was achieved in 39
out of 42 patients (93%), whereas PV conduction remained in 3
patients. Mapping and ablation on the previous CCLs demonstrated
a single CG in two patients, and two CGs in one patient. Location of
the CGs was at the inferior, postero-inferior, and the postero-
superior and postero-inferior segments of the previous CCLs,
respectively (Figure 1B). In the eight patients with ablation during
AF, PVI was demonstrated in four patients (50%) after completion
of a single right-sided CCL. In the remaining four patients a single
CG was demonstrated. Location of the CGs was at the
postero-inferior segment in two patients, and at the superior and
postero-superior segment in the remaining two patients

(Figure 1B). One or two additional irrigated RF applications abolished
all CGs. Conversion to stable SR occurred in two out of eight
patients in AF during ablation of right-sided CCLs.

In summary, PVI of right-sided PVs was achieved in 43 patients
(86%) by a single CCL without guidance by a Lasso catheter
(Figure 1A).

Complete isolation of left-sided
pulmonary veins
Electrical cardioversion was performed in three patients prior to
left-sided PVI. Thus, irrigated RF delivery on the left-sided CCLs
was performed during SR in 47 patients and during AF in 3 patients.
After ablation of a single CCL around the left-sided PVs, PV isolation
was achieved in 21 out of 47 patients with ablation during SR (45%).
Pulmonary vein conduction remained in 26 out of 47 patients (55%)
with ablation during SR and in all 3 patients with ablation during AF

Figure 1 (A) Study outline. (B) Location of conduction gaps after anatomical completion of circular linear lesions. The scheme represents
lateral and septal pulmonary vein ostia in postero-anterior view. One or two additional irrigated radiofrequency current applications abolished
all conduction gaps. CCL, continuous circular lesion; SR, sinus rhythm; AF, atrial fibrillation; PVI, pulmonary vein isolation; LSPV, left superior
pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein.

Feasibility of complete PVI by single CCLs 937



(Figure 1A). Mapping and ablation on the previous CCLs demon-
strated a single CG in 20 patients, 2 gaps in 7 patients, and 3 gaps
in 2 patients (Figures 2 and 3). Location of the gaps in the previous
left-sided CCLs is shown in Figure 1B. Conversion to stable SR
occurred in two out of three patients in AF during ablation of left-
sided CCLs. One patient underwent electrical cardioversion after
complete isolation of right- and left-sided CCLs.

During SR, the mean delay of PV activation (measured from the
onset of the P-wave to the earliest PV potential recorded by the
Lasso catheter) after completion of the left-sided CCLs was
149+ 58 ms. In case of a CG at the roof, this delay was significantly
shorter (112+ 35 ms) when compared with the remaining patients
with ongoing PV conduction (166+59 ms; P ¼ 0.024; Figure 3B).
One or two additional irrigated RF applications abolished all CGs.

After electrical isolation of all PVs, spontaneous or catheter-
induced activity within the isolated PVs dissociated from atrial
activity occurred in 48 patients (96%) in right-sided PVs, and in
49 patients (98%) in left-sided PVs. In two patients in whom
common-type atrial flutter in addition to paroxysmal AF had
been previously documented, ablation along the cavotricuspid
isthmus with conduction block was also performed.

Predictors of efficacy of purely
anatomically based pulmonary vein
isolation
A logistic regression model was used to analyse the influence of
atrial diameter, duration of AF, age and presence of hypertension,

or coronary artery disease on residual LA–PV conduction after
purely anatomically based circumferential ablation. The right-sided
and left-sided PVs were analysed separately.

Using this model, no association between the covariables and
residual PV conduction after anatomically based CCL ablation
was found for the right- or left-sided PVs (Table 2).

Follow-up
During the follow-up period of 10+ 3months, 37 out of 50 patients
(74%) were in SR without antiarrhythmig drugs. Left atrial macro-
reentrant tachycardia occurred in 4 out of 13 patients with recurrent
atrial tachyarrhythmia; two patients presented with LA–PV-reentry
tachycardia utilizing two CGs in the previous left-sided CCL, and
two patients presented with perimitral flutter. Left atrial macroreen-
trant tachycardia was successfully terminated in all patients during
the second procedure by PV-reisolation in two patients, or ablation
with conduction block along the left atrial isthmus between the pre-
vious left-sided CCL and the mitral annulus in two patients, respect-
ively. Of the remaining nine patients with recurrent AF, a second
procedure revealed re-conduction into ≥1 PV in eight patients,
which was successfully eliminated.

Discussion
The current study describes (i) the feasibility of achieving complete
PVI by ablation of a single CCL around ipsilateral PVs when per-
formed by a single well-experienced operator, (ii) the location of

Figure 2 Mapping and ablation of two remaining conduction gaps after anatomical completion of left-sided continuous circular lesion. An
anatomical 3-D electroanatomical-map in left lateral view is shown. Tracings are surface echocardiogram lead V1; Lasso recordings from left
superior pulmonary vein; recordings from mapping catheter, Lasso recordings from the left inferior pulmonary vein, and recording from the
coronary sinus catheter. Yellow point tags in the 3-D electroanatomical-map correspond to loci of pulmonary vein activation sequence
change or pulmonary vein isolation during ablation (brown point tags) as indicated by arrows. Left panel: elimination of a postero-superior
conduction gap is indicated by a sudden activation sequence change in the Lasso recordings during ablation. Arrow indicates far-field potential
from left atrium; asterisk indicates pulmonary vein potential. Right panel: subsequent mapping and ablation in the same patient reveals a second
antero-superior conduction gap with simultaneous isolation of lateral pulmonary veins demonstrated by elimination of the pulmonary vein
potential in the Lasso recordings.
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residual LA–PV conduction after ablation of single CCLs, and
(iii) the impact of ongoing AF on acute success of anatomically
guided PVI.

The importance of complete LA–PV disconnection as the elec-
trophysiological endpoint of PVI to treat paroxysmal and persistent
AF has been documented.2 Complete PVI can be demonstrated by

Figure 3 (A) Intracardiac recordings in a patient exhibiting residual dominant conduction at the left atrial roof after anatomical completion of
left-sided continuous circular lesions. Tracings are surface echocardiogram lead V1; Lasso recordings from left superior pulmonary vein; record-
ings from the mapping catheter, Lasso recordings from the left inferior pulmonary vein, and recording from the coronary sinus catheter. Left
panel: Lasso recordings from lateral pulmonary veins demonstrate lack of separation of left atrial far-field and pulmonary vein potential in sinus
rhythm, indicating superior residual conduction in left-sided continuous circular lesion. Right panel: after mapping and ablation of a conduction
gap at the left atrial roof, the delay of pulmonary vein activation with sequence change in the Lasso recordings demonstrates the presence of a
second gap. Pulmonary vein activation now is delayed with respect to atrial far-field potential (left atrium) and P-wave onset. A single radio-
frequency current application antero-inferior led to pulmonary vein isolation indicated by elimination of the pulmonary vein (PV) potential. (B)
Delay of pulmonary vein potential in sinus rhythm (P-wave onset to earliest pulmonary vein potential in Lasso recordings) discriminates
between conduction gaps at the left atrial roof vs. other locations in left-sided continuous circular lesions.

Feasibility of complete PVI by single CCLs 939



the use of two simultaneous Lasso catheters placed in the ipsilat-
eral PVs during ablation of CCLs.2–4 However, using the 2-Lasso
technique simultaneous isolation of ipsilateral PVs has been
demonstrated in the majority of right- and left-sided PVs,3 provid-
ing support for a single Lasso approach in routine clinical practice.
However, the latter approach still requires double transseptal
puncture, which may impact on procedural safety and result in dif-
ficult manipulation of two sheaths in the LA. Thus, we aimed to
investigate whether a well-experienced operator would be able
to achieve the endpoint of complete PVI by only anatomically
based ablation of a single CCL around the ipsilateral PVs,
thereby requiring only a single transseptal access.

In this study, we demonstrate ongoing PV conduction after com-
pletion of single CCLs guided by electroanatomical mapping in 58%
(29 out of 50) of patients. Of these 29 patients, all exhibited
residual conduction into the left-sided PVs, while 7 patients also
showed residual conduction into the right-sided PVs (Figure 1).
These data demonstrate that ablation of single CCLs using electro-
anatomical mapping fails to achieve the endpoint of complete PVI
in a significant proportion of patients mainly due to residual con-
duction into the left-sided PVs. However, mapping with the abla-
tion catheter inside the PV after anatomically based
circumferential ablation can be used to identify and eliminate
remaining CGs.6–8

The anatomy of left-sided PVs constitutes a challenge to antral
CCL ablation mostly due to the muscular ridge between the PVs
and the left atrial appendage that is a narrow (,5 mm) structure
in the majority of patients, containing thick myocardium especially
in its superior part.9,10 Accordingly, the majority of CGs (27 out of
40, 68%) after completion of single left-sided CCLs was located at
the anterior ridge (Figure 1B). The second most common site for
residual conduction into the left-sided PVs was the LA roof
(9 out of 40, 23%). This reflects the fact that, using a fixed-curved
sheath, achieving good contact at this structure with the ablation
catheter may be challenging, possibly impacting on lesion quality
with fixed power settings. After completion of a single right-sided
CCL, residual conduction was mostly present at the posterior wall
(six out of eight, 75%; Figure 1B).

In the small subset of patients ablated during AF, 50% (four out
of eight) of right-sided CCLs as well as 100% of left-sided CCLs
(three out of three) failed to achieve PVI after completion of
single CCLs. This may indicate that achieving continuous ablation
lines is more difficult in the presence of AF because changes in

local signals upon RF delivery indicative of lesion formation are
easier to judge in SR. Moreover, catheter positioning at the
anterior ridge at left-sided PVs is greatly facilitated by local poten-
tials in SR.

Starting ablation of left-sided CCLs at the LA roof in SR usually
results in different degrees of delay of PV activation due to conduc-
tion block into the left PVs via the fast conducting Bachmann’s
bundle. This facilitates catheter positioning during further ablation
near the PV ostium by clear separation of atrial and PV signals.
Conversely, ongoing PV conduction via a gap at the roof should
result in short or no delay of PV with respect to atrial activation.
Indeed, we found that in the presence of a CG at the LA roof in
left-sided CCLs, there was no or minimal delay of PV activation
(Figure 3B). This finding may facilitate mapping of CGs in the pre-
vious left-sided CCLs.

In a previous study, Tamborero et al.6 randomly assigned
patients to circumferential PVI with or without the use of a circular
mapping catheter. In the single-catheter group PVI was assessed by
mapping several sites within the surrounded region with the distal
dipole of the ablation catheter. The study endpoint (freedom from
arrhythmia recurrence after a blanking period of 3 months)
occurred in 64.4% of patients in whom the circular mapping cath-
eter had been used, as opposed to 42.5% in the single-catheter
group. This may implicate a lower rate of chronic (or even
acute) PVI without the use of a circular mapping catheter.

Limitations
This study has several limitations. (i) Lasso catheter(s) were not
removed during ablation of CCLs, but Lasso tracings were
hidden from all screens during ablation. Thus, in contrast to a
true single-catheter procedure, Lasso catheter(s) still could have
served as fluoroscopic markers of PV ostia. However, after identi-
fication of PV ostia, catheter navigation was mainly based on the
electroanatomical mapping system. (ii) This study sought to inves-
tigate whether the endpoint of complete PVI can be achieved after
ablation of single CCLs around ipsilateral PVs by a single well-
experienced operator. No attempt was made to evaluate or
abolish residual LA–PV conduction without the use of a spiral
catheter inside the PV.6–8 (iii) A non-steerable sheath was used
in conjunction with the mapping catheter. The use of a steerable
sheath possibly impacts on contact force and thus may have
resulted in different isolation rates.11 (iv) Our protocol used
fixed energy settings for RF ablation at the anterior/superior or
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Table 2 Impact of patient characteristics on efficacy of purely anatomically based complete pulmonary vein isolation

PVI achieved Left-sided PVs Right-sided PVs

Yes No P value Yes No P value

LA (mm) 43 (41;48) 42 (40;43) 0.16 42 (38;46) 41 (40;48) 0.82

AF duration (year) 5 (4;8) 5 (3;8) 0.62 5 (3;8) 8 (4;15) 0.33

Age (year) 59+11 58+10 0.77 58+10 63+10 0.22

Hypertension 43% 55% 0.39 49% 57% 1.0

CAD 5% 10% 0.63 7% 14% 0.46

PVI, pulmonary vein isolation; LA, left atrial diameter; AF, atrial fibrillation; CAD, coronary artery disease.
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posterior/inferior LA–PV junction. Further investigation is needed
whether LA–PV conduction can be totally abolished with higher
energy delivery. Finally, this study was a non-randomized, single-
group feasibility study, thus, differences in clinical outcome or pro-
cedural parameters when, or when not, using a circular mapping
catheter could not be evaluated.

Conclusion
Complete PV isolation by ablation of single CCLs around ipsilateral
PVs is difficult to achieve without a continuous recording of PV
activation, especially during AF. The majority of CGs in single
CCLs are left sided and located at the lateral ridge between the
left-sided PVs and the left atrial appendage. Furthermore, lack of
delayed conduction into lateral PVs during SR indicates a CG at
the roof in majority of the patients.

Conflict of interest: none declared.
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Cryoballoon temperature predicts acute pulmonary vein isolation
Alexander Fürnkranz, MD, Ilka Köster, MD, K. R. Julian Chun, MD, Andreas Metzner, MD,
Shibu Mathew, MD, Melanie Konstantinidou, MD, Feifan Ouyang, MD, Karl Heinz Kuck, MD

From the Department of Cardiology, Asklepios Klinik St. Georg, Hamburg, Germany.

BACKGROUND Cryoballoon pulmonary vein isolation (PVI) currently
requires a long cryoballoon application (CBA) time of 240 to 300
seconds, thus repeated ineffective CBA prolongs procedure duration.
We hypothesized that cryoballoon temperature (CBT) may be used to
discriminate between effective and ineffective CBA during freezing.

OBJECTIVE This study sought to evaluate CBT as a predictor of
CBA efficiency.

METHODS Sixty-six patients with atrial fibrillation underwent PVI
using the single big (28 mm) cryoballoon technique. CBT was
continuously recorded. After each CBA (300 seconds), a Lasso
catheter (Biosense Webster, Inc., Diamond Bar, California) was
placed into the target pulmonary vein (PV) to determine whether
electrical PV disconnection was present. Only the first CBA at each
PV was analyzed to avoid cumulative effects.

RESULTS The CBT was lower during CBA at superior compared
with inferior PVs. When individual CBAs were grouped according to
successful/failed PVI, CBT was lower for those CBAs that resulted
in successful PVI at all time points analyzed. To test the perfor-
mance of CBT to predict failed CBA, receiver-operator curves were

constructed. A minimal CBT of � �42°C/ �39°C (superior/infe-
rior PVs) predicted failed PVI with 73%/92% specificity (area
under the curve 0.82/0.81); positive predictive value (PPV) 74%/
74%. A minimal CBT of � �51°C was invariably associated with
PVI. After 120 seconds of freezing, a CBT of � �36°C/ �33°C
(superior/inferior PVs) predicted failed PVI with 97%/95% speci-
ficity (area under the curve 0.82/0.76); PPV 82%/80%.

CONCLUSION Balloon temperature predicts successful target PVI
during cryoablation and may serve in the early identification of
noneffective balloon applications.

KEYWORDS: Arrhythmia; Atrial fibrillation; Balloon; Catheter ab-
lation; Cryothermal

ABBREVIATIONS AF � atrial fibrillation; CBA � cryoballoon ap-
plication; CBT � cryoballoon temperature; LA � left atrium;
NPV � negative predictive value; PNP � phrenic nerve palsy;
PPV � positive predictive value; PV � pulmonary vein;
PVI � pulmonary vein isolation; ROC � receiver-operator curve

(Heart Rhythm 2011;8:821–825) © 2011 Heart Rhythm Society. All
rights reserved.

Introduction
Cryoballoon technology is increasingly used to perform pulmo-
nary vein isolation (PVI) in patients with atrial fibrillation (AF).1-4

The device is designed to create circumferential lesions around the
target PV, ideally with a single cryoballoon application (CBA).
However, cryoablation vitally depends on balloon-tissue contact
or pulmonary vein (PV) occlusion, because residual blood flow
interferes with lesion formation. In addition, complete PV occlu-
sion reduces surrounding blood flow, resulting in lower cryobal-
loon temperatures.5 Failure to achieve complete balloon-tissue
contact results in ineffective CBA. Because CBA is performed for
4 to 5 minutes, repeated ineffective CBA prolongs procedure
duration. Different techniques to evaluate PV occlusion have been
proposed, some of which require additional diagnostic tools such
as intracardiac ultrasound.5-8 The simplest and most widely used
technique is angiography via the balloon tip.1-4 Angiography,
however, cannot be used to evaluate contact during freezing, and

it has been shown that balloon dislocation may occur after initia-
tion of CBA.5

Cryoballoon temperature (CBT) is measured continuously
during CBA by a thermocouple in the proximal inner balloon
(Figure 1). We hypothesized that CBT, a readily available
parameter during cryoballoon PVI, may be used to discrimi-
nate between effective and ineffective CBA during freezing.

Methods
Patients
Between April 2006 and March 2010, a total of 134 patients
underwent cryoballoon PVI using the single big cryoballoon tech-
nique.1 In 66 of these patients, complete recordings of CBT over
time during each CBA was available. These patients constitute the
study population. Baseline clinical characteristics are shown in
Table 1.

Cryoballoon ablation
The concept of the single big cryoballoon technique for PVI
(Arctic Front, 28-mm diameter, Medtronic CryoCath LP, Pointe-
Claire, Quebec, Canada) has been described in detail previously.1

In brief, after double transseptal puncture, selective PV angiogra-
phy was performed to identify the PV ostia in 2 projections (right
anterior oblique 30°, left anterior oblique 40°). Baseline potentials
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of all PVs were recorded with a Lasso catheter (Biosense Webster,
Inc., Diamond Bar, California). The 28-mm balloon was maneu-
vered to all PV ostia by use of a steerable 12-Fr sheath (FlexCath,
Medtronic CryoCath LP) and a guidewire (Amplatz Stiff Wire,
Cook Inc., Bloomington, Indiana) inserted through the lumen of
the balloon catheter. To asses the exact position of the inflated
balloon in relation to the left atrial (LA)-PV junction, contrast
medium was injected from the distal lumen of the cryoballoon
catheter. CBA was performed for a target time of 300 seconds.
The right phrenic nerve was constantly paced from the superior
caval vein during freezing at the septal PVs. After each freeze, PV
conduction was reevaluated by the Lasso catheter. If the PV was
not isolated, the cryoballoon was repositioned and balloon to
LA-PV contact was reevaluated by angiography before the next
freeze. To increase long-term lesion durability,9 one bonus appli-
cation was delivered to each target PV after isolation had been
achieved (51 patients). In 15 patients, 2 bonus lesions were applied

due to enrollment in a prospective study that will be reported
separately.10 Thirty minutes after isolation of the last PV, remap-
ping of all PVs was performed with the Lasso catheter to confirm
PV disconnection. The ablation end point was the loss of all PV
potentials at the end of the procedure.

Temperature curve analysis
Cryoballoon temperature-time curves during each freeze were
acquired by the CryoConsole software (Medtronic CryoCath LP).
CBT was measured by a thermocouple in the proximal inner
balloon (Figure 1). To avoid the confounding effect of repeated
CBA, only the initial freeze at each PV was analyzed. The tran-
sitional time point between the rapid and slow cooling phase
(P-point) (Figure 2) was defined as the earliest time point at which
temperature change was �0.1°C/sec averaged over a 10-second
period. If a pull-down maneuver1 was used to isolate the right
inferior PV, P-point analysis was performed after completion of
the pull down.

Statistical analysis
Continuous variables were expressed as mean � standard devia-
tion. The Student t test was used to compare CBT according to PV
location (paired), or PV conduction status after ablation (un-
paired). The chi-square test was used to compare the proportion of
superior and inferior PVs with isolation after the first CBA. Re-
ceiver-operator characteristic (ROC) curves were constructed to
evaluate the performance of CBT as a predictor of ineffective
CBA. The positive state was defined as ongoing LA-PV conduc-
tion after completion of the CBA. A value of P � .05 was
considered statistically significant.

Results
Cryoballoon ablation
PV anatomy consisted of 4 individual PVs in 60 patients. In the
remaining 6 patients, a left common PV was found (Table 2). In
5 of these patients with a short common trunk, superior and

Figure 1 Cryoballoon device assembly. The thermocouple is located in
the proximal inner balloon.

Table 1 Baseline patient characteristics (n � 66)

Age (yrs) 57 � 11
Male (n) 52 (79%)
Paroxysmal AF 61 (92%)
Persistent AF 5 (8%)
Failed antiarrhythmic agents (n) 1.7 � 1.0
AF duration (yrs) 6 � 5
LA diameter (mm) 42 � 5
Hypertension (n) 28 (42%)
Diabetes (n) 1 (1.5%)
Coronary artery disease (n) 4 (6%)

AF � atrial fibrillation; LA � left atrium.

Figure 2 Typical cryoballoon temperature-time curve. Representative
time course of cryoballoon temperature (CBT) during freezing at the left
superior pulmonary vein (PV) with successful PV isolation (red) or re-
maining PV conduction (blue) after cryoballoon application. Arrows indi-
cate start of temperature plateau phase (P-point).
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inferior branches were isolated individually and included in the
temperature analysis as left superior PV and left inferior PV,
respectively. In 1 patient, the left common PV was isolated by
sequentially performing CBA at the superior and inferior circum-
ference and omitted from temperature analysis. Of a total of 263
individually targeted PVs, 159 (60%) were isolated by the first
CBA. The proportion of PVs with isolation after the first CBA
was not statistically different when comparing superior PVs to
inferior PVs (64% versus 57%, respectively, P � .26). The aver-
age number of CBA per vein, including bonus CBA, is shown in
Table 2. PV reconduction after initial PVI and bonus lesion ap-
plication occurred in 3 of a total of 263 PVs (1.1%) after the
waiting period. Of these 3 reconnected PVs, 1 PV had been
isolated with the first balloon application, and the remaining 2 PVs
had required �1 balloon application to achieve initial isolation.
The proportion of PVs with isolation after the first balloon appli-
cation exhibiting procedural reconnection was 1 of 159 (0.6%).
All PVs were successfully reisolated with 1 to 3 additional CBAs.
The end point of complete PVI was achieved in all patients.
Procedure duration and fluoroscopy time were 190 � 43 minutes
and 32 � 13 minutes, respectively. Procedure-related complica-
tions occurred in 4 patients. In 2 patients, right-sided phrenic nerve
palsy (PNP) was present at the end of the procedure due to CBA
at septal PVs (right superior PV and right inferior PV, respec-
tively). In 1 of these patients, PNP resolved within 7 months. In
the other patient, PNP continues to be present after 10 months. In
2 patients, transient symptoms of delayed gastric emptying were
present after the procedure that resolved within 1 week, as de-
scribed previously.11

Balloon temperature characteristics
Cryoballoon temperature-over-time curves generally showed a
biphasic pattern with a rapid initial cooling phase, followed by a
plateau phase with slowly decreasing temperature (Figure 2). The
beginning of the plateau phase (i.e., the P-point) occurred at 48 �
6 seconds (right superior PV), 54 � 13 seconds (right inferior
PV), 48 � 9 seconds (left superior PV), and 46 � 6 seconds (left
inferior PV). CBT after increasing freezing duration at the 4
anatomical PVs is shown in Table 3. At each time point analyzed
(P-point, 90, 120, and 300 seconds), CBT was lower during CBA
at superior when compared with inferior PVs for both septal and
lateral PVs (Table 3). Therefore, further temperature analysis was
performed separately for superior and inferior PVs.

Performance of CBT to predict ineffective
cryoablation
When individual CBA were grouped according to successful/
failed PVI, CBT was lower for those CBAs that resulted in
successful PVI at all time points analyzed (Table 4, Figure 3).
To test the performance of CBT to discriminate between ef-
fective and failed CBA, ROC curves were constructed from
CBT measurements at different time points during freezing
(P-point, 90, 120, and 300 seconds). The results of the ROC
statistics are shown in Table 5. Predictive performance in-
creased with freezing duration with areas under the ROC curve
between 0.71 and 0.82 (Table 5, Figure 3).

Proposed CBT cutoff indicating ineffective
cryoablation
For minimal CBT at the end of freezing, the following cutoff
values based on highest sensitivity and specificity were found:
A CBT of � �42°C at superior PVs predicted ongoing
LA-PV conduction with 76% sensitivity and 73% specificity
(positive predictive value [PPV]: 74%, negative predictive
value [NPV]: 76%). A CBT of � �39°C at inferior PVs
predicted ongoing LA-PV conduction with 53% sensitivity and
92% specificity (PPV: 74%, NPV: 76%). On the other hand, a
minimal CBT of � �51°C predicted PVI with 100% speci-
ficity for both superior and inferior PVs, i.e., all PVs were
isolated at CBT below �51°C (Figure 3).

To guide the operator in the decision of whether or not to
stop a presumably ineffective CBA early, a temperature limit
needs to predict failed PVI with high specificity. For superior
PVs, a CBT of � �36°C at 120 seconds predicted ineffective
CBA with 97% specificity (PPV 82%). For inferior PVs, a
CBT of � �33 °C at 120 seconds predicted ineffective CBA
with 95% specificity (PPV 80%) (Figure 3).

Discussion
The main findings of this study are as follows. (1) Cryoballoon
temperature may be used to discriminate between successful and
failed CBA at various time points during freezing. (2) A high CBT
predicted a failed freeze with high specificity. (3) Very low CBT
was invariably associated with successful PVI.

Although the ideal freezing duration of a CBA remains to
be determined, cryoballoon ablation is generally performed for
4 to 5 minutes.1-4,9 During this period, the operator is usually
blinded to ablation efficiency. Although a thin circular map-
ping catheter inserted through the central canal of the cryob-

Table 3 Cryoballoon temperature [°C] at different time points
during freezing

PV P-point 90 sec 120 sec 300 sec

RSPV –37 � 6* –42 � 7* –44 � 7* –48 � 7*
RIPV –33 � 5 –37 � 6 –39 � 6 –42 � 7
LSPV –38 � 7† –42 � 7† –44 � 7† –48 � 7†
LIPV –34 � 5 –39 � 6 –40 � 6 –44 � 7

Abbreviations as in Table 2.
*P � .001 vs. RIPV.
†P � .01 vs. LIPV (paired Student t test).

Table 2 Procedural parameters of cryoballoon ablation

Vein Diameter [mm]
Number of
applications

LSPV 19 � 3 2.5 � 0.8
LIPV 17 � 2 2.8 � 1.4
LCPV 28 � 4 4.2 � 1.0
RSPV 18 � 3 2.7 � 1.2
RIPV 18 � 3 3.0 � 1.1
Procedure duration, min 190 � 43
Fluoroscopy time, min 32 � 13

LCPV � left common pulmonary vein; LSPV � left superior pulmonary
vein; LIPV � left inferior pulmonary vein; RSPV � right superior pulmonary
vein; RIPV � right inferior pulmonary vein.
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alloon may be used to monitor LA-PV conduction during
freezing, the only available catheter at this time lacks the
mechanical stability needed to achieve occlusive positions,
especially at inferior PVs.12 Thus, inefficient CBAs prolong
procedure duration, leading to overtreatment.

Cryoballoon temperature is automatically monitored during
freezing. It is affected by balloon occlusion of the treated PV
because remaining PV blood flow has a rewarming effect on
the cryoballoon, as demonstrated by additional temperature

decrease after performance of the pull-down maneuver to close
a remaining inferior leak.1,9,13 Thus, CBT provides informa-
tion about balloon-tissue contact that may explain the associ-
ation of low CBT with cryoballoon ablation efficiency. The
lower CBT at superior when compared with inferior PVs may
result from higher contact forces due to better alignment of the
sheath/balloon system to superior PVs14 or regional hemody-
namic differences such as the left atrial roof partially protecting
the balloon from atrial blood flow.

Figure 3 Cryoballoon temperature
(CBT) according to acute ablation suc-
cess. CBT at 90 (A), 120 (B), and 300
(C) seconds of freezing are shown for
superior and inferior pulmonary veins
(PV). CBT has been grouped according
to successful PV isolation (isolated) or
remaining PV conduction (not isolated)
after cryoballoon application. Solid bars
indicate group mean. Dotted lines indi-
cate CBT cutoff differentiating success-
ful/failed PV isolation (see text).

Table 4 Cryoballoon temperature [°C] according to acute ablation success

P-point 90 sec 120 sec 300 sec

PVI Yes No Yes No Yes No Yes No

Superior PVs –40 � 6 –33 � 5* –45 � 7 –38 � 5* –47 � 6 –39 � 5* –51 � 6 –42 � 6*
Inferior PVs –35 � 5 –31 � 4* –40 � 6 –35 � 5 –41 � 5 –36 � 5* –46 � 6 –39 � 5*

PV � pulmonary vein; PVI � pulmonary vein isolation.
*P � .01 vs. yes (unpaired Student t test).
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Although there is overlap of CBT when comparing groups
of successful and ineffective CBA (Figure 3), high and low
temperature ranges may be defined that allow prediction of PV
conduction status after CBA with high specificity. In this
study, a minimal CBT � �39°C/ �42°C (inferior/superior
PVs) was highly indicative of a failed CBA. On the other hand,
a CBT of � �51°C was invariably associated with PVI. In the
setting of cryoballoon ablation performed by a single transsep-
tal puncture,5,7,8,15 these temperature values may guide the
operator through the procedure until removal of the balloon
catheter and conformation of ablation success by electrical
mapping of the PVs is performed.

When comparing CBTs of efficient and failed ablations, a
temperature difference was already apparent at the beginning
of the plateau phase (Table 4) and temperature distributions
continued to separate to provide for clinically useful cutoff
values after 120 seconds (Figure 3). This provides an oppor-
tunity to interrupt inefficient freezing to shorten procedure
duration and avoid overtreatment. In case of a CBT � �33°C/
�36 °C (inferior/superior PVs) after 120 seconds of freezing
duration, stopping of the CBA and balloon repositioning
should be considered.

Study limitations
This study has limitations as follows. (1) We used a single
big (28 mm) cryoballoon strategy. Because temperature
characteristics may vary with balloon size, our analysis only
applies to the 28-mm balloon. (2) CBT is measured during
freezing, and inherently may not be used to evaluate bal-
loon-tissue contact before ablation. However, it is a simple
parameter provided by the cryoballoon system to estimate
ablation efficiency during freezing. (3) CBT is measured by
a thermocouple in the proximal inner balloon (Figure 1), not
necessarily representing temperatures at the balloon-tissue
interface. In addition to balloon occlusion of the target PV,
other factors such as balloon position relative to the level of
the PV ostium or atrial hemodynamics may influence the
measurement. (4) Due to our protocol of systematic bonus
lesion application to enhance long-term durability of the
cryolesion,9 this study does not provide data on procedural
PV reconduction rate after the waiting time following a
single cryoballoon application. However, in a previous
study in 27 patients, no procedural reconduction was ob-
served after the waiting time (�30 minutes) without the use
of bonus lesion applications.1 Furthermore, the procedural
PV reconduction rate was reported to be low (2.8%) when

extending the waiting time to 1 hour.16 The association of
CBT with long-term PVI remains to be determined.

Conclusion
CBT, a simple parameter provided by the cryoballoon sys-
tem, may be used to discriminate between successful and
failed PVI at various time points during freezing. Cutoff
temperatures were defined that predicted failed ablation
during freezing with high specificity. CBT may be used to
guide cryoablation and avoid prolonged inefficient freezing.
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Table 5 Performance of cryoballoon temperature at indicated time points to predict failed pulmonary vein isolation

Superior PVs Inferior PVs

CBT at P-point 90 sec 120 sec 300 sec P-point 90 sec 120 sec 300 sec

AUC 0.81 0.80 0.82 0.82 0.71 0.74 0.76 0.81
95% CI 0.72–0.89 0.71–0.88 0.75–0.90 0.75–0.90 0.60–0.81 0.64–0.84 0.67–0.86 0.73–0.88
P value �.001 �.001 �.001 �0.001 �.001 �.001 �.001 �.001

AUC � area under the curve; CBT � cryoballoon temperature; CI � confidence interval.
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Two Versus One Repeat Freeze–Thaw Cycle(s) After
Cryoballoon Pulmonary Vein Isolation: The ALSTER EXTRA

Pilot Study
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From the Department of Cardiology, Asklepios Klinik St. Georg, Hamburg, Germany

Two versus One Repeat Freeze–Thaw Cycle(s). Background: Repeated freezing (bonus applica-
tions) during cryoballoon pulmonary vein isolation (PVI) has been suggested to improve lesion durability.
However, the long-term clinical effects of repeated freezing have not been investigated.

Methods and Results: A total of 51 patients (pts) with paroxysmal atrial fibrillation (AF) underwent PVI
using the single big (28 mm) cryoballoon technique. One (27 pts, group I) or 2 bonus applications (24 pts,
group II) were performed at all PVs subsequent to PVI. Clinical follow-up consisted of continuous rhythm
monitoring by an implantable cardiac monitor (ICM, 24 pts) and serial 7-day Holter-ECG recording (7DH,
27 pts). The primary endpoint was defined as recurrent AF or atrial tachycardia.

Acute PVI of all PVs was obtained in 50/51 pts (98%). The median (Q1;Q3) follow-up duration in this
study was 384 (213;638) days. The primary endpoint occurred in 48% (group I, 15 pts ICM, 12 pts 7DH)
and 46% (group II, 9 pts ICM, 15 pts 7DH), P = 0.84. Procedure- and fluoroscopy-time for group I versus
group II was 193 ± 56 minutes versus 207 ± 27 and 33 ± 13 minutes versus 34 ± 11 minutes, respectively.
Right phrenic nerve palsy (PNP) occurred in 3 pts (all group II, time to resolution: 128 ± 112 days). In 2 of
these pts, PNP occurred during the second bonus application.

Conclusion: Application of 2 when compared to 1 freeze–thaw cycle(s) following cryoballoon PVI did
not result in improved clinical success but was associated with a higher complication rate. (J Cardiovasc
Electrophysiol, Vol. 23, pp. 814-819, August 2012)

atrial fibrillation, catheter ablation, cryoballoon, phrenic nerve paralysis, pulmonary vein isolation

Introduction

Catheter ablation using radiofrequency current (RFC) for
pulmonary vein isolation (PVI) is a well-established therapy
option for the treatment of drug resistant paroxysmal atrial
fibrillation (PAF).1,2 Applying contiguous left atrial (LA) lin-
ear lesions using RFC point-by-point ablation is technically
complex and typically requires a 3-dimensional reconstruc-
tion system.1 In contrast, the cryoballoon system represents
an anatomically based ablation device that allows for sim-
plified PVI with a favorable safety profile.3-10 Creating per-
manent transmural lesions without increasing the risk for
collateral damage remains the ultimate goal of PVI because
AF recurrence is associated with recovered PV conduction

∗Both authors contributed equally to this study.

A.F. and K.R.J.C. received honoraria payment for Medtronic Cryocath edu-
cational lectures; K.H.K. is consultant to Medtronic Cryocath and received
research grants and honoraria for Medtronic Cryocath educational lectures.
Other authors: No disclosures.

Address for correspondence: Alexander Fürnkranz, M.D., Department of
Cardiology, Asklepios Klinik St. Georg, Lohmühlenstr. 5, 20099 Hamburg,
Germany. Fax: +49-40-1818-85-4435; Email: a.fuernkranz@gmail.com

Manuscript received 19 November 2011; Revised manuscript received
21 January 2012; Accepted for publication 1 February 2012.

doi: 10.1111/j.1540-8167.2012.02315.x

independent of the utilized energy source and PV reisolation
results in increased clinical success rates.11,12

Cryoballoon ablation is generally performed continuously
for 240–360 seconds at each target PV.3-9 It has been shown
in experimental studies that repetition of the freeze–thaw cy-
cle extends the necrotic effect to the peripheral areas of tissue
freezing, resulting in enhanced lesion depth.13 A high rate of
PV isolation 10 ± 2 weeks after cryoballoon ablation was
achieved with 2 repeat freeze–thaw cycles following acute
PVI (bonus applications).6 The ideal number of bonus appli-
cations, however, remains to be determined. Therefore, we
investigated the clinical outcome following cryoballoon PVI
with 2 different strategies: 1 compared to 2 bonus applica-
tions at each target PV.

Methods

Patients and Study Design

Previous data about the impact of bonus cryoballoon le-
sion applications on chronic clinical success were not avail-
able to support a hypothesis. Thus, we conducted a pilot
study including 51 patients with PAF. We previously pub-
lished our initial experience with the cryoballoon system
reporting on our first 27 patients.7 The following consecu-
tive patients meeting entry criteria represent the cohort of
this study. Patients were prospectively assigned to 2 groups:
in group I 1 bonus application per vein was performed after
isolation of the target PV had been achieved, and in group II
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Figure 1. Study outline.

2 bonus applications were performed (Fig. 1). Patients with
a history of highly symptomatic PAF (≥ 1 episode/week)
despite treatment with ≥ 1 antiarrhythmic drug were eligible
for the study. Exclusion criteria were defined as a left atrial
(LA) diameter ≥ 55 mm, severe left ventricular hypertrophy
(LV wall thickness ≥ 15 mm), LA thrombus, prior stroke or
acute heart failure. No preprocedural imaging (magnetic res-
onance or computed tomography) for patient selection was
performed as previously described.7

Cryoballoon Ablation

Vital parameters such as arterial blood pressure and oxy-
gen saturation were continuously monitored throughout the
procedure. All procedures were performed under conscious
sedation using boluses of midazolam, fentanyl, and a con-
tinuous infusion of propofol. The concept of the single big
cryoballoon technique for PVI (Arctic Front, 28 mm diame-
ter, Medtronic CryoCath LP, Pointe-Claire, Quebec, Canada)
has been described in detail elsewhere.7 In brief, following
double-transseptal puncture, two 8F sheaths (SL1; St. Jude
Medical, Inc., St. Paul, MN, USA) were positioned within
the LA. Thereafter, heparin was repeatedly administered as a
bolus to maintain an activated clotting time of 250–300 sec-
onds. Selective PV angiography was performed to identify
the PV anatomy using standard projections (RAO 30◦, LAO
40◦). A Lasso catheter (Biosense Webster, Inc., Diamond Bar,
CA, USA) was placed along the PV ostium to record base-
line PV potentials (sinus rhythm and coronary sinus pacing)
using a conventional computerized EP system. The anterior
sheath was exchanged for a 12F transseptal sheath (FlexCath,
Medtronic CryoCath LP) over which the cryoballoon catheter
was introduced into the LA. Both transseptal sheaths were
continuously flushed with heparinized saline (10 IE/mL, 8F:
10 mL/h, 12F: 20 mL/h). To assess the exact position of
the inflated balloon in relation to the PV ostium, contrast
medium was injected from the distal lumen of the cryobal-
loon catheter. The cryoballoon was positioned in order to
achieve a maximum of PV occlusion. A pull-down maneu-
ver was used in the case of residual contrast medium run-off
along the inferior balloon circumference.7 Each cryoablation
was performed for a target time of 300 seconds. The right
phrenic nerve (PN) was constantly paced from the superior
caval vein during freezing at the septal PVs. In the case
of cessation or weakening of right hemidiaphragm contrac-
tions, freezing was immediately stopped. After each freeze,
PV conduction was reevaluated by the Lasso catheter. If the
PV was not isolated, the cryoballoon was repositioned and
balloon to LA-PV contact reevaluated by angiography before
the next freeze. If the PV was isolated, 1 or 2 bonus applica-
tions in occlusive balloon position were performed accord-

ing to group assignment. If isolation required a pull-down
maneuver, the same maneuver was performed for bonus ap-
plications. Ablation endpoint was the absence or dissociation
of all PV potentials as confirmed by the Lasso catheter after
a waiting period of 30 minutes.

Postablation Care and Follow-Up

All patients underwent a chest X-ray and transthoracic
echocardiography to rule out pneumothorax or pericardial
effusion after the procedure. Low molecular weight heparin
was started 6 hours after the procedure and continued until
an INR ≥ 2 was achieved. Phenprocoumon was started the
following day. Patients were kept on a previous AAD treat-
ment (19 patients in group I, 18 patients in group II), which
was discontinued 3 months after the procedure if no recurrent
atrial tachyarrhythmia occurred. In the case of recurrent atrial
tachyarrhythmia, AAD treatment was continued/reinitiated
and a redo procedure was performed if symptoms persisted.

Follow-up visits were scheduled at 1, 3, 6, and 12 months,
and every 6 months thereafter. In the first 24 patients
(15 patients in group I and 9 patients in group II) an in-
sertable cardiac monitor (ICM; Reveal XT, Medtronic, Inc.,
Minneapolis, MN, USA) was subcutaneously implanted at
a median (Q1;Q3) of 1 (1;2) day after the PVI procedure.
Device characteristics and implantation procedure have been
described previously.14 In brief, the ICM is equipped with an
automated AF/AT detection algorithm based on R–R interval
variability during each 2-minute analysis period.

Sensitivity and specificity of automated AF/AT detection
when compared to manually annotated continuous 46-hour
Holter recordings have been reported as 96% and 85%, re-
spectively.14 In addition, ECG storage for automatically (up
to 27 minutes) or patient activated (up to 22.5 minutes) events
was interrogated during each follow-up visit to manually
confirm AF/AT detection. In the remaining 27 patients (12
patients in group I and 15 patients in group II), 7-day Holter
ECG recordings were performed at the time of the follow-up
visits. Recordings were analyzed on a beat-to-beat basis
by a cardiologist blinded to the patient’s group assignment.
The primary endpoint was defined as recurrent atrial tachy-
arrhythmia (AF or AT) lasting ≥ 2 minutes as documented
by the ICM or 7-day Holter ECG. Secondary endpoints were
procedure duration, fluoroscopy time, and complications.

Statistical Analysis

Continuous data were summarized by mean ± standard
deviation or median and upper and lower quartile, where
appropriate, and analyzed using Student’s t-test or Mann–
Whitney U test, respectively. Categorical data were summa-
rized by frequencies and proportions, and analyzed using
the chi-square and Fisher’s exact test. Event-free rates from
AF/AT were calculated by the Kaplan–Meier analysis and
compared by the Wilcoxon test. A 2-sided P-value <0.05
was considered statistically significant.

Results

Patients

Clinical characteristics of the study patients are shown in
table 1. At the time of the index procedure the mean age and
left atrial diameter were 61 ± 11 and 60 ± 8 years, and 42 ±
7 and 44 ± 6 mm for group I and II, respectively. There was
a tendency of a shorter PAF history in group I (5 ± 4 years)
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TABLE 1

Patient Clinical Characteristics

Group I (n = 27) Group II (n = 24) P Value

Age (years) 61 ± 11 60 ± 8 n.s.
Male (n) 22 (82%) 17 (71%) n.s.
LA (mm) 42 ± 7 44 ± 6 n.s.
AF duration (years) 5 ± 4 7 ± 5 0.05
Failed AAD (n) 2 (1;2) 2 (1;3) n.s.
CAD (n) 5 (19%) 2 (8%) n.s.
Hypertension (n) 14 (52%) 15 (63%) n.s.

LA = left atrium; AF = atrial fibrillation; AAD = antiarrhythmic drug;
CAD = coronary artery disease.

TABLE 2

Procedural Characteristics

Group I Group II
(n = 27) (n = 24) P Value

RSPV Appl. 1.6 ± 1.4 1.3 ± 0.6 n.s.
RIPV Appl. 2.0 ± 1.7 1.6 ± 1.1 n.s.
LSPV Appl. 1.4 ± 0.7 1.3 ± 0.6 n.s.
LIPV Appl. 1.6 ± 1.2 1.7 ± 1.7 n.s.
Fluororoscopy duration (minutes) 33 ± 13 34 ± 11 n.s.
Procedure time (minutes) 193 ± 56 207 ± 27 n.s.

PV = pulmonary vein; RSPV = right superior PV; RIPV = right inferior
PV; LSPV = left superior PV; LIPV = left inferior PV; LCPV = left
common PV; Appl. = balloon applications excluding bonus application(s).

when compared to group II (7 ± 5 years, P = 0.05). Fourteen
patients in group I and 15 patients in group II had a history
of hypertension. Coronary artery disease was present in 5
patients of group I and 2 patients of group II.

Cryoballoon Ablation

In 51 patients, a total number of 196 PVs were identified,
including a left common PV (LCPV) with early branching in
8 patients (6 in group I; 2 in group II). Superior and inferior
branches of an LCPV were treated as individual PVs. Pro-
cedural parameters of the study patients are summarized in
Table 2. The average number of balloon applications neces-
sary to achieve complete PVI in a patient (excluding bonus
applications) was 6.6 in group I and 5.9 in group II. The
procedural endpoint of complete isolation of all PVs was
achieved in 50 out of 51 patients (98%). In one patient
of group II the right inferior PV (RIPV) could not be iso-
lated. This patient remained free from recurrent AF/AT dur-
ing follow-up. The procedure duration (groin puncture to
sheath removal) was 193 ± 56 (group I) and 207 ± 27
(group II) minutes, fluoroscopy time was 33 ± 13 and
34 ± 11 minutes, respectively.

Procedure-related complications occurred in 4 patients
(all from group II). One patient developed a femoral pseu-
doaneurysm that was treated by local thrombin injection. In
3 patients right phrenic nerve palsy (PNP) was present at the
end of the procedure. In 2 of these patients PNP occurred
during the second bonus application at the right superior PV
(RSPV, 20 and 17 mm diameter). Repeat chest fluoroscopy
demonstrated complete resolution of PNP by day 172 and
212, respectively. In one patient, PNP occurred during the
first balloon application at a large RSPV (25 mm diame-
ter). In this patient, no bonus application was performed at

the RSPV. Repeat chest fluoroscopy demonstrated complete
resolution of PNP at the following day.

Follow-Up

The median (Q1;Q3) follow-up duration in this study was
384 (213;638) days. During follow-up, the endpoint of re-
current AF/AT occurred in 13 of 27 patients (48%) in group
I, and in 11 of 24 patients (46%) in group II. Kaplan–Meyer
estimates of AF/AT-free survival after the index procedure
are shown in Figure 2. There was no statistical difference
between the groups with respect to the primary endpoint
(P = 0.84). Out of 14 (group I) and 13 (group II) patients
with stable SR, 3 (21%) and 2 (15%) patients refused to
stop AAD therapy until the end of follow-up, respectively
(P = n.s.). Irrespective of group assignment, recurrent AF/AT
was detected in a higher proportion in those patients who re-
ceived an ICM (63%) when compared with patients who
received serial 72-hour Holter ECG recordings (33%, P =
0.04). During follow-up, one patient suffered from cerebel-
lar hemorrhage associated with phenprocoumon overdosing
1 month following the procedure. This patient recovered with
minimal neurological deficit.

Out of 24 patients with recurrent AF/AT, 5 patients had
well-controlled symptoms on AAD therapy. A second proce-
dure was performed in 9 patients in group I, and 10 patients
in group II. All patients exhibited reconduction in ≥ 1 PV.
The average number of PVs exhibiting reconduction in a pa-
tient was 2.8 ± 1.2 in group I and 2.4 ± 1.0 in group 2 (P =
n.s.). PV reisolation was performed by RFC ablation using
electroanatomical mapping.12 Atrial tachycardia was present
in 1 patient at the time of the 2nd procedure. Activation- and
entrainment-mapping demonstrated perimitral flutter, which
was terminated by ablation of the mitral isthmus with demon-
stration of conduction block.

In 5 patients, a 3rd procedure was performed (2 patients in
group I, 3 patients in group II) due to recurrent AF (2 patients)
or AT (3 patients). In 1 patient with recurrent paroxysmal AF,
a conduction gap at the RIPV was found and PV reisolation
was performed. One patient had progressed to persistent AF.
In this patient, total PV isolation was demonstrated and ab-
lation of complex fractionated atrial electrograms (CFAE) in
the left atrium was performed, which resulted in conversion
of AF to perimitral flutter, which was terminated by abla-
tion of the mitral isthmus with demonstration of conduction
block. Of the 3 patients with recurrent AT, 2 patients demon-
strated total PV isolation and perimitral flutter, which was
terminated as described above. One patient demonstrated a
PV tachycardia from the RSPV that terminated upon reiso-
lation of the vein. All other PVs were found to be isolated in
this patient.

In one patient of group II, fourth and fifth procedures
were performed due to recurrent AT. In the fourth procedure,
a tachycardia from the superior caval vein (SVC) was demon-
strated and terminated by isolation of the SVC. In the fifth
procedure, a focal atrial tachycardia from the left posterior
wall was demonstrated and successfully ablated, which led
to stable SR in the patient.

Discussion

The main findings of the study are as follows: (i) perfor-
mance of 2 repeat freeze–thaw cycles following cryoballoon
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Figure 2. Kaplan–Meier estimates of arrhythmia-free survival according to group assignment. Dotted line represents median follow-up duration (384 days).
Arrhythmia-free survival was not different between the groups (P = 0.84, Wilcoxon test).

PV isolation did not result in improved freedom from recur-
rent AF/AT when compared to a single repeat freeze–thaw
cycle; and (ii) right phrenic nerve palsy, the main complica-
tion associated with cryoballoon PVI,15 may occur as a result
of a second bonus application, possibly due to extension of
injury to the periphery of the cooled tissue volume.13

Earlier Studies

Ahmed et al.16 investigated cryoballoon lesion durabil-
ity in patients that underwent cryoballoon PVI employing
a strategy of 2 bonus applications. A high rate of chronic
PV isolation (88%) was demonstrated at invasive remap-
ping 8–12 weeks following the index procedure. Whether
a single bonus application is equally effective has not been
investigated.

A number of studies reported on clinical success rates of
cryoballoon PVI employing a strategy of 2 balloon applica-
tions per vein before determining PV conduction status (via
a single transseptal puncture).5,8,17,18 However, since such a
protocol does not provide information about whether the ini-
tial freeze was effective, these studies are not representative
of a systematic single bonus lesion strategy. To the best of our
knowledge, a clinical comparison between the strategies of
1 versus 2 bonus lesion applications following cryoballoon
PVI has not yet been performed.

Clinical Efficacy

In this study, there was no statistical difference in clini-
cal efficacy of cryoballoon PVI performed with one (52%)
when compared to 2 (54%) bonus applications. The time
course of recurrent events was similar with respect to both
strategies (Fig. 2). Since recurrent AF is strongly associ-
ated with PV reconduction following PVI in patients with

PAF,11,12 this may indicate similar durability of cryoballoon-
induced lesions over time in both groups. Reported 1-year
freedom from recurrent AF without a blanking period fol-
lowing cryoballoon PVI ranges from 48.9% to 64.3%.15,19,20

Our reported rates of 52% (group I) and 54% (group II) fall
within this range. However, the intense follow-up aimed at
detection of asymptomatic AF episodes in the current study
precludes direct comparison to previous reports. Whether a
single bonus lesion improves clinical success when com-
pared to no bonus lesion remains to be determined. To the
best of our knowledge this question has only been addressed
to date by an anecdotal report of 7 patients undergoing cry-
oballoon PVI without bonus lesion application followed by
a prespecified second procedure regardless of symptoms.16

The investigators found a very low rate of chronic PV isola-
tion (14%), although this observation was limited by the fact
that the series had been performed in the early experience of
the authors with the cryoballoon.

When combining data from both treatment groups, re-
current AF/AT was detected in 63% in those patients that
were followed with continuous automated AF detection by
ICM, compared to 33% in patients that were followed with
serial 7-day Holter ECG recordings. This observation is in
line with previous studies comparing the sensitivity of in-
termittent with continuous rhythm monitoring for the de-
tection of atrial tachyarrhythmia.21,22 Ziegler et al. found a
sensitivity and negative predictive value of 49% and 27%,
respectively, for the detection of AT/AF episodes by annual
7-day Holter ECG recording when compared with continuous
rhythm monitoring by an implanted pacemaker.22 Although
repeat Holter ECG recording improves detection sensitiv-
ity,23 the higher incidence of recurrent AT/AF in patients
that received an ICM may reflect a higher detection rate by
continuous rhythm monitoring.
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Procedural Parameters and Complications

Despite additional balloon applications in group II, dif-
ferences between procedure duration and fluoroscopy expo-
sure time between the groups were small (Table 2). This
implicates a longer overall time spent to achieve occlu-
sive balloon positions in group I, possibly due to anatom-
ical differences. The average number of balloon applications
necessary to achieve complete PVI was slightly higher in
group I (6.6) when compared to group II (5.9). Whether
such differences impacted on clinical outcome remains
speculative.

Phrenic nerve palsy is the most common complication of
cryoballoon PVI and has been linked to distal energy applica-
tion relative to the PV ostium and thus PV to balloon size.7,15

Out of 3 cases of PNP due to cryoballoon treatment of the
RSPV in this study, 2 cases occurred during the second bonus
application. Of note, the ratio of PV to balloon size in these
patients (0.71 and 0.61) was smaller than in the patient with
transient PNP after the first application (0.89). The latter ratio
approximated a previously defined critical value of 0.93 to in-
dicate PNP risk using the single big cryoballoon technique.7

The occurrence of PNP during the second bonus cryoabla-
tion at relatively small PVs may reflect extension of tissue
injury to collateral structures by repeated freeze–thaw cycles.
Refreezing of previously frozen tissue has been found to be
associated with faster and more extensive tissue cooling.13

Accordingly, repeated freezing leads to larger frozen tissue
volumes when compared to single freezing.24 This has impor-
tant safety implications. First, if PN function is unimpaired
during one or even 2 occlusive cryoballoon applications, the
operator may not feel save during additional cryoballoon
treatment at this vein. Secondly, concerning the risk/benefit
ratio of the procedure our data favor a single bonus applica-
tion strategy.

Limitations

The limitations of our work are as follows: (1) since no
previous data on the clinical impact of the number of bonus
lesion applications during cryoballoon PVI were available,
our aim was to conduct a pilot study with intense follow-up
eventually to inform a randomized, sufficiently powered trial.
The lack of any signal of a clinical benefit by performance
of 2 when compared to 1 bonus lesion(s) in the pilot study
puts such a large trial into question. However, we may not
exclude small differences between the strategies on the basis
of this study. (2) This study did not include routine invasive
remapping of the PVs regardless of chronic clinical success;
thus, minor differences in chronic PV isolation rates between
the 2 strategies may not be excluded. However, in 19 patients
undergoing a second ablation procedure (group I: 9; group II:
10 patients), there was no difference in chronic PV isolation
rates between the treatment groups after the index procedure.
(3) During the follow-up period continuous rhythm monitor-
ing using an ICM was performed in 15 of 27 patients (56%)
in group I and 9 of 24 patients (38%) in group II. This dif-
ference may have influenced AF/AT detection rates during
follow-up. (4) Since the ECG storage capacity of the ICM
is limited, manual confirmation of automated AF/AT detec-
tion could not be performed for all detected episodes, pos-
sibly leading to overestimation of the incidence of recurrent
AF/AT.

Conclusion

Application of 2 freeze–thaw cycles when compared to 1
freeze–thaw cycle following cryoballoon PVI did not result
in improved clinical success but was associated with a higher
complication rate.
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9. Siklódy CH, Minners J, Allgeier M, Allgeier H-J, Jander N, Weber R,
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BACKGROUND Pulmonary vein isolation using the cryoballoon
technique (CB-PVI) has evolved into a simple and safe alternative
for point-by-point radiofrequency ablation. Systematic analysis of
conduction recovery occurring after CB-PVI and causing recurrent
atrial fibrillation has not yet been performed.

OBJECTIVE The purpose of this study was to analyze conduction
recovery after PVI using the single big (28-mm) cryoballoon tech-
nique.

METHODS Twenty-six patients with recurrent atrial tachyarrhyth-
mia after previous CB-PVI underwent repeat ablation. Pulmonary
vein (PV) reisolation was performed by antral irrigated radiofre-
quency ablation using electroanatomic mapping. For analysis of
the location of conduction gaps, the ipsilateral LA–PV junction
was divided into six equally distributed segments.

RESULTS PV reconduction frequently occurred into multiple (�2)
PVs (54% patients). Conduction gaps could be abolished by single
point ablation in 63% (lateral) and 41% (septal) of patients or by
incomplete circular lesions in the remaining patients. A signifi-
cantly higher number of patients exhibited conduction recovery at
inferior segments (85% lateral, 77% septal) compared with supe-
rior segments (42% lateral, 31% septal). Furthermore, the ridge
between PV ostia and left atrial appendage (LAA) was highly

associated with reconduction into lateral PVs (81% of patients).
Retrospective analysis of the initial CB-PVI-procedure revealed
lower freezing temperatures at superior than inferior PVs as well as
sharp catheter angulations with loss of central cryoballoon align-
ment to reach inferior PVs.

CONCLUSION Conduction recovery after CB-PVI occurs at a high
incidence at inferior sites around ipsilateral PV ostia and the
LAA–PV ridge. Modifications of the technique to ensure optimal
balloon–tissue contact at predilection sites may improve long-
term success rates.

KEYWORDS Arrhythmia; Atrial fibrillation; Balloon; Catheter abla-
tion; Cryothermal energy

ABBREVIATIONS AF � atrial fibrillation; CB � cryoballoon;
LA � left atrium; LAA � left atrial appendage; LAT � left atrial
tachycardia; LCPV � left common pulmonary vein; LIPV � left
inferior pulmonary vein; LSPV � left superior pulmonary vein;
PAF � paroxysmal atrial fibrillation; PV � pulmonary vein; PVI �
pulmonary vein isolation; RFC � radiofrequency current; RIPV �
right inferior pulmonary vein; RSPV � right superior pulmonary vein

(Heart Rhythm 2010;7:184–190) © 2010 Published by Elsevier Inc. on
behalf of Heart Rhythm Society.

Introduction
Complete pulmonary vein isolation (PVI) from the left
atrium (LA) has become the cornerstone of ablative therapy
in patients with paroxysmal atrial fibrillation (PAF).1 Cryo-
balloon (CB) ablation is an emerging technology with the
potential to simplify this complex procedure and lacks some
of the potential serious complications associated with radio-
frequency current (RFC) PVI, such as pulmonary vein (PV)
stenosis.2–5 We recently showed that CB-PVI can be per-
formed successfully with exclusive use of a 28-mm bal-
loon.2 However, as with conventional PVI using RFC,6 PV

reconduction may lead to recurrent atrial fibrillation (AF)
after CB-PVI.7 Long-term outcome data of this relatively
new technique are lacking.

In contrast to sequential point-by-point ablation by an
RFC catheter, the cryoballoon technique consists of simul-
taneous energy deployment at the LA–PV junction; thus,
PVI often can be achieved by a single cryothermal energy
application.2 Although this concept is technically attractive,
it also implies that energy deployment cannot be varied
along the resulting cryolesion. Such energy variation would
be desirable at regions of enhanced muscular thickness,
such as the ridge between the lateral PVs and the left atrial
appendage (LAA). Moreover, cryoballoon ablation requires
continuous tissue contact because convective heating by
intervening blood flow or insulating ice formation interferes
with tissue freezing.8

We hypothesized that areas of reconduction after CB-
PVI are not randomly distributed around the PV ostia but
are preferentially located at sites prone to poor balloon–
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tissue contact and/or with enhanced muscular thickness.
Knowledge of such areas may be the basis for improved
cryoballoon technique and long-term success. The aim of
this study was to investigate conduction recovery after
CB-PVI using the “single big (28-mm) cryoballoon”
technique.

Methods
Patients
Between April 2006 and November 2008, 71 patients
underwent CB-PVI for highly symptomatic PAF using
the single big (28-mm) cryoballoon technique.2 One bo-
nus cryoballoon application per vein was performed after
PVI had been achieved. All patients continued taking the
previously ineffective antiarrhythmic drugs, which were
discontinued after 1 month if no recurrent AF or left
atrial tachycardia (LAT) occurred after the initial abla-
tion procedure.

Thirty-five patients had either recurrent PAF (32 patients
[45%]) or LAT (3 patients [4%]) after the initial procedure
during a median (Q1;Q3) follow-up of 189 days (68;298)
without a blanking period. The first episode of recurrent
PAF/LAT occurred 21 days (8;88) after the CB-PVI proce-
dure. Nine patients who had short episodes of AF that were
well controlled with antiarrhythmic drugs refused a second
procedure.

A repeat procedure was performed in 26 patients with
symptomatic recurrent PAF (23 patients) or LAT (3 patients)
after a median (Q1;Q3) of 144 (57;217) days following initial
CB-PVI. These patients constitute the basis of the current
study. The right inferior pulmonary vein (RIPV) could not be
isolated at the CB-PVI procedure in 2 of these patients. Patient
characteristics are listed in Table 1, and procedural parameters
of initial CB-PVI are listed in Table 2.

Mapping and catheter ablation
The reablation procedure was performed with patients under
sedation with continuous propofol infusion.6 Two 8Fr SL1-
sheaths (St Jude Medical, St. Paul, MN, USA) were ad-
vanced to the LA via a modified Brockenbrough technique.
Intravenous heparin was administered to maintain an activated
clotting time of 250 to 300 seconds. One or two decapolar
Lasso catheters (Biosense Webster, Diamond Bar, CA, USA)
were placed within the left-sided or right-sided ipsilateral
PVs to confirm recovery of PV conduction. Three-dimen-
sional electroanatomic mapping (CARTO XP, Biosense

Webster) of the LA and selective PV angiograms were
performed to identify all PV ostia. If discrete PV potentials
were recorded in both of the ipsilateral PVs or branches of
a common PV, one Lasso catheter was placed in the PV or
branch with the earliest PV potential during ablation. Ab-
lation (ThermoCool Navi-Star, Biosense Webster) was
started at the antral level of the LA–PV junction at the site
of the earliest PV potential. Irrigated RFC energy was de-
livered with a target temperature of 43°C, maximal power
limit of 30 W (posterior LA) or 40 W (anterior LA), and
infusion rate of 17 mL/min.

For analysis of the location of conduction gaps, the
ipsilateral LA–PV junction was divided into six equally
distributed segments (superior, anterosuperior, anteroinfe-
rior, inferior, posteroinferior, posterosuperior; Figure 2).
The response to ablation at the initial segment was classified
as PV reisolation (pattern 1), PV activation sequence change
as recorded by the Lasso catheter (pattern 2), or no change
(pattern 3). In case of PV reisolation, the ablation region
was tagged on the electroanatomic map and the respective
segment defined to contain a conduction gap. In case of PV
activation sequence change, the respective segment was
defined to contain a conduction gap, and ongoing PV con-
duction was attributed to an additional gap, which was
ablated in a similar fashion (Figure 1A). If ablation at the
initial segment did not affect PV conduction, ablation was
continued in a circular fashion around the ipsilateral PV
ostia guided by the earliest PV potential. An effort was
made to achieve reisolation with the shortest antral ablation
line (Figure 1B). Any of six antral segments around the
ipsilateral PVs was defined as contributing to reconduction
if PV reisolation necessitated ablation at the respective
segment (Figure 2).

The procedural end-point was defined as (1) the absence
of PV potentials documented with the Lasso catheter within
all PVs at least 30 minutes after isolation and (2) no induc-
ible atrial tachycardia after ablation in patients who pre-
sented with atrial tachycardia after initial CB-PVI.

Postablation care and follow-up after redo
procedure
In all patients, pericardial effusion and pneumothorax were
ruled out (transthoracic echocardiogram, chest X-ray film)
after the procedure. After ablation, patients were treated

Table 1 Baseline characteristics of the study patients (n � 26)

Age (years) 59 � 10
Male (n) 16 (62%)
Paroxysmal atrial fibrillation 26 (100%)
Hypertension (n) 14 (54%)
No. of failed antiarrhythmic drugs (n) 2 � 1
Duration of atrial fibrillation (years) 8 � 6
Left atrial diameter (mm) 43 � 6

Table 2 Procedural parameters of initial cryoballoon
pulmonary vein isolation

Vein Diameter (mm)
No. of
applications

Left superior pulmonary vein 20 � 3 2.8 � 0.9
Left inferior pulmonary vein 19 � 3 3.2 � 1.4
Left common pulmonary vein 30 � 4 5.1 � 3.6
Right superior pulmonary vein 19 � 3 2.4 � 0.8
Right inferior pulmonary vein 18 � 3 4.1 � 2.1
Procedural time (min) 219 � 47
Fluoroscopy time (min) 46 � 20
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with intravenous heparin (target partial thromboplastin time
50–70 seconds). Phenprocoumon was started the next day,
targeting an international normalized ratio of 2.0–3.0 for at
least 3 months. Previous antiarrhythmic therapy was con-
tinued for 1 month and then discontinued if patients were
free of AF/LAT relapse. Surface ECG and 24-hour Holter
ECG recording were performed 1 day after the procedure
and repeated after 1, 3, 6, and 12 months or upon symptoms
suggestive of recurrent AF/LAT. Recording was performed
by the referring physician or in the ablation center. The
clinical end-point was defined as the first documented AF/
LAT episode �30 seconds in duration.

Temperature monitoring at initial CB-PVI
Cryoballoon temperature–time curves during each freeze
were acquired using CryoConsole software (CryoCath
Technologies, Montreal, Quebec, Canada). The temperature
sensor is located in the back of the balloon and thus pro-

vides a rough estimate of tissue temperature near the bal-
loon. The minimal temperature for a PV was defined as the
lowest balloon temperature achieved during any freeze at
that vein. Data from the superior and inferior branches of a
left common pulmonary vein (LCPV) were included in the
left superior pulmonary vein (LSPV) or left inferior pulmo-
nary vein (LIPV) group, respectively, if the branches were
isolated separately (5/7 LCPVs).

Analysis of balloon catheter positions at initial
CB-PVI
To overcome the force exerted by PV blood flow, the
balloon catheter must be pushed onto the PV ostium in order
to achieve or maintain tissue contact. This is easiest to
accomplish if the sheath, balloon, and guidewire are in direct
alignment because the sheath and balloon catheter can be used
in concert to create a strong pushing force (Figure 3A). To

Figure 1 Reisolation of the septal pulmonary veins (PVs) in patients no. 2 and 16. Anatomic CARTO maps in the right lateral view and recordings from
surface ECG leads I, II, and V1, Lasso recordings from the right inferior pulmonary vein (PV1-2 to PV9-10), and recordings from distal mapping (Map) and
coronary sinus (CS) catheters are shown. Yellow point tags in the CARTO maps correspond to loci of PV activation sequence change or PV isolation during
ablation (brown point tags) as indicated by arrows. A: Sudden activation sequence change in the PV potentials recorded by Lasso catheter (left) indicates
block of an inferior gap. Subsequent mapping and ablation revealed a second posteroinferior gap with reisolation of the right inferior PV (right) during
ablation, as indicated by elimination of the PV potential (asterisk). B: Reisolation of the right inferior PV by linear ablation at the inferior antral segment.
At the start of ablation (left), early PV activation is recorded by the mapping catheter (arrowhead). Reisolation occurred posteriorly (right) without prior
activation sequence change, as indicated by elimination of the PV potential (asterisk).
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quantify the degree of deflection of the sheath/balloon sys-
tem at individual PVs during initial CB-PVI, the angle
between the catheter tip bearing the balloon and the proxi-
mal transseptal sheath (angle of alignment) was retrospec-
tively analyzed from angiograms recorded before freezing
(Figure 3) in the right anterior oblique 30° view for septal
PVs or in the left anterior oblique 40° view for lateral PVs
(or superior and inferior branches of an LCPV).

Statistical analysis
Data are given as mean � SD or median and 25th and 75th
percentiles (Q1;Q3) where appropriate. The Friedman test
and exact method was used to compare predefined segments
of septal or lateral PV ostia with respect to reconduction.
Continuous variables were evaluated using the Student’s
t-test. P �.05 was considered significant.

Results
Of the 26 study patients, 18 were in sinus rhythm, 3 were in
AF, 3 presented with LAT, and 2 presented with common-
type atrial flutter at the time of the second procedure. The 2
patients who presented with atrial flutter also exhibited
documented episodes of AF. In the patients with AF or atrial
flutter, sinus rhythm was restored by external cardioversion
or cavotricuspid isthmus ablation at the beginning of the
procedure, respectively. In the 3 patients with LAT, map-
ping and ablation of LATs were performed prior to PV
reisolation.

Among the 3 patients with LAT, three-dimensional and
entrainment mapping demonstrated an LA macroreentrant
tachycardia around the mitral annulus in 2. RFC energy
(6.3 � 0.6 applications) was delivered between the left-
sided PVs and the mitral annulus, with termination of the
tachycardia and bidirectional block of the mitral isthmus. In
1 patient, three-dimensional mapping demonstrated a focal
atrial tachycardia originating from the posteroinferior LA
15 mm distant to the LIPV ostium. A single RFC applica-
tion terminated the tachycardia and resulted in noninduc-
ibility.

Recovered PV conduction during sinus rhythm
In the 26 patients, a total of 97 PVs were identified, with an
LCPV in 7 patients. LA–PV conduction was demonstrated
in 67 PVs. In most patients, multiple PVs exhibited recon-
duction: 4 PVs in 5 (19%) patients, 3 PVs in 9 (35%), 2 PVs
in 8 (31%), and a single PV in 4 (15%). With regard to
individual PVs, recovered PV conduction was present in 19
(79%) of 24 RIPVs (excluding 2 patients in whom the RIPV
could not be isolated at initial CB-PVI), 15 (79%) of 19
LIPVs, 12 (63%) of 19 LSPVs, 12 (46%) of 26 right
superior pulmonary veins (RSPVs), and 7 (100%) of 7
LCPVs.

At septal PVs, the response to a single ablation at the
initial segment was pattern 1 (isolation) in 4 patients and
pattern 2 (sequence change and additional gap) in 5 patients.

Figure 2 Location of pulmonary vein (PV) reconduction after cryobal-
loon PV isolation. Lateral and septal PV ostia are shown in the posteroan-
terior view. Any of six antral segments around the ipsilateral PVs was
defined as contributing to reconduction if PV reisolation necessitated
ablation at the respective segment. Numbers represent number of patients.
Significantly more patients exhibited reconduction at inferior than at su-
perior segments for both lateral and septal PVs. In addition, the left atrial
appendage–PV ridge was a frequent site of reconduction at lateral PVs.

Figure 3 Analysis of catheter position at cryoballoon pulmonary vein (PV) isolation. Radiographs in the left anterior oblique 40° projection are shown.
Contrast medium had been injected via the balloon tip to ensure occlusive position at the PV ostium. A: Balloon catheter at the left superior PV shortly before
freezing. The angle between the shaft of the transseptal sheath and the balloon center is 125°. The Lasso catheter is in the right superior PV. B: Balloon
catheter at the left inferior PV before freezing. The angle between the transseptal sheath and balloon is 80°. The Lasso catheter is in the left superior PV.
CS � coronary sinus catheter; PN � diagnostic catheter placed at phrenic nerve capture site in superior caval vein.
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In the latter patients, a single RFC application abolished the
remaining gap (Figure 1A). Thirteen patients exhibited pat-
tern 3 (no change), and short antral linear ablation involving
more than one segment was needed in order to achieve
reisolation (Figure 1B). In the remaining 4 patients, both
septal PVs were isolated. Average RFC lesion length was
25 � 24 mm.

At lateral PVs, pattern 1 was observed in 12 patients and
pattern 2 in 3 patients, with one (2 patients) or two (1
patient) additional gaps abolished by a single RFC applica-
tion. Nine patients exhibited pattern 3. In the remaining 2
patients, both lateral PVs were isolated. Average RFC le-
sion length was 20 � 26 mm.

Total procedural time and radiation time were 150 � 53
minutes and 18 � 9 minutes, respectively. No procedure-
related complications occurred.

Location of PV reconduction
In septal PVs, reisolation was most often achieved by antral
ablation at inferior locations (Figure 2), involving inferior
and anteroinferior segments in 12 (46%) and 11 (42%) of 26
patients, respectively, and posteroinferior segments in 14
(54%) of 26 patients. In contrast, ablation was performed at
superior and posterosuperior segments in 5 (19%) of 26
patients and at anterosuperior segments in 3 (12%) of 26
patients (P � .001 for comparison between all segments).

In lateral PVs, the anterior aspect of the LA–PV junction
(“ridge”) most often contributed to PV reconduction, neces-
sitating ablation of anteroinferior segments in 17 (65%) of
26 patients and anterosuperior segments in 10 (38%) of 26
patients. Posteroinferior segments were ablated in 8 (31%)
of 26 patients, inferior segments in 6 (23%) of 26 patients,
and superior and posterosuperior segments in 4 (15%) of 26
patients (P � .002 for comparison between all segments).

In summary, ablation at any inferior segment was per-
formed in 77% (septal) and 85% (lateral) of patients, as
opposed to superior segments in 31% (septal) and 42%
(lateral) of patients.

Temperature monitoring at initial CB-PVI
Retrospective analysis of minimal balloon temperatures
achieved during initial CB-PVI revealed significantly lower
temperatures at superior PVs (or superior branch of an
LCPV) compared with inferior PVs (or inferior branch of an
LCPV) for both septal (–50°C � 7°C vs –40°C � 6°C; P �
.001) and lateral (–49°C � 7°C vs –43°C � 4°C; P � .004)
PVs. When separating PVs into those with and those without
isolation at the reablation procedure, minimal temperatures
during initial CB-PVI were as follows: LSPV: –50.4°C �
2.9°C (isolated) versus –48.6°C � 8.6°C (not isolated, P �
NS); LIPV: –47.0°C � 3.5°C versus –42.1 � 3.5 (P �
NS); RSPV: –51.9°C � 6.4°C versus –46.3°C � 5.8°C
(P � .038); and RIPV: –39.6°C � 4.2°C versus –40.7°C �
6.4°C (P � NS). The mean number of cryothermal energy
applications at initial CB-PVI according to these groups
were as follows: LSPV: 2.7 � 0.8 (isolated) versus 3.0 �
1.0 (not isolated, P � NS); LIPV: 3,3 � 1,5 versus 3,1 �

1,5 (P � NS); RSPV: 2.5 � 0.6 versus 2.3 � 1.1 (P � NS);
and RIPV: 3.6 � 1.3 vs. 4.2 � 2.3 (P � NS).

Analysis of catheter positions at initial CB-PVI
Retrospective analysis of the angle of alignment represent-
ing the degree of deflection of the sheath/balloon system at
individual PVs during initial CB-PVI was performed. For
inferior PVs this angle was significantly smaller, that is, the
degree of deflection was higher compared to that of superior
PVs (RIPV: 85° �18° and RSPV: 121° �23°, P �.001;
LIPV: 94° � 20° and LSPV: 129° � 28°, P �.001), result-
ing in loss of central balloon alignment (Figure 3).

Follow-up
During a median (Q1;Q3) follow-up of 98 days (39;283)
without a blanking period, 18 (69%) of 26 patients remained
free of recurrent AF or LAT. Four patients had improved
symptoms that were well controlled with antiarrhythmic
drugs.

Four patients underwent further ablation due to ongoing
episodes of AF: One patient exhibited total PV isolation at
the time of the second redo procedure, and a non-PV trigger
was identified in the superior caval vein and subsequently
isolated. In the remaining 3 patients, AF recurrence was
again associated with PV reconnection (intervals between
first and second redo: 296, 538, and 283 days). In 2 patients,
conduction gaps identified at the second redo procedure
were unrelated to those found at the first redo procedure and
were located at the anterior ridge at lateral PVs. In the third
patient, the second redo procedure was performed at another
center (reisolation of RIPV and LSPV), and no information
regarding the location of PV conduction gaps was retriev-
able.

Discussion
The main findings of this study were as follows. (1) In
patients with PAF, the dominant recurrent atrial tachyar-
rhythmia after CB-PVI was AF. The incidence of LAT
following CB-PVI was low. (2) Recurrent AF after CB-PVI
was associated with LA–PV reconnection. Conduction gaps
after CB-PVI using the single big cryoballoon technique
occurred at a high incidence at the inferior LA–PV junction
and the anterior ridge between PVs and LAA. (3) These
conduction gaps could be eliminated by RFC ablation using
electroanatomic mapping, with low procedural and radia-
tion times.

Recurrent atrial tachyarrhythmia after CB-PVI
The majority of patients in this study presented with PAF as
the recurrent arrhythmia. LAT was observed in only 3
patients after initial CB-PVI (4% of total CB-PVI cohort).
In these patients, perimitral flutter was found in 2 and a
non-PV focal tachycardia in 1. Thus, PV tachycardia was
not observed following CB-PVI, whereas PV tachycardia
was a common finding in patients with recurrent atrial
tachyarrhythmia after PVI using RFC-induced circular lin-
ear lesions.9 The underlying cause of this difference is not
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known. Histologic study has shown that cryolesions are
well circumscribed with sharp borders, whereas RFC le-
sions are less clearly demarcated from normal myocar-
dium.10 This may constitute a difference with respect to
creation of a reentrant substrate.6

Predilection sites for LA–PV reconduction
The inferior segments of the LA–PV junction were most
often affected by reconduction (Figure 2). For septal PVs,
this resulted in reconduction of 79% of inferior PVs com-
pared with 46% of superior PVs. For lateral PVs, the infe-
rior ridge between LAA and PV ostia (anteroinferior seg-
ment) was the most common site for PV reconduction,
followed by the superior ridge (anterosuperior segment).
This may be due to enhanced muscle thickness at this
structure. The frequent involvement of the superior ridge
may have contributed to the relatively high rate of recon-
duction (63%) into the LSPV. Moreover, a venous “cross-
talk” phenomenon is often observed during CB-PVI at lat-
eral PVs, whereby isolation of ipsilateral PVs occurs
simultaneously during freezing at the LIPV when initial
freezing at the LSPV failed to achieve PVI due to residual
conduction between the veins.2

A high incidence of inferior conduction gaps may result
from a number of causes. When freezing is performed at
inferior PVs, central alignment of the cryoballoon at the PV
ostium often is not possible because the sheath/balloon
system must be deflected in order to reach the target struc-
ture. This results in a smaller angle of alignment during
CB-PVI of inferior compared to superior PVs (Figure 3).
Consequently, at superior PVs, both sheath and balloon can
be used to create a strong push onto the PV ostium to
overcome PV blood flow, whereas at inferior PVs only the
balloon catheter can be pushed through the deflected sheath,
likely impacting on contact force. This may lead to incom-
plete balloon–tissue contact around inferior PVs. In support
of this hypothesis is the observation that more balloon
applications were needed to achieve isolation of inferior
than superior PVs (Table 2).2 Residual blood flow has been
demonstrated to occur during the course of a cryoballoon
application, even when the balloon occluded the PV ostium
at the initiation of freezing.11 It can be assumed that cry-
olesions created with poor tissue–balloon contact may
acutely lead to PV isolation while being prone to later
conduction recovery.

Another possible impact of the lack of central alignment
of the cryoballoon on lesion quality is a temperature gradi-
ent from equator to distal pole of the balloon, with deepest
temperatures just in front of the equator caused by injection
of the refrigerant to this area. This could preferentially
affect inferior sites around ipsilateral PV ostia, because at
typical balloon positions for inferior PVs (small angle of
alignment) this region is adjacent to the cryoballoon pole
(Figure 3B).

The chronic course of cryoballoon-induced lesions is not
well known. This study cohort included 2 patients who
exhibited consecutive unrelated conduction gaps at the sec-

ond and third ablation procedures. This finding implies that
areas of reconduction had been formed after 46 and 149
days (interval between CB-PVI and first redo), respectively,
demonstrating that conduction recovery may occur late in
the course of a cryolesion.

Implications for the cryoballoon technique
The study data favor improved techniques to ensure good
lesion quality at inferior sites around ipsilateral PVs as well
as at the LAA-PV ridge. This can be achieved by repeated
freezing with optimal balloon contact to these segments
after successful PVI.

In light of the high incidence of inferior conduction
recovery, a safety application at inferior PVs with central
alignment and perfect contact to the inferior PV circumfer-
ence should be considered, regardless of possible remaining
leakage at the superior PV circumference. This may be of
special importance when a “pull-down” maneuver was ini-
tially used to isolate an inferior PV, where freezing was
started at the superior PV circumference, followed by pull-
ing down the attached balloon to close an inferior gap.2

During this maneuver, ice formation before pulling down
may impact on lesion quality at the inferior PV circumfer-
ence. Whether such modifications will lead to improved
long-term success requires further investigation.

In principle, the cryoballoon technique could be used to
close conduction gaps at redo procedures after initial CB-
PVI.4,7 However, the high incidence of multiple reconduct-
ing PVs with frequent involvement of the technically more
demanding inferior PVs would result in long procedural
and, more importantly, radiation times. Moreover, the pre-
dilection sites for conduction gaps would also apply for the
second procedure. This may explain our observation of a
higher success rate after the second procedure compared to
reports of repeat CB-PVI.7 On the other hand, use of con-
ventional RFC energy in conjunction with electroanatomic
mapping results in PV reisolation with low radiation expo-
sure. Of note, the procedure times reported for this study
include 3 cases of mapping and ablating atrial tachycardia
before PV reisolation.

Relation of initial CB-PVI parameters to
reconduction
The minimal temperature measured inside the balloon was
shown to be a determinant of chronic PV isolation after
CB-PVI in an experimental study.8 Lower freezing temper-
atures have been associated with deeper cryolesions.10 Retro-
spective analysis of minimal balloon temperatures at initial
CB-PVI in our study patients revealed lower temperatures for
superior than inferior PVs. This could result from poor
balloon–tissue contact at inferior PVs or from local hemo-
dynamic differences, such as covering of the balloon by the
LA roof. Moreover, for all but the RIPV, minimal temper-
atures achieved at CB-PVI were lower at those veins where
PV isolation was found at the redo procedure than at recon-
ducting veins. However, this difference reached statistical
significance only for RSPVs. This may be due to (1) a low
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number of patients (e.g., data from RIPV with ongoing
isolation represent only 5 cases); (2) a high incidence of
“crossover” isolation of lateral PVs,2 indicating consider-
able overlap of cryoballoon-induced lesions; or (3) the po-
sition of the temperature probe in the back of the balloon,
which provides only a rough estimate of tissue tempera-
tures. Thus, the intriguing possibility that modifications of
the current technique to achieve lower balloon temperatures
will improve long-term success deserves further investiga-
tion.

A higher number of cryothermal energy applications at
individual PVs was not associated with ongoing PV isolation
in this study. Rather, repeat applications necessary to achieve
PVI may indicate difficulties in accessing a PV with the cryo-
balloon, possibly impacting on lesion quality. Whether more
than one “bonus” application enhances durability of CB-PVI
requires additional study.

Study limitations
This study has several limitations. Our findings were obtained
with the cryoballoon technique using only the 28-mm balloon.2

Different cryoballoon techniques may exhibit varying pre-
dilection sites for conduction recovery. Apart from angiog-
raphy, no additional visualization of balloon–tissue contact,
such as transesophageal ultrasound, was used. Furthermore,
no attempt was made to map in detail the level of the
previous cryolesions.12 This may account for the need for
more extensive antral ablation to achieve PV reisolation in
many patients in this study. Finally, the study data suggest that
use of RFC ablation in conjunction with electroanatomic map-
ping after initial CB-PVI is associated with a high success rate
compared to reports of repeat CB-PVI.7 However, a random-
ized study would be necessary to clarify this issue.

Conclusion
Conduction recovery after cryoballoon PVI using the single
big (28-mm) balloon technique occurs at a high incidence at

inferior locations around ipsilateral PV ostia and at the ridge
between the lateral PVs and the LAA. Modifications of the
cryoballoon technique to ensure optimal wall contact at
predilection sites for reconduction and achieve lower bal-
loon temperatures may improve long-term success rates.
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Using the Novel Second-Generation Cryoballoon
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Efficacy of the Novel Cryoballoon. Introduction: The cryoballoon technology has the potential
to isolate a pulmonary vein (PV) with a single energy application. However, using the first-generation
cryoballoon (CB-1G) repeated freezing or additional focal ablation is often necessary. The novel second-
generation cryoballoon (CB-2G) features a widened zone of optimal cooling comprising the whole frontal
hemisphere. The aim of this study was to investigate the impact of the novel design on procedural efficacy
of cryoballoon PV isolation (CB-PVI).

Methods and Results: Single transseptal CB-PVI using an endoluminal spiral mapping catheter was
performed in 60 consecutive patients (CB-1G, 28 mm, 300 seconds application time: 30 patients; CB-2G, 28
mm, 240 seconds application time: 30 patients). When compared to the CB-1G, using the CB-2G increased
single-shot PVI rate from 51% to 84% (P < 0.001) and decreased procedure duration (128 ± 27 vs 98
± 30 minutes; P < 0.001), and fluoroscopy exposure time (19.5 ± 7.4 vs 13.4 ± 5.3 min; P = 0.001).
Effective CB-2G PVI could be performed with increased real-time PVI visualization rate (49% vs 76%;
P < 0.001). Time to PVI (TPVI) was shorter in the CB-2G group (79 ± 60 vs. 52 ± 36 seconds; P = 0.049).
Procedure-related complications occurred in 2 patients in the CB-1G group and 1 patient in the CB-2G
group.

Conclusions: The CB-2G significantly improved procedural efficacy compared to the CB-1G and provided
reliable TPVI measurement. TPVI may be used to adjust application time and number individually in
future studies. Final conclusions regarding the safety profile of the CB-2G requires additional research.
(J Cardiovasc Electrophysiol, Vol. 24, pp. 492-497, May 2013)

atrial fibrillation, catheter ablation, cryoballoon, pulmonary vein isolation

Introduction

Cryoballoon pulmonary vein isolation (PVI) is increas-
ingly used for the treatment of paroxysmal and short-lasting
persistent atrial fibrillation (AF) because of the relative tech-
nical simplicity and steeper learning curve when compared
to standard radiofrequency current ablation (RFA).1-3 With
this approach, a ring-shaped cryothermal lesion around a
pulmonary vein may be created by a single ablation step,
realizing single-shot PVI. The first-generation cryoballoon
(CB-1G, Arctic FrontTM, Medtronic, Inc., Minneapolis, MN,
USA) has become available in Europe in 2006 and was ap-
proved by the FDA in 2011. When freezing is initiated, the
refrigerant (N2O) is sprayed via 4 injection ports to a region
just distal of the equator,4 cooling the balloon surface with
a temperature gradient with relatively higher temperatures at
the distal pole (nose; Fig. 1). Inherently, efficient continuous
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lesions are created if the balloon is centered in the PV antrum.
In contrast, eccentric balloon positions may lead to incom-
plete lesion formation of tissue contacting the nose,5 resulting
in specific patterns of PV reconduction sites.5,6 Thus, a re-
design of the cryoballoon has been suggested.7 Furthermore,
circumferential PV occlusion is pivotal, because PV-to-left-
atrial blood flow continues during freezing at regions of poor
balloon-tissue contact, antagonizing cryolesion formation.8

Obtaining occlusive balloon positions requires considerable
contact force and stable guidance over a wire or an endolumi-
nal spiral catheter (eSC). Theoretically attractive by provid-
ing real-time PV potential (PVP) recording during freezing,
the eSC must be positioned distal to the PV muscular sleeves
to provide stability in approximately 50% of the veins using
the first-generation cryoballoon.9

The second-generation cryoballoon (CB-2G, Arctic Front
AdvanceTM, Medtronic, Inc.) received a redesigned injection
system distributing refrigerant homogenously to the frontal
balloon surface, notably the distal pole (Fig. 1). In this study,
we investigated the impact of the novel design on procedural
efficacy of cryoballoon PVI.

Methods

Patients

A total of 60 consecutive patients with paroxysmal or
short-lasting persistent AF resistant to at least one antiar-
rhythmic drug have been included in this study. Exclusion
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Figure 1. Scheme showing the optimal cooling zone of the cryobal-
loon/mapping catheter system. Upper panel shows the first-generation cry-
oballoon (Arctic Front). The shaded area represents the zone of optimal
cooling forming an equatorial band. The lower panel shows the second-
generation cryoballoon (Arctic Front Advance). The zone of optimal cooling
comprises the whole frontal hemisphere of the balloon.

TABLE 1

Patient Baseline Characteristics

Group 1 (CB-1G) Group 2 (CB-2G)
N = 30 N = 30 P Value

Male (%) 73 50 n.s.
Age (years) 62 ± 12 67 ± 11 n.s.
Paroxysmal AF (%) 80 77 n.s.
Persistent AF (%) 20 23 n.s.
AF history (years) 3.4 ± 2.8 4.6 ± 5.0 n.s.
LA size (mm) 40 ± 4 40 ± 5 n.s.
LVEF (%) 62 ± 4 63 ± 6 n.s.
Comorbidities

Hypertension (%) 63 80 n.s.
Diabetes (%) 13 17 n.s.
Stroke/TIA (%) 0 3 n.s.
Heart failure (%) 3 7 n.s.
CAD (%) 7 27 0,04

CB-1G = first-generation cryoballoon; CB-2G = second-generation cry-
oballoon; n.s. = nonsignificant; AF = atrial fibrillation; LA = left atrium;
LVEF = left ventricular ejection fraction; TIA = transient ischemic attack;
CAD = coronary artery disease.

criteria were continuous AF for > 6 months, a left atrium
(LA) size > 55 mm and intracardiac thrombi. The first 30
patients received treatment with the 28 mm CB-1G. Upon
availability of the CB-2G, patients received treatment with
the 28 mm CB-2G, starting with patient 31. Baseline clini-
cal characteristics of the study cohort are shown in Table 1.
Phenprocoumon was stopped 1 day before the procedure,
dabigatran or rivaroxaban was stopped 2 days before the
procedure. Patients underwent transesophageal echocardio-
graphy to rule out left atrial thrombi immediately before
the procedure. No further imaging was performed before
PVI.

Cryoballoon Ablation

All procedures were performed under conscious sedation
using boluses of midazolam, fentanyl and a continuous in-
fusion of propofol. According to our initial strategy2 we
employed a single-device approach using exclusively the 28
mm balloon. In a subset of patients in the CB-2G group
(N = 18), a temperature probe with 3 thermocouples sep-
arated by 10 mm (SensiTherm, St. Jude Medical, Inc., St.
Paul, MN, USA) was inserted into the esophagus transorally
under fluoroscopic guidance. For each cryoballoon applica-
tion, minimal luminal esophageal temperature (LET) was
recorded. LET measurement was observational only and not
used to interrupt cryoenergy application. The principles of
single transseptal 28 mm cryoballoon PVI have been de-
scribed previously.10 In brief, the cryoballoon was inserted
into the LA guided by an eSC (AchieveTM, 15 or 20 mm,
Medtronic, Inc.). We aimed for an inferior puncture site in
the fossa ovalis. To assess the exact position of the inflated
balloon in relation to the PV ostium contrast medium was
injected from the distal lumen of the cryoballoon catheter.
The eSC was positioned as proximal as possible to provide
PVP recording. A distal eSC position was required in case
of: (1) occlusive or near-occlusive balloon position was not
obtainable with a proximal eSC position, or (2) failure to
isolate with the initial balloon application with a proximal
eSC position. Fluoroscopic eSC position during successful
balloon application was quantified by measuring the shortest
distance between the proximal electrode of the eSC and the
balloon surface (right-sided PVs and left superior PV: RAO
30◦, left inferior PV: LAO 40◦; Fig. 2). According to our
standard protocol, target application time was 300 seconds
in the CB-1G group.2,5 Application time was restricted to
240 seconds in the CB-2G group by recommendation of the
manufacturer. Cross-talk isolation of the LSPV was defined
by freezing at LIPV position to ablate a remaining inferior
conduction gap after an initial direct freeze at the LSPV.2

A pull-down maneuver was defined by accepting an infe-
rior leak of contrast medium throughout the first minute of
freezing followed by pulling down sheath and balloon to
achieve circumferential occlusion.2 Time to sustained PVI
(TPVI) was defined as the time from freezing initiation to the
last recorded PVP. Time to nonsustained PVI was defined as
the time from freezing initiation to the last recorded PVP be-
fore temporary abolishment of the PVP during freezing with
resumption of PV conduction during the procedure. Only the
initial freeze at each PV was analyzed. If PVP visualisation
during freezing was not possible because of a distal position
of the eSC, PV mapping with the eSC positioned just distal to
the angiographically identified ostium was performed after
the freeze. Following successful PVI, one bonus application
was performed for each PV.11 The right phrenic nerve (PN)
was constantly paced from the superior caval vein during
freezing at the septal PVs. In case of cessation or weakening
of right hemidiaphragm contractions, freezing was immedi-
ately stopped. Ablation endpoint was absence or dissociation
of all PVP as confirmed by the eSC after a waiting period of
30 minutes.

Postprocedural Care

All patients underwent transthoracic echocardiogra-
phy to rule out pericardial effusion after the procedure.
Low-molecular-weight heparin (LMWH) was administered
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Figure 2. Representative cryoballoon and Achieve catheter positions dur-
ing freezing at the right superior pulmonary vein. Panel A: second-
generation cryoballoon (Arctic Front Advance) during freezing at the right
superior pulmonary vein (RAO 30◦). Effective freezing was possible with a
proximal mapping catheter position allowing for recording of pulmonary
vein potentials during freezing. The measurement bar represents fluoro-
scopic distance from balloon surface to the most proximal electrode of the
mapping catheter (11 mm). Panel B: first-generation cryoballoon (Arctic
Front) during freezing at the right superior pulmonary vein (RAO 30◦).
Effective freezing necessitated a distal position of the mapping catheter
to enhance mechanical stability of the balloon catheter. Pulmonary vein
potentials could not be recorded from this position. Fluoroscopic distance
from balloon surface to the most proximal electrode of the mapping catheter
was 17 mm. CS = coronary sinus catheter; PN = catheter at phrenic nerve
capture site in the superior caval vein; Eso = esophageal temperature probe.

6 hours after ablation. Phenprocoumon (with overlapping
LMWH until a therapeutic INR was achieved), or dabigatran
or rivaroxaban was restarted on the following day accord-
ing to the previous regimen and prescribed for at least 2
months. A proton pump inhibitor was administered for 2
weeks starting on the day of the procedure. In a subset of
patients of the CB-2G group (11/30, 37%) magnetic reso-
nance angiography of the PVs (Magneton Sonata, 1.5 Tesla,
Siemens, Germany) was performed after the procedure to
screen for asymptomatic PV stenosis. ECG-triggered flash-
3D-angiography was performed using multiplanar recon-
struction. Clinical follow-up including Holter ECG monitor-
ing for at least 24 hours was performed 1 and 3 months after
the procedure or upon symptoms. A history was taken focus-

TABLE 2

Procedural Parameters

CB-1G CB-2G P Value

Balloon applications per vein
(excluding bonus)

1.8 ± 1.2 1,3 ± 0,8 <0.001

Distance to achieve proximal
electrode (mm)

18 ± 8 12 ± 5 <0.001

TPVI (seconds) 79 ± 60 52 ± 36 0.049
Procedure duration (minutes) 128 ± 27 98 ± 30 <0.001
Fluoroscopy exposure

(minutes)
19.5 ± 7.4 13,4 ± 5,3 0.001

Contrast medium (mL) 134 ± 33 120 ± 34 n.s.

CB-1G = first-generation cryoballoon; CB-2G = second-generation cry-
oballoon; TPVI = time from start of freezing to pulmonary vein isolation;
n.s. = nonsignificant.

TABLE 3

Frequency of Single-Shot PVI and Real-Time PVI Visualization

Single- Shot Real-Time PVI
PVI Visualization

CB-1G CB-2G P CB-1G CB-2G P

LSPV 60% 77% n.s. 57% 81% 0.054
LIPV 60% 100% <0.001 57% 81% 0.054
LCPV – 75% – – 25% –
RSPV 37% 80% 0.001 53% 90% 0.002
RIPV 47% 80% 0.007 30% 60% 0,02
Overall 51% 84% <0.001 49% 76% <0.001

PVI = pulmonary vein isolation; PV = pulmonary vein; LS = left superior;
LI = left inferior; LC = left common; RS = right superior; RI = right in-
ferior; CB-1G = first-generation cryoballoon; CB-2G = second-generation
cryoballoon; n.s. = nonsignificant.

ing on symptoms suggesting arrhythmia recurrence or possi-
ble procedure-related complications (e.g., dyspnea, hemop-
tysis, or dysphagia). Atrial tachyarrhythmia recurrence was
defined as documented AF, atrial flutter, or atrial tachycardia
lasting > 30 seconds.

Statistical Analysis

Continuous variables were expressed as mean ± stan-
dard deviation and analyzed with Student’s t test. Nominal
variables were expressed as frequencies and proportions and
analyzed with the chi-square test. A value of P < 0.05 was
considered statistically significant.

Results

Cryoballoon Ablation

1G-Cryoballoon ablation

In 30 patients, a total of 117 PVs including 3 left common
PVs (LCPV) with a short common trunk were identified.
Superior and inferior branches of LCPVs were treated and
reported as LSPV and LIPV, respectively. Procedural data are
summarized in Tables 2–4. Complete PVI was achieved in
all patients. The overall number of applications performed to
achieve PVI (excluding the bonus application) was 1.8 ± 1.2.
Single-shot PVI could be performed in 51% of PVs. Cross-
talk isolation of the LSPV was performed in 27% of LSPVs.
A pull-down maneuver at the RIPV was performed in 83% of
patients. Visualization of PVP during freezing was possible
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TABLE 4

Minimum Balloon and Esophageal Temperatures

Min. Balloon-
Temperature (◦C) Min. LET (◦C)

CB-1G CB-2G P CB-2G

LSPV −52 ± 5 −52 ± 6 n.s. 27 ± 9 (range 9–35)
LIPV −48 ± 6 −48 ± 6 n.s. 30 ± 6 (range 17–35)
LCPV – −58 ± 3 – 20 ± 16 (range 2–34)
RSPV −52 ± 6 −54 ± 7 n.s. 32 ± 3 (range 24–35)
RIPV −44 ± 5 −50 ± 5 <0,001 26 ± 10 (range 4–35)
Overall −49 ± 6 −52 ± 6 0,005 29 ± 8 (range 2–35)

PV = pulmonary vein; LS = left superior; LI = left inferior; LC = left com-
mon; RS = right superior; RI = right inferior; CB-1G = first-generation
cryoballoon; CB-2G = second-generation cryoballoon; LET = luminal
esophageal temperature; n.s. = nonsignificant.

in 49% of PVs, with a mean TPVI of 79 ± 60 (range 17–245)
seconds. In 19% of PVs nonsustained isolation was observed.
Time to nonsustained isolation was 120±75 (range 29–289)
seconds. Balloon temperatures at the time of nonsustained or
sustained isolation were not statistically different: −36 ± 5
versus −40 ± 7 ◦C, P = 0.13, respectively. In the remain-
ing PVs, the eSC had to be positioned too distal to record a
PVP during freezing (Fig. 2). Average fluoroscopic distance
from balloon surface to the proximal eSC electrode during
successful freezing was 18 ± 8 mm (Fig. 2). Minimum bal-
loon temperatures are shown in Table 4. Overall procedure
duration (skin puncture to sheath removal) and fluoroscopy
exposure duration was 128 ± 27 and 19.5 ± 7.4 minutes,
respectively.

2G-cryoballoon ablation

In 30 patients, a total of 116 PVs including 4 LCPVs were
identified. In all patients with a LCPV, the latter was treated
as a single PV. The overall number of applications performed
to achieve PVI was 1.3 ± 0.8. (P < 0.001 vs CB-1G; Table 2).
Complete PVI was achieved in all patients. Single-shot PVI
could be performed in 84% of PVs (P < 0.001 vs CB-1G;
Table 3). Cross-talk isolation of the LSPV was performed in
8% of LSPVs (P = 0.064 vs CB-1G). A pull-down maneuver
during freezing at the RIPV was performed in 57% of patients
(P = 0.024 vs CB-1G). The proportion of balloon applica-
tions with real-time visualization of PVP increased to 76%
in the CB-2G group (P < 0.001 vs CB-1G; Table 3). PVP
visualization rates according to anatomical PV are shown in
Table 3. Average distance from balloon surface to the proxi-
mal eSC electrode during successful freezing was 12 ± 5 mm
(P < 0.001 vs CB-1G). Mean TPVI was 52 ± 36 (range 10–
178) seconds (P = 0.049 vs CB-1G; Table 2). Nonsustained
isolation was observed in 1/116 (1%) of PVs (P < 0.001 vs
CB-1G). Time to nonsustained PVI was 178 seconds. Over-
all, minimum balloon temperatures were lower in the CB-2G
group (Table 4). Minimum LET values are shown in Table 4.
Procedure and fluoroscopy exposure duration were 98 ± 30
(P < 0.001 vs CB-1G) and 13.4 ± 5.3 (P = 0.001 vs CB-1G)
minutes, respectively. A unique phenomenon only observed
in the CB-2G group was intravenous ice formation opaci-
fied by contrast medium stable throughout the thawing phase
and persisting approximately 10 seconds until after balloon
deflation (Fig. 3).12 Stable ice caps could be observed in 9
patients. In another 3 patients in the CB-2G group, cryoadhe-

Figure 3. Visible ice cap formation on second-generation cryoballoon sta-
ble until after deflation of the balloon. Panel A: fluoroscopic image (RAO
30◦) of the cryoballoon (CB) during freezing at the right-superior pulmonary
vein with ice cap (Cap) formation visible by frozen contrast medium. Panel B
shows the situation immediately after thawing and deflation of the balloon,
which automatically occurs when balloon temperature reaches +20 ◦C. The
ice cap was still visible (Cap) for another 10 seconds. CS = coronary sinus
catheter; Eso = esophageal temperature probe; PN = catheter at phrenic
nerve capture site in the superior caval vein; eSC = endoluminal spiral
catheter.

sion of the eSC was present after balloon deflation, indicative
of nonopacified ice formation within the PV.

Complications

Procedure-related complications occurred in 2 patients in
the CB-1G group and 1 patient in the CB-2G group. In the
CB-1G group right-sided PN palsy persistent after the pro-
cedure occurred in one patient. Repeat chest fluoroscopy at
3 months revealed complete recovery of phrenic-nerve func-
tion. In addition, femoral pseudoaneurysm occurred in one
patient and was treated conservatively by local compression.
In the CB-2G group one case of left-sided PN palsy occurred
one day after the procedure. This patient had a left subcla-
vian access for placement of the coronary sinus catheter and
a hematoma at the puncture site was noted on day 1. Chest
X-ray revealed doming of the left hemidiaphragm without
pneumo- or hemothorax. Reexamination of procedural fluo-
roscopy recordings confirmed normal bilateral PN function
throughout the procedure, excluding a direct ablation effect.
Thoracic MRT revealed a small hematoma in the subcla-
vian region. This patient felt mild exertional dyspnea, which
persisted during follow-up (day 47). None of the remaining
patients reported dyspnea or other symptoms suggestive of
PV stenosis during follow-up. PV magnetic resonance an-
giography performed 18 ± 7 (range 6–28) days after the
procedure in 11/30 patients of the CB-2G group showed no
evidence of asymptomatic PV stenosis. One patient from
the CB-2G group suffered a myocardial infarction (day 30)
complicated by rupture of the left ventricular free wall and
pericardial tamponade. He died after admission in a differ-
ent hospital. This patient had a history of coronary artery
disease with coronary artery bypass grafting performed 10
years earlier. A postmortem examination showed acute my-
ocardial necrosis of the left ventricular free wall and septum
with myocardial rupture and pericardial tamponade, which
was concluded to be the cause of death.
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Short-Term Follow-Up

Within the first 3 months after ablation, 11 patients (37%)
of the CB-1G group and 4 patients of the CB-2G group (13%;
P = 0.037) demonstrated early tachyarrhythmia recurrence.
Ten (33%) patients in the CB-1G group and 6 patients (20%)
in the CB-2G group were on antiarrhythmic drug (AAD)
therapy throughout follow-up. Atrial tachycardia occurred in
1 and 3 patients in the CB1-G and CB-2G group, respec-
tively. Early reintervention was performed in 2 patients. In
1 patient of the CB-1G group typical atrial flutter as well as
AF was documented and ablation of the cavotricuspid isth-
mus was performed. Remapping of the PVs revealed elec-
trical reconnection of all PVs and reisolation was performed
using 3D-mapping and RFA. Another patient of the CB-
2G group presented with incessant atrial tachycardia despite
amiodarone therapy. A PV tachycardia originating from the
RSPV was identified and successfully ablated by reisolation
of the RSPV using RFA. All other PVs were found to be
isolated in this patient. The remaining patients with recur-
rent tachyarrhythmia were treated by AAD and, if necessary,
cardioversion.

Discussion

The main findings of this study are as follows. (1) Us-
ing the CB-2G improved the efficacy of cryoballoon ablation
impacting on several procedural parameters. Notably, the
frequency of single-shot isolation significantly increased to
84% when compared to the CB-1G. This resulted in short-
ened procedure duration and fluoroscopy exposure time. (2)
PV mapping during cryoablation was possible in the majority
of PVs (76%) in the CB-2G group. This further enhanced the
workflow of the procedure and allowed efficient measure-
ment of TPVI. A long TPVI has been shown to correlate with
incomplete lesion formation leading to PV reconnection.13

Notably, TPVI was significantly shorter in the CB-2G group.
A distinguishing feature of the cryoballoon is simulta-

neous lesion formation in the area of balloon-tissue con-
tact, providing the possibility of single-shot PVI.2 However,
for this concept to fully work homogenous cooling of the
balloon surface is required. This was not realized with the
first-generation device exhibiting a zone of optimal cooling
around the equator of the balloon14 (Fig. 1). As a conse-
quence, eccentric balloon positions may result in inhomoge-
nous lesion formation. Thus, repeated freezing with vary-
ing balloon positions using different catheter techniques2

or focal touch-up lesions are frequently necessary to obtain
isolation.3,15 Furthermore, analysis of the local re-conduction
pattern at repeat ablation following cryoballoon PVI also
suggested decreased chronic efficacy by this mechanism.5

The second-generation device is characterized by a novel
refrigerant injection system, extending the zone of optimal
cooling to the distal pole around the nose of the balloon
(Fig. 1). This was achieved by repositioning the injection
coil 4,5 mm toward the nose and increasing the number of
injection ports to 8, resulting in increased refrigerant flow
when compared to the 28 mm CB-1G. Although the proce-
dural endpoint of complete PVI was achieved in all patients
in both treatment groups, use of the second-generation cry-
oballoon reduced radiation exposure time by 31% and total
procedure time by 23%. The improved efficacy of the CB-2G
found in this study may be explained by an increased area

of balloon-tissue contact with optimal cooling. Furthermore,
improved cooling of the nose may give rise to more extensive
ice formation within the PV as demonstrated by the stable
ice cap phenomenon (Fig. 3).12 We hypothesize that intra-PV
ice formation reduces PV blood flow during freezing, allow-
ing for efficient cryolesion formation even in the absence
of complete circumferential balloon contact and alleviating
the need to push the balloon strongly onto the PV ostium.
Accordingly, the eSC could be positioned relatively proxi-
mal in the CB-2G group, resulting in a significantly higher
rate of PVP visualization during freezing (76%). Further-
more, catheter maneuvers such as crosstalk isolation and the
pull down maneuver2 were less often required in the CB-2G
group. Effective measurement of TPVI may provide the basis
to further streamline the workflow of cryoballoon PVI. TPVI
has been found to reflect lesion quality in previous studies
of cryoballoon PVI, with longer TPVI predicting intraproce-
dural PV reconduction.13 Intraprocedural PV reconduction
rate and TPVI were significantly lower in the CB-2G group.
We suggest that TPVI may guide application duration or the
number of freeze-thaw cycles in future studies.

The frequency of periprocedural complications was com-
parable in both groups. The most frequently reported compli-
cation of cryoballoon PVI is right-sided PN palsy16 because
of the anatomical association of the septal PVs (especially
the RSPV) to the right PN.17 In this study, intraprocedural
right PN palsy occurred in 1 patient in the CB-1G group. In
another patient in the CB-2G group, left PN palsy was ob-
served 1 day following the procedure with intact diaphragm
contraction during ablation. To the best of our knowledge,
left PN palsy associated with cryoballoon PVI has previously
been described in 1 patient18 and occurred during ablation,
as consistently described for right PN palsy.2,3 In our study,
left PN palsy occurred after the procedure and was associated
with hematoma formation following left subclavian venous
access. Several cases of PN palsy following subclavian vein
puncture have previously been described,19,20 however, we
cannot completely exclude a delayed effect from ablation.

We and others previously investigated LET changes dur-
ing PVI using the CB-1G.21,22 Although not directly com-
pared in this study, minimal LET during ablation in the CB-
2G group was in the range of previously published results.
Symptoms suggestive of esophageal lesion formation did not
occur in any of the study patients; however, to define a possi-
ble impact of the cryoballoon redesign on esophageal lesion
formation, additional studies with systematic postprocedural
esophagoscopy are necessary.

Limitations

This study constitutes a nonrandomized analysis of con-
secutive patients, including our initial patients treated with
the novel CB-2G device. However, all operators were well
trained in CB ablation and beyond the learning curve, min-
imizing time-dependent confounders. (2) Group size was
small. However, a number of efficacy parameters differed
significantly between the groups. Notwithstanding, conclu-
sions about rare complications such as atrioesophageal fistula
cannot be drawn from this data. (3) LET measurement was
not performed in the CB-1G group. However, several prior
studies reported on LET during CB-1G ablation.21-23 (4) The
aim of this study was to compare procedural efficacy of the
CB-2G when compared to the CB-1G. Because of the novelty
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of the CB-2G, only short-term clinical follow-up data could
be provided at the time of publication of this manuscript.
Notably, early tachyarrhythmia (< 3 months) recurrence fol-
lowing cryoballoon PVI may occur without later recurrence.2

Conclusion

The CB-2G significantly improved the efficacy of PVI
with high rates of single-shot isolation when compared to
the CB-1G. This resulted in shortened procedure duration
and fluoroscopy exposure time. PV mapping during cryoab-
lation was possible in the majority of PVs using the CB-2G.
Reliable measurement of time to isolation during cryobal-
loon PVI may provide the opportunity to adjust application
time and number individually in future studies. Final con-
clusions regarding the safety profile of the CB-2G requires
additional research in a larger group of patients.
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Improved 1-Year Clinical Success Rate of Pulmonary Vein
Isolation with the Second-Generation Cryoballoon in Patients

with Paroxysmal Atrial Fibrillation
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Improved Efficacy of Second-Generation Cryoballoon. Background: The second-generation
cryoballoon (CB2) has recently been introduced featuring improved surface cooling. Increased procedural
efficacy of pulmonary vein isolation (PVI) when compared to the first-generation balloon (CB1) has been
reported. The aim of the study was to investigate the clinical outcome of cryoballoon PVI after 1 year using
the CB2 as compared to the CB1.

Methods and Results: A total of 105 consecutive patients with paroxysmal atrial fibrillation (AF) were
studied. Cryoballoon PVI (28 mm) was performed in 50 patients using the CB1, and in 55 patients using
the CB2. Patients were scheduled for 72-hour Holter ECG recording at 3, 6, 9, and 12 months and every
6 months thereafter. The study endpoint was defined as recurrent AF or atrial tachycardia >30 seconds
documented after a blanking period of 90 days after the procedure. Complete PVI was achieved in 49/50
(98%) and 55/55 (100%) patients in the CB1 and CB2 group, respectively. After a mean follow-up of 416 ±
75 days, 21 (CB1 group) and 10 (CB2 group) patients reached the study endpoint. Kaplan–Meier estimates
of arrhythmia-free survival after a single procedure without AAD therapy after 1 year were 63.9% versus
83.6% (P = 0.008) in the CB1 and CB2 group, respectively. Persistent phrenic nerve palsy with delayed
healing occurred in 2 (CB1 group) and 3 (CB2 group) patients.

Conclusion: Clinical outcome of PVI using the CB2 was significantly improved when compared to the
CB1. (J Cardiovasc Electrophysiol, Vol. 25, pp. 840-844, August 2014)

atrial fibrillation, catheter ablation, cryoballoon, phrenic nerve palsy, pulmonary vein isolation

Introduction

The cryoballoon (CB) technology offers the possibility
of pulmonary vein isolation (PVI) with a single energy ap-
plication. It is thus increasingly used to perform PVI in
patients with atrial fibrillation (AF) as alternative to point-
by-point radiofrequency (RF) current ablation.1-6 The initial
first-generation CB (CB1) was characterized by inhomoge-
neous surface cooling resulting in a systematic pattern of PV
reconduction demonstrated in patients with recurrent AF.7

Recently, the second-generation CB (CB2) was introduced
featuring homogenous cooling of the entire frontal surface
with increased refrigerant flow of the larger 28 mm bal-
loon. Improved procedural efficacy with high rates of single-
application PVI have been demonstrated using the CB2.8 In
this study, we investigated 1-year clinical efficacy rates after
CB-PVI with the CB2 as compared to the CB1 in patients
with paroxysmal AF (PAF).
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Methods

Patients

We prospectively studied 105 consecutive patients under-
going CB-PVI for symptomatic PAF. Patients with persistent
AF or a left atrial diameter �55 mm were excluded. The first
50 patients received treatment with the CB1. Upon availabil-
ity of the CB2, patients received treatment with the CB2,
starting with patient 51.

Cryoballoon Ablation

We previously described in detail our technique of
CB-PVI.8,9 All procedures were performed by operators
well-experienced in CB ablation. In brief, an octapolar
diagnostic catheter was placed in the coronary sinus via the
femoral or left subclavian approach. After single transseptal
puncture, the 28 mm CB (Arctic Front or Arctic Front
Advance, Medtronic, Inc., Minneapolis, MN, USA) was
introduced into the left atrium via a 12F steerable sheath
(FlexCath, Medtronic). PV mapping was performed before,
during, and after freezing with an endoluminal spiral map-
ping catheter (eSC, Achieve, Medtronic). To assess the exact
position of the inflated balloon in relation to the PV, ostium
contrast medium was injected from the distal lumen of the
CB catheter with the aim of complete PV occlusion before
freezing. Target application time was 300 seconds using
CB1, and 240 seconds using CB2. Following successful PVI,
1 bonus application was performed at each PV. Only the 28
mm CB was used; touch-up lesions with a focal catheter were
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not performed. The right phrenic nerve (PN) was paced from
the superior caval vein during freezing at the septal PVs.
In case of cessation or weakening of right hemidiaphragm
contractions, freezing was immediately stopped. Luminal
esophageal temperature (LET) was measured in a subset of
patients in the CB2 group (n = 36). The procedural endpoint
was absence or dissociation of all pulmonary vein potentials
as confirmed by the eSC after a waiting period of 30 minutes.

Postprocedural Care and Follow-Up

All patients underwent transthoracic echocardiography
to rule out pericardial effusion after the procedure. Low-
molecular-weight heparin (LMWH) was administered 6
hours after ablation. Phenprocoumon (with overlapping
LMWH until a therapeutic INR was achieved), or dabigatran
or rivaroxaban was restarted on the following day accord-
ing to the previous regimen and prescribed for a minimum
of 2 months. Thereafter, oral anticoagulation was prescribed
according to current ESC guidelines.10 A proton pump in-
hibitor was administered for 2 weeks starting on the day of
the procedure. Patients were scheduled for outpatient clinic
visits at 3, 6, 9, and 12 months and every 6 months thereafter
at which time 72-hour Holter ECG recording was performed.
In the case of symptoms suggestive of atrial tachyarrhythmia
recurrence, additional visits and Holter ECG recordings were
performed. A previously ineffective therapy with membrane-
active antiarrhythmic drugs (AAD) was stopped within the
first 3 months if patients were in stable sinus rhythm. The
study endpoint was defined as recurrent AF or atrial tachy-
cardia (AT) lasting >30 seconds documented after a blanking
period of 90 days after the procedure.

Statistical Analysis

Continuous variables were expressed as mean ± standard
deviation and analyzed with the Student’s t-test (2-sided).
Nominal variables were expressed as frequencies and pro-
portions and analyzed with the chi-square or Fisher’s exact
test (2-sided). To estimate arrhythmia-free survival, Kaplan–
Meier curves were constructed. Survival data were compared
with the log-rank test. To adjust the primary endpoint to base-
line characteristics, a Cox regression analysis was performed.
The prespecified covariates were balloon type, age, sex, time
since PAF diagnosis, LA size, ejection fraction, presence of
hypertension, diabetes, prior stroke/transitory ischemic at-
tack, heart failure NYHA � 2, and coronary artery disease.
Hazard ratios and 95% confidence intervals (CI) were cal-
culated. A value of P < 0.05 was considered statistically
significant.

Results

Patients

The clinical baseline characteristics of the study patients
are shown in Table 1. The groups were balanced with respect
to age, sex, time since PAF diagnosis, and comorbidities.

Cryoballoon Ablation

Procedural data of CB-PVI in both groups are summa-
rized in Table 2. A left common trunk treated as a single PV
was found in 3 and 6 patients in the CB1 and CB2 group,
respectively. An additional right middle PV was found in 1

TABLE 1

Patient Baseline Characteristics

Group 1 (CB1) Group 2 (CB2)
n = 50 n = 55 P Value

Male (%) 66 53 0.17
Age (years) 63 ± 10 62 ± 14 0.74
AF history (years) 4.2 ± 4.4 4.4 ± 4.7 0.89
LA size (mm) 39 ± 4 40 ± 4 0.58
LVEF (%) 62 ± 4 64 ± 5 0.09
Hypertension (%) 62 76 0.11
Diabetes (%) 12 15 0.7
Stroke/TIA (%) 2 6 0.62
Heart failure NYHA �2 (%) 10 4 0.25
CAD (%) 6 18 0.06
Amiodarone (%) 6 11 0.49
Flecanide/Propafenone (%) 30 16 0.1
Sotalol (%) 2 2 1
Dronedarone (%) 14 4 0.08

CAD = coronary artery disease; CB1 = first-generation cryoballoon;
CB2 = second-generation cryoballoon; LA = left atrium; LVEF = left
ventricular ejection fraction; TIA = transient ischemic attack.

TABLE 2

Procedural Data

Group 1 (CB1) Group 2 (CB2)
n = 50 n = 55 P Value

Complete PVI (%) 98 100 0.48
Duration (min) 137 ± 33 94 ± 24 < 0.001
Fluoro exposure (min) 21.5 ± 9.5 12.9 ± 4.5 < 0.001
Balloon applications/patient 10.4 ± 2.0 8.3 ± 1.3 < 0.001
Isolation with the first

application (% PVs)
53 89 < 0.001

CB1 = first-generation cryoballoon; CB2 = second-generation cryoballoon;
PVI = pulmonary vein isolation; PVs = pulmonary veins.

patient in the CB2 group. Complete PVI was achieved in the
CB1 group in 49/50 (98%) patients. In 1 patient, the right
inferior PV (RIPV) could not be isolated despite 5 CB ap-
plications. In the CB2 group, complete PVI was achieved
in all patients. Procedure duration (skin puncture to sheath
removal), fluoroscopy exposure time, and number of balloon
applications per patient were significantly lower in the CB2
group (Table 2). Isolation occurred in 89% of PVs during
the first balloon application in the CB2 group as compared
to 53% in the CB1 group (P < 0.001). Early interruption of
freezing was performed at 4 PVs in 4 patients in the CB1
group due to weakening/loss of right hemidiaphragm con-
traction. In the CB2 group, early interruption of freezing was
performed at 7 PVs in 7 patients. The reasons were weak-
ening/loss of right hemidiaphragm contraction (5 patients)
and excessive esophageal cooling (LET 0 °C and 5 °C in 2
patients, respectively). In all instances of early freezing inter-
ruption, PVI had already occurred and no additional freeze
was delivered to the culprit PV.

Complications

In the CB1 group, persistent phrenic nerve palsy (PNP)
present at the time of discharge occurred in 2 patients (4%)
despite early freezing interruption. In 2 additional patients,
transient PNP with recovery of diaphragm motion follow-
ing immediate freezing interruption was observed. PNP was
exclusively observed at the right superior PV (RSPV) in the
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Figure 1. Kaplan–Meier estimates of arrhythmia-free survival after pul-
monary vein isolation using the first-generation (CB1) or second-generation
(CB2) cryoballoon. Dotted line indicates 365 days. For a high quality, full
color version of this figure, please see Journal of CardiovascularElectro-
physiology’s website: www.wileyonlinelibrary.com/journal/jce

CB1 group. Access site complications occurred in 2 patients
(4%), 1 femoral pseudoaneurysm (treated by local compres-
sion) and 1 subcutaneous hematoma at the left subclavian
vein puncture site. Both patients recovered completely.

In the CB2 group, persistent PNP occurred in 3 patients
(5.4%). In 2 of these patients, PNP occurred during freezing
at the RIPV. In 1 patient, delayed left-sided PNP was de-
tected at routine chest X-ray 1 day postprocedure with unim-
paired intraprocedural diaphragm movement. In 4 additional
patients (7.2%), transient PNP occurred during freezing at
the RSPV (2 patients) or the RIPV (2 patients). Following
immediate cessation of the freeze, diaphragm movement re-
curred to normal in all 4 patients. There was no statistically
significant difference in the rate of transient and/or persis-
tent PNP between the groups. Access site complications in
the CB2 group occurred in 2 patients (3.6%), 1 AV fistula
(spontaneous occlusion demonstrated during follow-up), and
1 left-sided hemothorax following left subclavian vein access
(treated by percutaneous drainage). Both patients recovered
completely.

Follow-Up

The follow-up period was 419 ± 79 days in the CB1 group
and 414 ± 72 days in the CB2 group (P = n.s.). In addition to
serial Holter ECG recordings, 6 patients in the CB2 group re-
ceived a transtelephonic monitor transmitting weekly rhythm
strips. The study endpoint occurred in 21 patients in the CB1
group and in 10 patients in the CB2 group. Kaplan–Meier
estimates of arrhythmia-free survival are shown in Figure 1.
Recurrent AF/AT occurred in a significantly larger propor-
tion of patients in the CB2 group (P = 0.008; log-rank test).
Kaplan–Meier estimates of freedom from AF/AT off AAD
after 365 days were 63.9% of patients in the CB1 group and
83.6% of patients in the CB2 group.

In multivariate Cox regression analysis, the only signifi-
cant predictor of AF-/AT-free survival was the use of the CB2
(HR 0.38; 95% CI 0.17–0.93; P = 0.032). Early recurrence
of AF documented upon symptom-triggered visits within the
blanking period occurred in 13 (26%) and 7 patients (12.7%,
P = 0.08), of whom 7 and 4 also exhibited recurrent AF after
blanking in the CB1 and CB2 group, respectively. Early re-

current AF was treated by AAD therapy for up to 3 months
after the procedure.

In the CB1 group, recurrent AF/AT was managed with
repeat catheter ablation using RF energy in 14 patients after
241 ± 139 days. Reconduction of �1 PV was observed in
every patient and PV reisolation was performed. The mean
number of reconnected PVs was 2.9 ± 1.1. Ablation of the
cavotricuspid isthmus in addition to PV reisolation was per-
formed in 4 patients who exhibited typical right atrial flutter
in addition to recurrent AF. AT occurred in 1 patient. Mapping
revealed perimitral flutter, which was terminated by ablation
of an anterior line. In 7 patients, AF symptoms were well con-
trolled with rate control (3 patients) or class I AAD therapy
(4 patients) and repeat catheter ablation was not performed.

In the CB2 group, recurrent AF/AT was managed with
repeat catheter ablation in 6 patients after 201 ± 62 days.
Reconduction of �1 PV was observed in 4 patients and PV
reisolation was performed using RF energy or the CB2 (1
patient). In the 6 patients undergoing a redo procedure, the
mean number of reconnected PVs was 0.8 ± 0.8 (P = 0.001
vs. CB1 group). AT occurred in 2 patients, in whom all PVs
were found to be isolated. In 1 patient, perimitral flutter
was diagnosed and terminated to sinus rhythm by ablation
of an anterior line. In the other patient, the clinical tachy-
cardia was identified as perimitral flutter and changed to a
different tachycardia during ablation of an anterior line with
subsequent identification of a focal tachycardia from the left
atrial posterior wall, which was terminated to sinus rhythm
by focal ablation. In 4 patients, AF symptoms were well con-
trolled with rate control (2 patients) or class I AAD therapy
(2 patients) and repeat catheter ablation was not performed.

Repeat chest fluoroscopy in patients with PNP demon-
strated recovery of PN function after 21 and 36 days in the 2
patients in the CB1 group, and after 170, 251, and 483 (left
PN) days in the 3 patients in the CB2 group. No complica-
tions after discharge during follow-up did occur.

Discussion

The main results of the study are: (1) the single-procedure
clinical success rate of CB2-PVI off AAD after 1 year was
83.6% and (2) this constituted a significant improvement
when compared to the CB1 (63.9%, P = 0.008).

In the North American Arctic Front STOP AF Pivotal
Trial, in which the CB1 was utilized, the success rate af-
ter a 90-day blanking period in the CB arm was reported
as 69.9%, including 8% of patients on AAD therapy.11 Ac-
knowledging differences in the ablation protocol (repeated
cryoablation during the blanking period in STOP AF), our
findings in the CB1 group correspond to these results. A
technical limitation of the CB1 was a temperature gradi-
ent from the equator to the distal pole of the balloon with
less effective cooling around the balloon nose. This area is
typically in contact with the lower circumference of the in-
ferior PVs where conduction gaps were preferentially found
during repeat procedures.7,12 In the CB2, this limitation has
been overcome by repositioning and doubling the number
of injection ports, resulting in uniform cooling of the frontal
balloon hemisphere.8 In addition, refrigerant flow has been
increased in the larger 28 mm CB2 variety. Together, these
modifications have been shown to improve procedural and
early clinical efficacy during short-term follow-up.8,13 This
study extends these preliminary observations, demonstrating
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a significantly higher clinical success rate of CB2-PVI after
12 months.

With increased efficacy due to enhanced surface cool-
ing, the CB2 may also be associated with a higher risk of
collateral tissue damage.1,14 The most common complica-
tion of CB-PVI is PNP. In a previous study, Casado-Arroyo
et al. reported persistent PNP in 3/41 (7.3%) patients treated
with the CB2.15 In a cohort of 115 patients treated with the
CB2, Metzner et al. reported a persistent PNP rate of 3.5%.16

In STOP AF utilizing the CB1, persistent PNP occurred in
1.8% of all CB-treated patients (n = 228).11 In this study, we
did not find a statistically significant difference in the rate
of transient or persistent PNP between the 2 balloons; how-
ever, this may be a result of relatively low patient numbers.
Further studies in larger patient cohorts are needed to better
define the risk of this complication associated with the CB2.
Of note, we controlled diaphragm contraction by palpation.
Measuring diaphragmatic electromyograms may provide a
more sensitive method to rapidly detect PN injury while still
reversible.17,18

In this early patient cohort treated with the CB2, system-
atic LET measurement with a predefined LET cut-off was
not performed. We recently reported a high predictive perfor-
mance of LET measurement with respect to esophageal ulcer-
ations detected in postprocedural esophagoscopy.19 Thus, our
current strategy is to perform LET measurement routinely.
Prospective evaluation of LET-guided CB-PVI is currently
under investigation in our laboratory.

In the 3 patients with perimitral flutter diagnosed during
repeat catheter ablation using 3D-mapping, scarring of the
left atrial anterior wall with fractionated potentials was de-
tected. The mitral isthmus between the anterior ridge of the
lateral PVs and the mitral annulus showed normal potentials
in all 3 patients. We do not assume that the anterior scar
in those patients was caused by the CB; however, since we
did not map the left atrium before PVI, a definite conclusion
cannot be made. Further research including voltage mapping
before and after CB-PVI is needed to clarify the pathogenesis
of left atrial macroreentrant tachycardia after CB-PVI.

We aimed for at least 2 freeze–thaw cycles (bonus freeze)
at all PVs. This concept has been applied by many opera-
tors using the CB1.2,20-22 It is currently not known whether
such a strategy impacts on clinical success when compared
to a single freeze using the CB2. A dose titration algorithm
with repeated freezing only in case of prolonged time from
freezing initiation to PVI may be equally effective. This hy-
pothesis is currently being tested in the ongoing ICE trial
(DRKS-ID: DRKS00004937). The high single-shot isolation
rate of the CB2 with simultaneous circumferential lesion for-
mation may theoretically result in increased lesion durability
by minimizing intermittent edema formation when compared
to point-by-point ablation. The ongoing FIRE AND ICE
trial (ClinicalTrials.gov Identifier NCT01490814) random-
izing patients with PAF to PVI using RF versus CB ablation,
including the CB2, will help to clarify this issue.

Limitations

This study was not randomized. We can therefore not ex-
clude the influence of unmeasured confounders. However, all
procedures were performed by experienced operators beyond
the learning curve, minimizing a training effect. The decision
for a sequential design was influenced by ethical considera-

tions given the increased procedural and short-term clinical
efficacy of the CB2.8,13 The sample size was relatively small.
Despite demonstrating a significant difference in clinical effi-
cacy, the study was not powered to detect smaller differences
in complication rates.

Conclusion

Clinical outcome of PVI using the CB2 was significantly
improved when compared to the CB1. After 1 year, 83.6%
(CB2) versus 63.9% (CB1) of patients were free of recurrent
AF/AT without AAD therapy.
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Rodriguez-Mañero M, di Giovanni G, Baltogiannis Y, Wauters K, de
Asmundis C, Sarkozy A, Brugada P: Phrenic nerve paralysis during cry-
oballoon ablation for atrial fibrillation: A comparison between the first-
and second-generation balloon. Heart Rhythm 2013;10:1318-1324.

16. Metzner A, Rausch P, Lemes C, Reissmann B, Bardyszewski A, Tilz
R, Rillig A, Mathew S, Deiss S, Kamioka M, Toennis T, Lin T, Ouyang
F, Kuck K-H, Wissner E: The incidence of phrenic nerve injury dur-
ing pulmonary vein isolation using the second-generation 28 mm cry-
oballoon. J Cardiovasc Electrophysiol 2014;25:doi:10.1111/jce.12358.
[Epub ahead of print].

17. Franceschi F, Dubuc M, Guerra PG, Khairy P: Phrenic nerve moni-
toring with diaphragmatic electromyography during cryoballoon abla-
tion for atrial fibrillation: The first human application. Heart Rhythm
2011;8:1068-1071.

18. Lakhani M, Saiful F, Parikh V, Goyal N, Bekheit S, Kowalski M:
Recordings of diaphragmatic electromyograms during cryoballoon ab-
lation for atrial fibrillation accurately predict phrenic nerve injury.
Heart Rhythm 2013;doi:10.1016/j.hrthm.2013.11.015. [Epub ahead
of print].

19. Fürnkranz A, Bordignon S, Schmidt B, Böhmig M, Böhmer M-C,
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Randomized Trial Comparing Efficacy and Safety of Pulmonary

Vein Isolation Using a Cryoballoon versus Radiofrequency Ablation
with 3D-Reconstruction
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Rationale and Design of Fire and Ice. Background: Atrial fibrillation (AF) is the most common
sustained cardiac arrhythmia imposing substantial morbidity and mortality. Catheter-based pulmonary
vein isolation (PVI) using radiofrequency current (RFC) has become a standard treatment for drug-resistant
and symptomatic paroxysmal AF (PAF). In recent years, the cryoballoon-based technique is increasingly
used as a promising alternative with a short learning curve.

Methods: The FIRE AND ICE trial is a prospective, randomized, controlled, open, blinded outcome
assessment, noninferiority trial comparing cryoballoon-, and RFC-based PVI. Patients with drug-resistant
PAF will be randomized in a 1:1 matrix in multiple European centers. The primary hypothesis is that
cryoballoon ablation is not inferior to RFC ablation using 3-dimensional mapping with respect to clinical
efficacy. The primary endpoint is defined as the time to first documented clinical failure, including: (1)
recurrence of AF; (2) atrial flutter or atrial tachycardia; (3) prescription of class I or III antiarrhythmic
drugs; or (4) re-ablation, whichever comes first, following a blanking period of 3 months after the index
ablation procedure. The primary safety endpoint is a composite of death, stroke/transient ischemic attack,
cardiac arrhythmias (apart from AF recurrence) causally related to the therapeutic intervention, and
procedure-related serious adverse events.

Conclusion: The FIRE AND ICE trial compares 2 different technologies to perform catheter ablation of
PAF with respect to efficacy and safety. It aims at providing objective data to guide selection and usage of
ablation catheters in the treatment of AF. (J Cardiovasc Electrophysiol, Vol. 25, pp. 1314-1320, December
2014)

atrial fibrillation, catheter ablation, cryoballoon, electrophysiology, radiofrequency ablation

Introduction

Atrial fibrillation (AF) is the most common sustained car-
diac arrhythmia imposing substantial morbidity and mortal-
ity. The prevalence of AF in the US population is estimated
to be between 2.0 and 2.5 million, which is projected to in-
crease 2.5-fold by the year 2050.1 AF is associated with heart
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failure, thromboembolic events, and increased mortality.1 In
addition, AF frequently causes symptoms such as palpita-
tions, dizziness, and exercise intolerance. As a result, the
arrhythmia is responsible for approximately 365,000 hospi-
tal admissions in the US yearly.2 Symptoms and associated
morbidities lead to impairment of quality of life (QoL), and
interventions to control AF have been shown to improve QoL
during long-term follow-up care.3

Catheter ablation of AF has been demonstrated to be supe-
rior in the control of AF when compared to pharmacological
intervention in a number of randomized clinical studies.4,5

A central principle of this therapy is the electrical isolation
of arrhythmogenic triggers in the muscular sleeves of pul-
monary veins (PV).6 As a result, catheter-based pulmonary
vein isolation (PVI) has become a standard treatment for
drug-resistant and symptomatic paroxysmal AF (PAF).7,8

The most widely used and established technique involves
encircling of the pulmonary veins with a set of radiofre-
quency current (RFC)–induced lesions guided by a 3D-
mapping system.7 However, the technical complexity of this
procedure involving a long learning curve restricts this ther-
apy to a small number of patients in relatively few special-
ized centers. In an effort to simplify PVI, allowing a broader
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TABLE 1

Procedure-Related Adverse Events

Atrio-esophageal fistula

Cardiac tamponade
Percutaneous drainage
Requiring surgery

Stroke Transient ischemic attack
Pulmonary vein stenosis requiring intervention
Hemothorax
Pneumothorax
Sepsis/Endocarditis
Mitral valve injury
Retroperitoneal hematoma
Phrenic nerve palsy, persistent after procedure
Deep vein thrombosis
Aspiration with pneumonia
Femoral pseudoaneurysm or arterio-venous fistula

Conservatively treated
Requiring surgery

Hemoptysis

number of patients access to this therapy, the cryoballoon
technology has been developed.9 With this approach, a circu-
lar cryothermal lesion around a PV can be created by a single
ablation step. Initial studies demonstrated promising results
for both a short learning curve10 as well as better AF control
when compared with drug therapy. In the North American
STOP-AF trial,11 absence of AF was achieved in 69.9% of pa-
tients following cryoballoon ablation as compared to 7.3% of
patients receiving antiarrhythmic drug (AAD) therapy after
1 year. However, prospective data comparing clinical efficacy
and safety of this technique with conventional RFC-based
ablation are limited to view small-scale studies.12,13

Methods

Primary Endpoint and Hypothesis

The primary hypothesis of the FIRE AND ICE study is
that cryoballoon ablation is not inferior to RFC ablation us-
ing 3D mapping with respect to clinical efficacy (prespecified
noninferiority margin is a hazard ratio of 1.43, correspond-
ing to an absolute difference of 10% if the clinical efficacy of
RFC is 70%). In case of noninferiority, a superiority analysis
will be performed. The primary endpoint is defined as the
time to first documented clinical failure, including: (1) recur-
rence of AF (>30 seconds); (2) atrial flutter (AFL) or atrial
tachycardia (AT); (3) prescription of class I or III AAD; or
(4) re-ablation, whichever comes first, following a blanking
period of 3 months after the index ablation procedure. The

blanking period is to allow for complete healing of ablation
lesions.7

Secondary Endpoints

Key secondary endpoints of the study will assess patient
care parameters, including: (1) total procedural duration; (2)
total time of fluoroscopy; (3) time to recurrent AF, first symp-
tomatic AF, or cardiovascular hospitalization; (4) number of
cardiovascular hospitalization(s); and (5) QoL changes at 12
months compared with baseline.

Safety Analysis

The primary safety endpoint parameter is a composite
of death, stroke/transient ischemic attack (TIA), cardiac ar-
rhythmias (apart from AF recurrence) causally related to
the therapeutic intervention, and procedure-related serious
adverse events (SAE). A list of possible procedure-related
adverse events based on previous clinical experience14-17

and the definition of SAE is shown in Tables 1 and 2, re-
spectively. Secondary safety outcome parameters are SAE
of all types (and of each type separately) and the compo-
nents of the composite primary safety outcome parameter.
The parameters will be analyzed and compared per random
group.

Study Design

The FIRE AND ICE trial is a prospective, randomized,
controlled, open, noninferiority trial comparing cryoballoon-
and RFC-based PVI. At multiple European centers, pa-
tients will be randomized in a 1:1 matrix (Fig. 1).
Randomization will be stratified by age (�65 years), pro-
viding balanced treatment assignment in both age cohorts
(�65 vs. >65 years). A randomization list will be created
with blocking by investigational site. All trial investigators
will have completed at least 50 procedures in at least 1 of
the 2 study techniques to be able to participate in this trial.
Each participating center will provide investigator(s) trained
in both techniques. A minimum of 10 patients is requested
per study site for purposes of pooled-data analyses. The study
protocol has been approved by the ethical review committees
at each site.

Participants

The study population will consist of patients with symp-
tomatic PAF resistant to medical therapy, including class I or
III AADs or a beta blocker, which is in accord with current
European and US guidelines for the management of AF.8,18

Inclusion and key exclusion criteria are summarized in

TABLE 2

Definition of a Serious Adverse Event

A serious adverse event (SAE) is an adverse event that

(a) Led to death
(b) Led to serious deterioration in the health of the patient, that either resulted in

1) A life-threatening illness or injury, or
2) A permanent impairment of a body structure or a body function, or
3) In-patient or prolonged hospitalization (>2 nights), or
4) Medical or surgical intervention to prevent life-threatening illness or injury or permanent impairment to a body structure or a body function

c) Led to fetal distress, fetal death, or a congenital abnormality or birth defect
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Figure 1. FIRE AND ICE study design. AF = atrial fibrillation; RFC =
radiofrequency current.

Tables 3 and 4, respectively. A full list of exclusion criteria
is provided in the online supplement. A signed, ethics com-
mittee/institutional review board approved informed consent
form (written in accordance with country-specific applica-
ble data privacy acts, the Declaration of Helsinki, and the
applicable laws for research using medical devices) will
be obtained from every patient prior to any trial-related
procedure.

Interventions

After venous access, single or double transseptal punc-
ture is performed. Selective PV angiography is performed to
identify the PV anatomy including the ostial diameter. PV
electrograms at baseline are recorded from all PVs by use
of a circular mapping catheter to be compared to analogous
recordings after ablation. With both techniques, PVI only will
be performed as the gold standard. Additional left atrial linear
or complex fractionated atrial electrogram (CFAE) ablation,
or adenosine testing will not be performed. Concomitant ab-
lation of previously documented CTI-dependent flutter may

be performed at the index procedure using RFC regardless of
the randomization group. The procedural endpoint is defined
as absence or dissociation of all PV potentials as confirmed
by the circular mapping catheter after a waiting period of 30
minutes after the last ablation. The procedural endpoint will
be assessed by an independent ECG core lab on the basis of
pre- and postablation electrograms as well as fluoroscopic
documentation of the circular mapping catheter position dur-
ing recording.

Cryoballoon ablation

The cryoballoon catheter is introduced into the left atrium
(LA) via a guide wire or an integrated circular mapping
catheter (Achieve, Medtronic CryoCath LP, Pointe-Claire,
Quebec, Canada). Two different sizes of the cryoballoon
(Arctic Front, Medtronic) are available, 28 and 23 mm
diameter. Future developments of this product line (e.g.,
Arctic Front Advance) are allowed provided the operator has
performed at least 10 additional procedures with the updated
device. In general, cryoablation of the PV ostia using the
28 mm balloon will be attempted. If the diameter of the vein
is � 20 mm, a 23 mm cryoballoon may be used as first choice.
Contrast medium is injected from the distal lumen of the
catheter to assess the exact position of the inflated balloon in
relation to the PV ostium. The cryoballoon is then positioned
in order to achieve a maximum of PV occlusion as indicated
by the lack of contrast medium run-off.9 Each cryoablation is
performed for a target time of 300 seconds (240 seconds with
the Arctic Front Advance balloon). The right phrenic nerve
(PN) is continuously stimulated from the superior caval vein
during freezing at the right-sided PVs. In case of cessation
or weakening of right hemidiaphragm contractions, freezing
is immediately stopped and no further cryoballoon ablation
will be performed at the respective PV. After freezing, PV
conduction is re-evaluated by a circular mapping catheter.
Alternatively, PV mapping is performed during freezing us-
ing an endoluminal spiral mapping catheter.19 If the PV is
not isolated, the cryoballoon is repositioned and balloon to
LA-PV contact re-evaluated by angiography before the next
freeze. If isolation of a PV cannot be achieved after a max-
imum of 5 freezes, no further cryoballoon applications are

TABLE 3

Inclusion Criteria

Symptomatic paroxysmal atrial fibrillation with at least 1 episode documented (�30 seconds)
Documented treatment failure of at least 1 anti-arrhythmic drug (Class I or III, or a β-blocker)
Age 18-75 years
Patient is mentally and linguistically able to understand the aim of the trial and to show sufficient compliance in following the trial protocol
Patient is able to verbally acknowledge and understand the associated risks, benefits, and treatment alternatives to therapeutic options of this trial

TABLE 4

Key Exclusion Criteria

Any previous left atrial ablation or surgery
Any cardiac surgery or percutaneous coronary intervention within 3 months prior to enrollment
Stroke or transient ischemic attack within 6 months prior to enrollment
Myocardial infarction within 3 months prior to enrollment
Ejection fraction < 35%
Anteroposterior left atrial diameter > 55 mm by transthoracic or transesophageal echocardiography
Right-sided pulmonary vein diameter > 26 mm
Implanted prosthetic valve
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Figure 2. Follow-up schema. *Physical
examination, medical history, quality of
life evaluation (SF-6D, EQ-5D).

to be applied at this vein. In this case, ongoing LA-to-PV
conduction will be accepted. Adjunctive linear ablation us-
ing a focal cryocatheter will not be performed. If the PV
is isolated, 1 additional application is recommended at each
PV.20

Radiofrequency current ablation

Three-dimensional computerized reconstruction of the
LA is performed by use of the CARTO (Biosense Web-
ster, Inc., Diamond Bar, CA, USA) mapping system. There-
after, PV isolation is performed by a 3.5 mm open-irrigated
tip RFC catheter (Thermocool Navi-Star, Biosense Webster,
Inc.). Future developments of this product line (e.g., Ther-
mocool Navi-Star SF, Thermocool SmartTouch) are allowed
provided the operator has performed at least 10 additional
procedures with the updated device. A circumferential lesion
set around right-sided and left-sided PVs will be deployed.21

Power settings will be according to the center’s standard of
care but not exceed 40 Watts at the anterior and inferior as-
pects, or 30 Watts at the posterior and superior aspect of
the LA. The ablation time at each lesion site should be �30
seconds.22 General guidelines for monitoring of RFC lesion
formation (such as unipolar electrogram amplitude reduction
or impedance drop) have been proposed by Wittkampf and
Nakagawa.22

Follow-Up

Personal study visits are scheduled in the following in-
tervals after the index procedure: 3, 6, and 12 months, and
biannually thereafter. A telephone interview is scheduled at
9 months and biannually thereafter (Fig. 2). Patients are
provided with an event recorder and will transmit a trans-
telephonic ECG recording once a week regardless of symp-
toms during the entire study period. In addition, patients
are instructed to transmit ECG recordings upon symptoms.
Office visits include medical history, physical examination,
and a 12-lead ECG. QoL will be assessed by EQ-5D and
SF-6D questionnaires at baseline and biannually thereafter.
A blanking period of 3 months following the index proce-
dure is defined. During the blanking period, early recurrent
atrial tachyarrhythmia (ERAT; including AF, AT, or AFL)
will be reported but excluded from the primary analysis and
may be managed by AADs (excluding amiodarone), car-
dioversion, or re-ablation with the technique and ablation

protocol according to group assignment. When deciding
about early re-intervention, the time-dependent risk of late re-
currence associated with ERAT in the blanking period should
be considered.23 After the blanking period, AADs have to be
stopped.

Statistical Considerations, Sample Size, and Power
Determination

In the STOP-AF trial, 1-year freedom from AF after cry-
oballoon PVI following a blanking period of 90 days off
AAD was reported in 69.9% of patients.11 The prospective,
randomized THERMOCOOL AF trial most adequately in-
forms the expected treatment effect of RFC ablation in FIRE
AND ICE in terms of patient selection, ablation technique,
and follow-up.5 In THERMOCOOL AF, the 1-year rates of
freedom from AF after 90 days of blanking were 66% as
compared to 16% in the AAD group. Based on these data,
event-free 1-year survival rates of 70% in both groups are
assumed. The analysis will be performed using the non-
inferiority log-rank test24 with a noninferiority margin for
the hazard ratio of 1.43, corresponding to a 10% absolute
difference from 70%. A noninferiority margin of 10% pre-
serves > 50% of the lower bound of the 95% confidence
interval of the treatment effect of the active control (RFC ab-
lation) versus AAD as described above.25 Based on a group
sequential design with 2 interim analyses for early stopping,
249 events are required to demonstrate noninferiority with
a power of 80%. The interim analyses will occur after 125,
187, and 249 documented first primary endpoints have been
observed in the per-protocol population and adjudicated by
the Endpoint Review Committee (ERC). The primary end-
point is met if the 1-sided nominal P-value is less than 0.0021
at the first interim analysis, 0.0097 at the second interim anal-
ysis, or 0.0215 at the final analysis for both the per-protocol
and intention-to-treat populations. If events occur at the as-
sumed rates and patients are enrolled at a uniform rate over
18 months, then enrollment of 544 subjects is expected to re-
sult in 249 events within 12 months after the last enrollment
if patients remain under observation and at risk through the
end of trial. To cope with a potential loss-to-follow-up rate
of 5%, a minimum of 572 patients will be enrolled in the trial
and randomized 1:1 to the 2 trial arms. Withdrawn patients
will not be replaced. Before end of recruitment, the sample
size may be adapted in a blinded manner. One-sided nonin-
feriority and superiority tests will be performed at a level of
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TABLE 5

Study Organization

Principal Investigator Prof. Dr. Karl-Heinz Kuck, Hamburg, Germany

Co-chairman Prof. Dr. Josep Brugada, Barcelona, Spain
Steering Committee Dr. Jean-Paul Albenque, Toulouse, France

Prof. Dr. Josep Brugada, Barcelona, Spain
Prof. Dr. Karl-Heinz Kuck, Hamburg, Germany
Prof. Dr. Claudio Tondo, Milan, Italy
Non-voting members
Dr. Alexander Fürnkranz, Frankfurt, Germany, Scientific Study Coordinator
PD Dr. med. Kurt Bestehorn, IKKF GmbH, Munich, Germany
Dr. Ralf Meyer, Medtronic International Trading Sárl, Tolochenaz, Switzerland

Endpoint Review Committee Dr. Malte Kuniss, Bad Nauheim, Germany
Prof. Dr. Thorsten Lewalter, Munich, Germany
Prof. Dr. Lars Lickfett, Mönchengladbach, Germany

Data Safety Monitoring Board Dr. Riccardo Cappato, Milan, Italy
Prof. Dr. Hein J.J. Wellens, Maastricht, Netherlands
Dr. David Wyn Davies, London, UK
Prof. Jan G.P. Tijssen, Amsterdam, The Netherlands

ECG Core Laboratory Prof. Dr. Ellen Hoffmann, Munich, Germany
Clinical Research Organization Genae Associates NV, Antwerp, Belgium
Sponsor Medtronic International Trading Sàrl, Tolochenaz, Switzerland
Funding provided by Medtronic International Trading Sàrl and Medtronic, Inc.
ClinicalTrials.gov Identifier NCT01490814

2.5%. Since the 2 procedures are closed, a 2.5% family-wise
1-sided error rate, corresponding to a 5% 2-sided rate, is
preserved.

Study Organization and Status

FIRE AND ICE is a trial organized by Genae Associates
NV, Antwerp, Belgium, and sponsored by Medtronic Inter-
national Trading Sàrl, Tolochenaz, Switzerland. Study or-
ganization is detailed in Table 5. The Steering Committee
(SC) represents the trial leadership. Its members are respon-
sible for the scientific and clinical aspects of the trial ex-
ecution and for the reviewing of recommendations by the
Data Safety Monitoring Board (DSMB). The SC is respon-
sible for reporting the trial results. An independent ERC
blinded to group assignment adjudicates all outcome events.
The DSMB regularly monitors the recruitment and conduct
of the trial, data quality, and timeliness, the distribution of
therapies within the trial groups, serious adverse events, and
further adverse events selected to their discretion during the
course of the trial. An independent ECG core laboratory
reviews all intracardiac recordings documenting the proce-
dural endpoint. FIRE AND ICE has started enrollment in
January 2012. Completion of the study is expected end of
2015.

Discussion

The FIRE AND ICE trial compares 2 different technolo-
gies to perform catheter ablation of PAF. Both techniques are
in routine clinical use worldwide, yet large-scale prospective
randomized trial data comparing efficacy and safety of the
procedures are lacking. In light of the rapidly expanding field
of catheter ablation of AF with an exponential rise of abla-
tions performed worldwide each year, FIRE AND ICE will
fill this important research gap. While RFC ablation is the
technique most widely adopted by clinical electrophysiolo-
gists, cryoballoon ablation is a rapidly growing field being

available in Europe since 2006 and recently approved for use
in the US.

There are fundamental differences in the 2 technologies
both in energy form and delivery. RFC-induced tissue lesions
are created by sequentially moving a pointed tip catheter
along the desired ablation line, thereby heating the under-
lying tissue.21 The catheter is freely movable during abla-
tion and considerable operator expertise is needed in order
to stabilize the catheter at the target tissue in the beating
heart and during respiratory movements. Continuous lesion
creation is imperative for a durable electrical barrier. In con-
trast, cryoballoon-induced lesions are created by positioning
a balloon at the PV orifice with—ideally—circumferential
tissue contact. During ablation the balloon adheres to the tis-
sue, and a ring-shaped lesion is simultaneously created by
freezing.9 Operators may acquire this technique with a short
learning curve.10

However, despite this immediate technical advantage, lit-
tle is known about the chronic course of a cryoballoon-
induced relative to an RFC-induced lesion. This is a main
factor determining clinical success because previous studies
have shown that recurrent LA-to-PV re-conduction is pivotal
in arrhythmia recurrence after catheter ablation of PAF.26,27

Furthermore, it remains to be shown that possible safety ad-
vantages of cryothermal lesions such as low thrombogenicity
demonstrated in preclinical trials28 translate into the clini-
cal arena when compared to extensively investigated RFC
ablation.14 These questions are addressed by the FIRE AND
ICE trial.

Conclusion

The FIRE AND ICE trial compares 2 different technolo-
gies to perform catheter ablation of PAF with respect to effi-
cacy and safety—the cryoballoon versus RFC-ablation using
a 3D-mapping system. By providing objective comparative
data it aims at guiding clinicians during their selection and
usage of ablation catheters in the treatment of AF.
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A, Andrié R, Yang A, Nickenig G, Lickfett L, Lewalter T:
Comparison of cryoballoon and radiofrequency ablation of pul-
monary veins in 40 patients with paroxysmal atrial fibrillation:
A case-control study. J Cardiovasc Electrophysiol 2009;20:1343-
1348.

13. Kühne M, Suter Y, Altmann D, Ammann P, Schaer B, Osswald S,
Sticherling C: Cryoballoon versus radiofrequency catheter ablation of
paroxysmal atrial fibrillation: Biomarkers of myocardial injury, recur-
rence rates, and pulmonary vein reconnection patterns. Heart Rhythm
2010;7:1770-1776.

14. Cappato R, Calkins H, Chen S-A, Davies W, Iesaka Y, Kalman J, Kim
Y-H, Klein G, Packer D, Skanes A: Worldwide survey on the methods,
efficacy, and safety of catheter ablation for human atrial fibrillation.
Circulation 2005;111:1100-1105.

15. Dagres N, Hindricks G, Kottkamp H, Sommer P, Gaspar T, Bode
K, Arya A, Husser D, Rallidis LS, Kremastinos DT, Piorkowski C:
Complications of atrial fibrillation ablation in a high-volume center in
1,000 procedures: Still cause for concern? J Cardiovasc Electrophysiol
2009;20:1014-1019.

16. Spragg DD, Dalal D, Cheema A, Scherr D, Chilukuri K, Cheng A, Hen-
rikson CA, Marine JE, Berger RD, Dong J, Calkins H: Complications
of catheter ablation for atrial fibrillation: Incidence and predictors. J
Cardiovasc Electrophysiol 2008;19:627-631.

17. Bhagwandien R, Van Belle Y, De Groot N, Jordaens L: Hemopty-
sis after pulmonary vein isolation with a cryoballoon: An analysis
of the potential etiology. J Cardiovasc Electrophysiol 2011;22:1067-
1069.

18. January CT, Wann LS, Alpert JS, Calkins H, Cleveland JC, Cigar-
roa JE, Conti JB, Ellinor PT, Ezekowitz MD, Field ME, Murray
KT, Sacco RL, Stevenson WG, Tchou PJ, Tracy CM, Yancy CW:
2014 AHA/ACC/HRS Guideline for the Management of Patients With
Atrial Fibrillation. A Report of the American College of Cardiol-
ogy/American Heart Association Task Force on Practice Guidelines
and the Heart Rhythm Society. Circulation 2014. [Epub ahead of
print].

19. Chun KJ, Bordignon S, Gunawardene M, Urban V, Kulikoglu M,
Schulte-Hahn B, Nowak B, Schmidt B: Single transseptal big cryobal-
loon pulmonary vein isolation using an inner lumen mapping catheter.
Pacing Clin Electrophysiol 2012;35:1304-1311.
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BACKGROUND
Current guidelines recommend pulmonary-vein isolation by means of catheter 
ablation as treatment for drug-refractory paroxysmal atrial fibrillation. Radio-
frequency ablation is the most common method, and cryoballoon ablation is the 
second most frequently used technology.

METHODS
We conducted a multicenter, randomized trial to determine whether cryoballoon 
ablation was noninferior to radiofrequency ablation in symptomatic patients with 
drug-refractory paroxysmal atrial fibrillation. The primary efficacy end point in a 
time-to-event analysis was the first documented clinical failure (recurrence of atrial 
fibrillation, occurrence of atrial f lutter or atrial tachycardia, use of anti-
arrhythmic drugs, or repeat ablation) following a 90-day period after the index 
ablation. The noninferiority margin was prespecified as a hazard ratio of 1.43. The 
primary safety end point was a composite of death, cerebrovascular events, or 
serious treatment-related adverse events.

RESULTS
A total of 762 patients underwent randomization (378 assigned to cryoballoon 
ablation and 384 assigned to radiofrequency ablation). The mean duration of follow-
up was 1.5 years. The primary efficacy end point occurred in 138 patients in the 
cryoballoon group and in 143 in the radiofrequency group (1-year Kaplan–Meier 
event rate estimates, 34.6% and 35.9%, respectively; hazard ratio, 0.96; 95% con-
fidence interval [CI], 0.76 to 1.22; P<0.001 for noninferiority). The primary safety 
end point occurred in 40 patients in the cryoballoon group and in 51 patients in 
the radiofrequency group (1-year Kaplan–Meier event rate estimates, 10.2% and 
12.8%, respectively; hazard ratio, 0.78; 95% CI, 0.52 to 1.18; P = 0.24).

CONCLUSIONS
In this randomized trial, cryoballoon ablation was noninferior to radiofrequency 
ablation with respect to efficacy for the treatment of patients with drug-refractory 
paroxysmal atrial fibrillation, and there was no significant difference between the 
two methods with regard to overall safety. (Funded by Medtronic; FIRE AND ICE 
ClinicalTrials.gov number, NCT01490814.)
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A ccording to a 2012 expert consen-

sus statement, catheter ablation of drug-
refractory paroxysmal atrial fibrillation 

is a class I level A indication,1 and pulmonary-
vein isolation is the standard approach.1-3 The 
two most frequently used ablation technologies 
for pulmonary-vein isolation differ in the energy 
source and mode of application. The most com-
mon method is the use of radiofrequency current 
applied in a point-by-point mode, which leads 
to cellular necrosis by tissue heating; the other 
method is the use of cryogenic energy applied 
with a balloon in a single-step mode, which 
leads to necrosis by freezing (Fig. 1). Radiofre-
quency ablation for atrial fibrillation requires 
only limited use of fluoroscopy, because catheter 
guidance is achieved with the use of an electro-
anatomical mapping system,1,4 but the approach 
demands extensive training.1 The complexity of 
radiofrequency ablation technology has restrict-
ed ablation therapy for atrial fibrillation to a few 
specialized centers and has limited the availabil-
ity of ablation therapy. Cryoablation for atrial 
fibrillation requires more extensive fluoroscopic 
guidance to position the balloon catheter at the 
pulmonary veins. The cryoballoon was developed 
to create a circular lesion around each pulmo-
nary vein in a relatively simple manner.

Some small studies have compared the two 
types of ablation catheters.5-10 The current study 
was designed to compare the performance of the 
rather complex yet well-established approach of 
radiofrequency ablation with that of the appar-
ently simpler approach of cryoballoon ablation 
in a larger population of patients with paroxys-
mal atrial fibrillation.

Me thods

Trial Design

The FIRE AND ICE trial was a multicenter, ran-
domized, noninferiority, parallel-group, open-
label trial, with blinded end-point assessment, 
in which cryoballoon ablation was compared with 
radiofrequency ablation. The trial was investigator-
initiated; the steering committee was responsible 
for design, execution, and conduct of the study 
(see the Supplementary Appendix, available with 
the full text of this article at NEJM.org). Local 
ethics review committees at each center approved 
the study. A data and safety monitoring board 
reviewed interim results and monitored the 

safety of the patients. An end-point review com-
mittee, the members of which were unaware of 
the treatment-group assignments, adjudicated 
primary safety and efficacy events. All members 
of the steering committee approved the statisti-
cal analyses and interpretation of the data. The 
decision to publish the results and decisions re-
garding the contents of the manuscript were 
made by the steering committee. The authors 
attest to the accuracy of the data and of all 
analyses and to the fidelity of this report to the 
trial protocol, which is available at NEJM.org.

The trial was funded by Medtronic, with trial 
oversight by FGK Representative Service as legal 
sponsor. A contract research organization (the 
Institute for Clinical Cardiovascular Research, 
Munich, Germany) collected, monitored, main-
tained, and analyzed the data. During the trial, 
the contract research organization became in-
solvent. Legal sponsorship and trial oversight 
was transferred to Medtronic for completion of 
the trial, and a second contract research organi-
zation (Genae, Antwerp, Belgium) was hired. 
Data transfer between the two contract research 
organizations occurred without the sponsor 
handling the data, and blinding with regard to 
the treatment-group assignments was preserved.

Study Participants

Sixteen centers in eight countries participated in 
the trial (see the Supplementary Appendix for 
the list of investigators). Patients with symptom-
atic paroxysmal atrial fibrillation that was refrac-
tory to class I or class III antiarrhythmic drugs 
or beta blockers were enrolled. Patient eligibility 
was determined according to the inclusion and 
exclusion criteria listed in Tables S1 and S2 in 
the Supplementary Appendix.4 All participants 
gave written informed consent. After enrollment, 
patients were randomly assigned, in a 1:1 ratio, 
to undergo ablation with pulmonary-vein isola-
tion attempted with the use of a cryoballoon 
(cryoballoon group) or by means of radiofre-
quency current (radiofrequency group). Random-
ization was stratified according to center and 
age (≤65 vs. >65 years).

Interventions

The ablation methods are described in the 
Supplementary Appendix. In brief, in the cryo-
balloon group, operators attempted pulmonary-
vein isolation by placing the device (with fluoro-

A Quick Take 
is available at 

NEJM.org
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Figure 1. Catheter Ablation Methods.

Panel A shows the cryoballoon system, a single-step approach in which a balloon delivers subzero temperatures to 
the pulmonary-vein antra. Panel B shows the radiofrequency catheter ablation system, which uses heat-energy transfer 
to tissue and delivers a series of point-by-point connected lesions with assistance from a three-dimensional naviga-
tional system.

A  Cryoballoon Ablation of Pulmonary Vein

B  Radiofrequency Current Ablation of Pulmonary Vein
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scopic guidance) at each pulmonary-vein antrum, 
advancing it toward the pulmonary vein to achieve 
occlusion, and then cooling the tissue by filling 
the balloon with a liquid refrigerant. In the radio-
frequency group, operators attempted pulmonary-
vein isolation by creating a contiguous circular 
lesion around each pulmonary-vein antrum with 
point-by-point applications of radiofrequency en-
ergy, using electroanatomical navigation (Fig. 1).

Study Follow-up

After the index ablation procedure, in-office visits 
were scheduled at 3, 6, and 12 months and every 
6 months thereafter (Fig. S1 in the Supplemen-
tary Appendix). At each visit, a medical history 
was obtained, a physical examination was per-
formed, and a 12-lead electrocardiogram (ECG) 
and a 24-hour Holter monitor recording were 
obtained. A review of arrhythmia symptoms was 
conducted by telephone interview at 9 months 
and every 6 months thereafter. Patients were 
asked to provide a weekly transtelephonic ECG 
recording during the study and to transmit ECGs 
whenever symptoms of arrhythmia were felt. All 
follow-up assessments were performed by study 
personnel who were unaware of the treatment 
assignments.

End Points

The primary hypothesis was that catheter ablation 
with the use of the cryoballoon would be non-
inferior to radiofrequency ablation with respect 
to a prespecified efficacy criterion. This primary 
efficacy end point in a time-to-event analysis 
was the first documented clinical failure occur-
ring more than 90 days after the index ablation 
procedure. Clinical failure was defined as docu-
mented recurrence of atrial fibrillation (lasting 
more than 30 seconds), documented occurrence 
of atrial flutter or atrial tachycardia, prescription 
of antiarrhythmic drugs (class I or III), or repeat 
ablation.

Recurrences of atrial fibrillation during the 
first 90 days after the index ablation (the so-
called “blanking period”) were not counted in 
the determination of the first clinical failure for 
the primary end point. Early recurrence of atrial 
fibrillation after ablation, resulting from inflam-
mation or incomplete lesion healing, is common 
and may not predict long-term outcome.1 Within 
the blanking period, recurrent arrhythmias could 
be managed with antiarrhythmic drugs (exclud-

ing amiodarone), cardioversion, or repeat ablation 
(with the same randomly assigned catheter type) 
without penalty with regard to the primary effi-
cacy end point.

The prespecified secondary end points report-
ed in this article include death from any cause, 
death from arrhythmia, total duration of the 
procedure, total fluoroscopy time, and first re-
hospitalization for cardiovascular causes. Addi-
tional prespecified secondary end points (for 
which results are not shown in this article) in-
cluded the total number of hospitalizations for 
cardiovascular causes, time-to-event analyses of 
the components of the primary end point, time 
to recurrent atrial fibrillation, time to symptom-
atic atrial fibrillation, and quality of life.

The primary safety end point was a composite 
of death from any cause, stroke or transient is che-
mic attack from any cause, and serious adverse 
events. Serious adverse events included cardiac 
arrhythmias (apart from a recurrence of atrial 
fibrillation) that were causally related to the 
therapeutic intervention and procedure-related 
serious adverse events that were judged by the 
end-point review committee to be causally re-
lated to the treatment. All serious adverse events 
were prespecified. Physicians were required to 
report all adverse events.

Statistical Analysis

Assuming event-free 1-year survival rates of 70% 
in both groups and with a noninferiority margin 
of 10% (corresponding to a hazard ratio of 1.43), 
we calculated that 249 primary-end-point events 
would be required for the trial to have 80% 
power to test the noninferiority of cryoballoon 
ablation to radiofrequency ablation, at a one-
sided alpha level of 0.025. A sample size of 549 
patients was originally estimated. A prespecified 
blinded sample-size reestimation was performed 
before enrollment was fully complete. On the 
basis of the reestimation, we calculated that 768 
patients would have to be enrolled to ensure that 
249 primary-end-point events would be observed.

Two prespecified interim analyses and a final 
analysis were performed when 125, 187, and 249 
primary-end-point events, respectively, had been 
observed. During the study, no early-stopping 
boundaries were met. Two analysis cohorts were 
prespecified (Fig. S2 in the Supplementary Ap-
pendix). The modified intention-to-treat cohort 
included all patients who underwent randomiza-
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tion and their randomly assigned catheter ablation 
procedure. The per-protocol cohort consisted of 
patients who were treated and did not have a 
major protocol deviation. A major protocol de-
viation was defined as a deviation that con-
founded the efficacy end point; such deviations 
included amiodarone use, undergoing an abla-
tion with a non–study-specified catheter, and 
undergoing an ablation with a catheter that was 
not in accordance with the randomly assigned 
treatment group.

The primary efficacy end point was evaluated 
with the use of a noninferiority log-rank test.11 
In addition, a noninferiority test based on a Cox 
proportional-hazards model was performed. The 
corresponding hazard ratio and 95% confidence 
interval were estimated with a Cox proportional-
hazards model, after confirmation of the propor-
tional-hazards assumption. If noninferiority was 
met in both the modified intention-to-treat cohort 
and the per-protocol cohort, then superiority 
could be tested in the modified intention-to-
treat cohort with the use of a log-rank test. Cox 
proportional-hazards regression was used to esti-
mate hazard ratios in the primary analysis, sub-
group analyses, and primary safety analysis. The 
Kaplan–Meier method was used to calculate 
12-month event-rate estimates. For each subgroup 
analysis, a Wald test for interaction was per-
formed. Four separate types of catheter were 
used during the study: the first-generation and 
second-generation cryoballoon catheters, the com-
bined first-generation radiofrequency catheters 
(there were two types; see the Methods section in 
the Supplementary Appendix), and the advanced-
generation radiofrequency catheter. A log-rank 
test was used to analyze the primary efficacy 
end point according to catheter type.

Because of the blanking period defined above, 
90 days was selected as the landmark (starting 
time) of time-to-event analyses for the primary 
efficacy end point. Analyses were conducted 
with SAS software, version 9.4 (SAS Institute), 
and the R statistical package, version 3.2.2 
(www.r-project.org). Mean values are presented 
with standard deviations.

R esult s

Patients

Enrollment of patients started on January 19, 
2012, and was completed on January 27, 2015. 

A total of 769 patients were enrolled (Fig. S2 in 
the Supplementary Appendix). The modified 
intention-to-treat population included the 750 pa-
tients who were randomly assigned to a treat-
ment group (376 in the radiofrequency group 
and 374 in the cryoballoon group) and received 
treatment. Of those patients, 352 in the radiofre-
quency group and 341 in the cryoballoon group 
did not have a major protocol violation reported; 
these patients comprised the per-protocol cohort. 
The characteristics of the patients at baseline 
were balanced between the two groups, with the 
exception of the prevalence of chronic kidney 
disease and diabetes (Table 1). During the pro-
cedure, complete isolation was achieved in 97.9% 
of pulmonary veins in the radiofrequency group 
and in 98.9% of pulmonary veins in the cryo-
balloon group.

A total of 85% of the scheduled follow-up 
visits in the radiofrequency group (2007 of a 
total of 2372 visits) and 87% of the scheduled 
follow-up visits in the cryoballoon group (2006 
of 2317 visits) were attended (Table S3 in the 
Supplementary Appendix). Patients transmitted 
transtelephonic ECGs for a mean of 60% of the 
weeks in which they were followed in the radio-
frequency group and for 58% of the weeks in 
which they were followed in the cryoballoon 
group. In the radiofrequency group, 4 patients 
were lost to follow-up, and 32 patients withdrew 
from the trial or were withdrawn by the investi-
gator; in the cryoballoon group, 5 patients were 
lost to follow-up, and 37 patients withdrew from 
the trial or were withdrawn by the investigator. 
In both groups, the maximum follow-up time 
was 33 months, and the mean follow-up time 
was 1.5 years.

Efficacy End Points

The number of end-point events required to test 
the primary efficacy hypothesis was achieved on 
September 17, 2015, and data freeze occurred on 
January 29, 2016. In the modified intention-to-
treat analysis, after the 90-day blanking period, 
the primary efficacy end point occurred in 138 
patients in the cryoballoon group and in 143 pa-
tients in the radiofrequency group (1-year Kaplan–
Meier event-rate estimates, 34.6% and 35.9%, 
respectively; hazard ratio, 0.96; 95% confidence 
interval [CI], 0.76 to 1.22; P<0.001 for noninfe-
riority) (Table 2 and Fig. 2A). In the per-protocol 
analysis, the primary efficacy end point occurred 
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Characteristic
Radiofrequency Group 

(N = 376)
Cryoballoon Group 

(N = 374)

Age — yr 60.1±9.2 59.9±9.8

Age >65 yr — no. (%) 117 (31.1) 113 (30.2)

Male sex — no. (%) 236 (63) 221 (59)

Years since first PAF diagnosis 4.7±5.3 4.6±5.1

Body-mass index† 27.8±4.5 28.0±4.7

Left atrial diameter — mm 40.6±5.8 40.8±6.5

Systolic blood pressure — mm Hg 134.8±18.9 133.6±18.0

Diastolic blood pressure — mm Hg 78.9±10.6 78.8±11.5

CHA2DS2-VASc score‡

Mean 1.8±1.3 1.9±1.4

Distribution — no. (%)

0 67 (17.8) 58 (15.5)

1 109 (29.0) 108 (28.9)

2 97 (25.8) 95 (25.4)

3 62 (16.5) 60 (16.0)

4 33 (8.8) 40 (10.7)

5 7 (1.9) 10 (2.7)

6 1 (0.3) 3 (0.8)

NYHA classification — no. (%)§

No heart failure 277 (73.9) 263 (70.3)

Class I 40 (10.7) 47 (12.6)

Class II 58 (15.5) 64 (17.1)

Medical history — no. (%)

Previous DCCV 88 (23.4) 86 (23.0)

Previous stroke 4 (1.1) 5 (1.3)

Previous TIA 10 (2.7) 11 (2.9)

Previous myocardial infarction 9 (2.4) 9 (2.4)

Previous CABG 4 (1.1) 2 (0.5)

Previous PCI 16 (4.3) 24 (6.4)

Coronary artery disease 32 (8.5) 31 (8.3)

LV hypertrophy — no. (%)¶ 2 (0.5) 1 (0.3)

Chronic kidney disease — no. (%)∥ 4 (1.1) 13 (3.5)

Hypertension — no. (%)** 221 (58.8) 215 (57.5)

Hyperlipidemia — no. (%)†† 106 (28.3) 115 (30.9)

Type 2 diabetes — no. (%)∥ 22 (5.9) 37 (9.9)

Medication use — no. (%)

Antiarrhythmic drug 225 (59.8) 236 (63.1)

ACE inhibitor 89 (23.7) 73 (19.5)

Beta-blocker 253 (67.3) 235 (62.8)

Anticoagulation drug 274 (72.9) 282 (75.4)

*  Plus–minus values are means ±SD. ACE denotes angiotensin-converting enzyme, CABG coronary-artery bypass graft, 
DCCV direct current cardioversion, NYHA New York Heart Association, PAF paroxysmal atrial fibrillation, PCI percu-
taneous coronary intervention, and TIA transient ischemic attack.

†  Body-mass index is the weight in kilograms divided by the square of the height in meters.
‡  The CHA2DS2-VASc score is a clinical estimation of the risk of stroke in patients with atrial afibrillation; scores range 

from 0 to 9, with higher scores indicating a greater risk of stroke.
§  Data were missing for one patient in the radiofrequency group.
¶  Left ventricular (LV) hypertrophy was defined as an LV wall thickness greater than 15 mm.
∥  The difference between the treatment groups was significant (P<0.05).
**  Hypertension was defined as blood pressure higher than 140/90 mm Hg.
††  Hyperlipidemia was defined as a total cholesterol value higher than 300 mg per deciliter (7.76 mmol per liter). Data 

were missing for two patients in the radiofrequency group and two patients in the cryoballoon group.

Table 1. Characteristics of the Patients at Baseline.*
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in 118 patients in the cryoballoon group and in 
131 patients in the radiofrequency group (1-year 
Kaplan–Meier event-rate estimates, 31.9% and 
35.0%, respectively; hazard ratio, 0.91; 95% CI, 
0.71 to 1.17; P<0.001 for noninferiority). A pre-
specified superiority test performed for the pri-
mary efficacy end point did not indicate a sig-
nificant difference between the treatment groups 
(P = 0.74). Prespecified subgroup analyses of the 
primary efficacy end point revealed no signifi-
cant interactions (Fig. S3 in the Supplementary 
Appendix). A prespecified comparison of the pri-
mary efficacy end point among the four separate 
types of catheters revealed no significant hetero-
geneity (P = 0.25) (Fig. 2B).

Results regarding the secondary efficacy end 
points are shown in Table 2. There were two 
deaths in the cryoballoon group; one death (at 
day 366) was of unknown cause, and the other 
death (at day 95) was associated with sepsis and 

was determined by autopsy to be a noncardiac-
related death. The mean total procedure time 
was shorter in the cryoballoon group than in the 
radiofrequency group (124 vs. 141 minutes, 
P<0.001), as was the left atrial dwell time (the 
length of time the catheter was present in the 
left atrium during the procedure), which was a 
post hoc end point (92 vs. 109 minutes, P<0.001). 
The mean total fluoroscopy time was shorter in 
the radiofrequency group than in the cryoballoon 
group (17 vs. 22 minutes, P<0.001). The time to 
first rehospitalization for cardiovascular causes 
did not differ significantly between the groups.

Safety End Points

The primary safety end point occurred in 40 pa-
tients in the cryoballoon group and in 51 patients 
in the radiofrequency group (1-year Kaplan–Meier 
event rate estimates, 10.2% and 12.8%, respec-
tively; hazard ratio, 0.78; 95% CI, 0.52 to 1.18; 

End Point

Radiofrequency 
Group 

(N = 376)

Cryoballoon 
Group 

(N = 374)
Hazard Ratio 

(95% CI)† P Value

Primary efficacy end point — no. of patients (%)‡ 143 (35.9)§ 138 (34.6)§ 0.96 (0.76–1.22) <0.001¶

Components of the primary efficacy end point — no. of patients

Recurrent atrial arrhythmia 87 80 — —

Antiarrhythmic drug treatment 49 51 — —

Repeat ablation 7 7 — —

Secondary efficacy end points

Death from any cause — no. of patients 0 2∥ — 0.25**

Death from arrhythmia — no. of patients 0 0 — —

Total procedure duration — min 140.9±54.9 124.4±39.0 — <0.001††

Left atrial dwell time — min‡‡ 108.6±44.9  92.3±31.4 — <0.001††

Total fluoroscopy time — min§§  16.6±17.8  21.7±13.9 — <0.001††

Rehospitalization for cardiovascular causes —  
no. of patients (%)

55 (13.5)§ 44 (9.4)§ 0.78 (0.53–1.16) 0.28**

*  Plus–minus values are means ±SD.
†  Time-to-event analyses use radiofrequency group as the reference (a hazard ratio <1 favors cryoablation, and a hazard ratio >1 favors radio-

frequency ablation).
‡  The primary end point was a composite of documented recurrence of atrial fibrillation (lasting more than 30 seconds), documented occur-

rence of atrial flutter or atrial tachycardia, prescription of antiarrhythmic drugs (class I or III), or repeat ablation.
§  This value is the Kaplan–Meier estimate at 1 year.
¶  This P value is for noninferiority assessed by the log-rank test.
∥  One death (at day 366) was of unknown cause; one death (at day 95) was associated with sepsis and was determined by autopsy to be a 

noncardiac-related death.
**  This P value was calculated by Fisher’s exact test.
††  This P value was calculated by Student’s t-test.
‡‡  Left atrial dwell time was a post hoc (nonprespecified) procedural end point and represents the length of time catheters were present in 

the left atrium during the procedure. This end point was evaluated in 357 patients in the radiofrequency group and in 354 patients in the 
cryoballoon group.

§§  Total fluoroscopy time was evaluated in 373 patients in the radiofrequency group and in 371 patients in the cryoballoon group.

Table 2. Efficacy End Points.*
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P = 0.24) (Fig. 2C and Table 3). The most com-
mon safety events were groin-site complications 
(16 in the radiofrequency group and 7 in the 
cryoballoon group) and phrenic-nerve injury 
(10 in the cryoballoon group) (Table 3). No atrio-
esophageal fistulae, pulmonary-vein stenoses, or 
procedure-related deaths were observed. A full 
list of postprocedural adverse events is provided 
in Table S4 in the Supplementary Appendix.

 Discussion

The FIRE AND ICE trial was a randomized 
evaluation of catheter ablation in patients with 
paroxysmal atrial fibrillation, in which we exam-
ined the efficacy, safety, and procedural profiles 
of the two most commonly used ablation tech-
nologies. The characteristics of the patients were 
consistent with those in other trials5-10,12,13 and 
are representative of patients with paroxysmal 
atrial fibrillation.1 Cryoballoon ablation was 
found to be noninferior to radiofrequency abla-
tion with regard to the primary efficacy end 
point, and superiority was not achieved in either 
group. There was no significant difference among 
the four types of ablation catheters with regard 
to the primary efficacy end point. There was 
also no significant difference in the primary 
safety end point between the radiofrequency 
group and the cryoballoon group.
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Figure 2. Event-free Survival for the Primary Efficacy 
and Safety End Points in the Modified Intention-to-
Treat Cohort.

Panel A shows the 90-day landmark analysis of the pri-
mary efficacy end point. The trial confirmed the non-
inferiority of cryoballoon ablation to radiofrequency 
(RFC) catheter ablation. The first 90 days after the index 
ablation was the so-called “blanking period”; events 
during this period were not counted in the determina-
tion of clinical failure for the primary end point. Panel B 
shows the subgroup test of homogeneity across all four 
catheter categories; there was no significant difference 
among the catheters (P = 0.25). The as-treated cohort 
was used for this analysis. Five patients were randomly 
assigned to the cryoballoon group but underwent radio-
frequency ablation; they are included in the first-genera-
tion radiofrequency group; four patients who were ran-
domly assigned to the radiofrequency group and were 
treated with nonstudy radiofrequency catheters are not 
included. Panel C shows the analysis of the primary 
safety end point. There was no significant difference 
between the cryoballoon and radiofrequency groups.
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End Point

Radiofrequency 
Group 

(N = 376)

Cryoballoon 
Group 

(N = 374) P Value*

no. of patients (%)

Primary safety end point† 51 (12.8)‡ 40 (10.2)‡

Death from any cause§ 0 2 (0.5)¶ 0.50

Stroke or TIA from any cause§ 2 (0.5) 2 (0.5) 1.00

Atrial arrhythmia§∥ 13 (3.5) 8 (2.1) 0.38

Atrial flutter or atrial tachycardia 10 (2.7) 3 (0.8) 0.09

Non–arrhythmia-related serious adverse events§ 36 (9.6) 28 (7.5) 0.36

Groin-site complication** 16 (4.3) 7 (1.9) 0.09

Unresolved phrenic nerve injury††

At discharge 0 10 (2.7) 0.001

At 3 months 0 2 (0.5) 0.25

At >12 months 0 1 (0.3) 0.50

Cardiac tamponade or pericardial effusion 5 (1.3) 1 (0.3) 0.22

Pulmonary or bronchial complication 4 (1.1) 2 (0.5) 0.69

Transient neurologic complication 3 (0.8) 1 (0.3) 0.62

Dyspnea 2 (0.5) 1 (0.3) 1.00

Gastrointestinal complication 2 (0.5) 1 (0.3) 1.00

Other, nonarrhythmia cardiac complications‡‡ 0 3 (0.8) 0.12

Anxiety 0 1 (0.3) 0.50

Contrast media reaction 1 (0.3) 0 1.00

Contusion 1 (0.3) 0 1.00

Esophageal ulcer 0 1 (0.3) 0.50

Hematuria 1 (0.3) 0 1.00

Local edema 1 (0.3) 0 1.00

Atrioesophageal fistula 0 0 —

Pulmonary vein stenosis 0 0 —

*  The P values were calculated with Fisher’s exact test.
†  In the time to event analyses, radiofrequency group was used as the reference; the hazard ratio was 0.78 (95% CI, 

0.52–1.18; P = 0.24) (a hazard ratio <1 favors cryoablation, and a hazard ratio >1 favors radiofrequency ablation).
‡  This value is the Kaplan–Meier estimate at 1 year.
§  This end point was a component of the primary safety end point, which was a composite of death from any cause, 

stroke or transient ischemic attack from any cause, and serious adverse events.
¶  The deaths were not related to the treatment or device; one death (at day 366) was of unknown cause; one death  

(at day 95) was associated with sepsis and was determined by autopsy to be a noncardiac-related death.
∥  Atrial arrhythmia includes palpitations, presyncope, the sick sinus syndrome, supraventricular extrasystoles, and 

 syncope.
**  Groin-site complications include vascular pseudoaneurysm, arteriovenous fistula, device-related infection, hematoma, 

puncture-site hemorrhage, and groin pain.
††  Phrenic nerve injuries included eight injuries that resolved by 3 months, one that resolved at 6 months, and one that 

was unresolved more than 12 months after the procedure. Two additional nonserious events of phrenic nerve injury 
were reported, and both resolved before hospital discharge.

‡‡  Other cardiac complications include atrial septal defect, coronary artery disease, and pericarditis.

Table 3. Safety End Points.
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Phrenic-nerve injury was the most common 
safety event in the cryoballoon group, although 
the 2.7% rate in our trial was substantially lower 
than the 13.5% rate reported in the Sustained 
Treatment of Paroxysmal Atrial Fibrillation 
(STOP AF) trial.12 The most common safety 
events in the radiofrequency group were groin-
site complications, which were unusually frequent 
in this trial (4.3%). Some groin injuries may be 
caused by the two-sheath system that is often 
used (a radiofrequency catheter and a separate 
circular mapping catheter).1,13 Serious treatment-
related adverse events of atrial arrhythmia oc-
curred in 2.7% of the patients in the radiofre-
quency group and in 0.8% of the patients in the 
cryoballoon group (P = 0.09). These new-onset 
arrhythmias may have been caused by incomplete 
pulmonary-vein isolation.

Six previous studies (which were smaller than 
the current trial, nonrandomized, or both) com-
paring radiofrequency ablation with cryoballoon 
ablation have been completed.5-10 With regard to 
efficacy, four of these studies showed statistical 
equivalence between the two technologies,5,6,9,10 
whereas two studies showed a higher efficacy of 
cryoballoon ablation.7,8 With regard to safety, 
five of the studies showed equivalent safety be-
tween the two technologies.6-10 The FreezeAF trial 
showed a better safety profile with radiofre-
quency ablation; this result was driven by phrenic-
nerve injuries associated with cryoballoon abla-
tion.5 However, the FreezeAF analysis included 
episodes of phrenic-nerve injury that resolved 
before discharge.5 Also, the FreezeAF trial was 
primarily an examination of first-generation 
catheters.

In our trial, procedure duration and left atrial 
dwell time were shorter in the cryoballoon 
group, whereas fluoroscopy time was shorter in 
the radiofrequency group. Single-step circumfer-
ential ablations were probably key to the shorter 
duration of the cryoballoon procedure. Occlusion 
of the pulmonary vein by the cryoballoon is 
tested by means of contrast injection and fluoro-
scopic examination, and this testing contributed 
to prolonged fluoroscopy time. In contrast, radio-
frequency ablation requires no occlusion angi-
ography, and catheter steering is achieved by 
means of electroanatomical mapping.

The case-report form used in this trial did not 
record individualized secondary catheter perfor-
mance characteristics. For the cryoballoon cath-
eter, the study did not record pulmonary-vein 

occlusion scores, time to pulmonary-vein isola-
tion, the duration of the freezing procedure, or 
the number of freezes. Similarly, in the radiofre-
quency catheter group, the study did not record 
application times, contact-force measurements, 
peak wattage, or three-dimensional mapping 
variables. During trial design, many of these 
catheter variables were not routinely reported.

The trial investigators attempted to plan and 
conduct this study so that the most advanced-
generation catheters would be used on approxi-
mately the same date and at approximately equal 
distribution. However, because of an urgent field 
safety notice and voluntary field removal (i.e., 
recall by the manufacturer) in the European 
Union, the advanced-generation radiofrequency 
catheter became unavailable beginning in Sep-
tember 2013, with some reshipping started in 
January 2014. This interruption prohibited fur-
ther statistical evaluation of efficacy according to 
individual catheter type.

Pulmonary-vein isolation is the cornerstone 
ablation strategy in the treatment of patients 
with paroxysmal atrial fibrillation.1 However, 
achieving acute pulmonary-vein isolation does 
not guarantee long-term electrical isolation of 
the pulmonary veins.14 The use of newer radio-
frequency catheters with contact-force sensing 
has improved long-term pulmonary-vein isola-
tion.14-16 The second-generation cryoballoon cath-
eter has also shown improvement in long-term 
pulmonary-vein isolation,17 which may be attrib-
utable to the extensive wide-area circumferential 
ablation that is achieved.18 Extensive wide-area 
circumferential ablation may have ablation-related 
benefits beyond pulmonary-vein isolation, includ-
ing concomitant ganglionated plexus modifica-
tion.19 However, our trial was not powered to 
test the superiority of either the first-generation 
or the second-generation catheters.

In summary, in the FIRE AND ICE trial, we 
found that in the treatment of patients with 
drug-refractory paroxysmal atrial fibrillation, 
pulmonary-vein isolation by means of cryobal-
loon ablation was noninferior to pulmonary-vein 
isolation by radiofrequency ablation in terms of 
efficacy and safety.
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Esophageal Endoscopy Results After Pulmonary Vein Isolation
Using the Single Big Cryoballoon Technique
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Esophageal Effects of Single Big Cryoballoon PVI. Introduction: Reversible esophageal thermal
lesions after cryoballoon pulmonary vein isolation (CB-PVI) have been reported when using variable
balloon sizes. The aim of this study was to investigate (1) the incidence of esophageal thermal lesions, and
(2) esophageal temperature changes associated with CB-PVI using the single big cryoballoon technique.

Methods and Results: Thirty-eight patients with atrial fibrillation underwent successful CB-PVI using
only the 28 mm cryoballoon. Luminal esophageal temperature (LET) was continuously monitored by 3
thermocouples. Fluoroscopic distance from cryoballoon to esophagus probe was retrospectively evaluated in
RAO 30◦ and LAO 40◦ projections. All patients underwent postprocedural esophageal endoscopy. Average
minimal LET was lower during freezing at inferior PVs, when compared to superior PVs: 35.4 ± 0.9 (range:
32.6 to 37.4; RSPV); 31.5 ± 7.5 (2.5 to 37.6; RIPV); 32.9 ± 5.2 (8.5 to 36.5; LSPV); and 30.3 ± 8.4◦C (−6
to 36.7◦C; LIPV); P = 0.001. We found steep temperature gradients over distance (1) from the cryoballoon
center (LETs < 10◦C confined to a distance of < 15 mm in both RAO 30◦ and LAO 40◦ projections), and (2)
along the esophagus long axis, underscoring the need for multiple measurement sites. None of the patients
showed esophageal thermal lesions at endoscopy after 3 ± 1 (range 1–7) days. No AEF occurred during a
follow-up of 125 ± 78 days.

Conclusion: In a cohort of AF patients treated by the single big cryoballoon technique, CB-PVI was not
associated with thermal esophageal lesions. (J Cardiovasc Electrophysiol, Vol. 21, pp. 869-874, August 2010)

atrial fibrillation, catheter ablation, esophagus, cryoballoon, pulmonary veins

Introduction

Atrioesophageal fistula (AEF) formation is the most
feared complication associated with pulmonary vein isolation
(PVI) using radiofrequency current (RFC) ablation due to its
high mortality.1-4 Cryoballoon-PVI (CB-PVI) is an emerg-
ing alternative technique with a favorable safety profile that
has—as of now—not been reported as a cause of AEF.5-11

Results from experimental studies suggest that cryothermal
energy may be associated with less risk of esophageal ul-
ceration when compared to RFC.12 Nonetheless, clinical ex-
perience with this relatively new approach is limited, and
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esophageal ulcerations, albeit reversible and without clin-
ical sequelae, have recently been reported in a series of
patients utilizing different cryoballoon sizes for PVI.8 The
cryoballoon ablation technique varies among centers, partic-
ularly in the use of various balloon dimensions,5-9 possibly
impacting on esophageal lesion development. Here, we re-
port the results of systematic postprocedural esophageal en-
doscopy in a series of patients with atrial fibrillation (AF)
treated exclusively with the single big (28 mm) cryoballoon
technique.9

Methods

Patients

A total of 38 consecutive patients with paroxysmal
(n = 36) or persistent (n = 2) AF were included into the
study between August 2008 and November 2009. All patients
underwent preprocedural transesophageal echocardiography.
Inclusion criteria were as follows: a history of symptomatic
AF despite antiarrhythmic drug (AAD) treatment with ≥ 1
AAD and consent to undergo postprocedural esophageal en-
doscopy. Exclusion criteria were defined as a LA diameter >
55 mm, severe left ventricular hypertrophy (LV wall thick-
ness ≥ 15 mm), LA thrombus, and decompensated heart
failure. Patient baseline clinical characteristics are shown in
Table 1.
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TABLE 1

Baseline Patient Characteristics (n = 38)

Age (years) 56 ± 12
Male (n) 27 (71%)
Paroxysmal AF 36 (95%)
Persistent AF 2 (5%)
Failed antiarrhythmics (n) 1.4 ± 0.9
AF duration (years) 6 ± 5
LA diameter (mm) 43 ± 5
Hypertension (n) 21 (55%)
Diabetes (n) 1 (3%)
CAD (n) 4 (11%)
GERD (n) 0

CAD = coronary artery disease; GERD = gastroesophageal reflux disease.

Cryoballoon Ablation

The concept of the “single big cryoballoon” technique
for PVI (Arctic Front, 28 mm diameter, Medtronic Cry-
oCath LP, Montreal, Quebec, Canada) has been described
in detail previously.9 No preprocedural imaging, such as CT
or MRI, or intraprocedural imaging apart from angiogra-
phy, such as transesophageal echocardiography,13 was per-
formed. All procedures were performed under deep sedation
using boluses of midazolam and fentanyl as well as a con-
tinuous infusion of propofol. Following double transseptal
puncture, intravenous heparin was repeatedly administered
to maintain an activated clotting time of 250 to 300 seconds.
Selective PV angiography was performed to identify the PV
anatomy using standard projections (RAO 30◦, LAO 40◦).
Baseline potentials of all PVs were recorded with a Lasso
catheter (Biosense Webster, Inc., Diamond Bar, CA, USA).
The 28 mm balloon was maneuvered to all PV ostia by use
of a steerable 12F sheath (FlexCath, CryoCath) and either
a guidewire (Amplatz Stiff Wire, Cook Inc., Bloomington,
IN, USA) or a 6-pole spiral catheter (Promap, ProRhythm,
Ronkonkoma, NY, USA)14 inserted through the central canal
of the balloon catheter. To assess the exact position of the

Figure 1. Cryoballoon and esophageal temperature probe (ETP) position during freezing at the left inferior pulmonary vein in the patient with an LET
nadir of −6.0◦C. Fluoroscopic views in right anterior oblique (RAO) and left anterior oblique (LAO) projections are shown. The 3 thermocouples of the
ETP separated by 10 mm (T1–3) can be seen. At the time of LET nadir, temperature readings were: 6.6 (T1), −6.0 (T2), and 20.0◦C (T3). Punctuated lines
represent fluoroscopic distance of the cryoballoon refrigerant injector to the thermocouple in closest proximity (RAO: 7 mm; LAO: 9 mm). Lasso = Lasso
catheter in left superior pulmonary vein; CS = coronary sinus catheter.

inflated balloon in relation to the LA–PV junction, contrast
medium was injected from the distal lumen of the cryobal-
loon catheter. Freezing at the LA–PV junction was performed
for a target time of 300 seconds. The right phrenic nerve
(PN) was constantly paced from the superior caval vein dur-
ing freezing at the septal PVs. In case of loss of PN capture,
freezing was immediately terminated. After each freeze, PV
conduction was reevaluated by positioning the Lasso catheter
at the same position within the PV as before the cryoballoon
application. Alternatively, PV conduction was monitored in
real-time by the spiral catheter (11 patients).14 If the PV was
not isolated, the cryoballoon was repositioned and balloon
to LA–PV contact reevaluated by angiography before the
next freeze. Safety (bonus) applications after PVI were per-
formed with one application at each LA–PV junction in 28
patients or with 2 applications at each LA–PV junction in 10
patients. Ablation endpoint was the loss of all PV potentials
as confirmed by the Lasso catheter after a waiting period of
30 minutes.

Esophageal Temperature and Fluoroscopic Distance
Measurement

At the start of the procedure and before administration of
the heparin bolus a temperature probe (ETP) with 3 thermo-
couples separated by 10 mm (SensiTherm, St. Jude Medical,
Inc., St. Paul, MN, USA; Fig. 1) was inserted into the esoph-
agus transorally under fluoroscopic guidance. In 2 patients
the probe could not be placed. Its position was repeatedly ad-
justed to match the balloon position during freezing. For each
cryoballoon application, baseline and minimal LET were
recorded. Baseline LET was defined as the lowest tempera-
ture measured by any thermocouple before freezing. Minimal
LET was defined as the temperature nadir occurring during
or shortly after cryothermal energy deployment in any of
the thermocouples. In a subgroup of patients (n = 6), tem-
perature readings of all 3 thermocouples were recorded at
baseline and at the time of LET nadir. To minimize a stack-
ing effect, LET was allowed to recover before starting the
next freeze. Temperature measurements were observational
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only and did not influence cryoballoon applications. The re-
frigerant injector near the distal cryoballoon pole was used
as a fluoroscopic marker to measure the distance (mm) be-
tween the cryoballoon and the esophageal probe thermistor
in closest proximity in RAO 30◦ and LAO 40◦ projections
(Fig. 1).

Postprocedural Care and Follow-Up

All patients underwent postprocedural transthoracic
echocardiography and chest X-ray to rule out pericardial
effusion or pneumothorax. Patients were bridged with low
molecular weight heparin (enoxaparin), and oral anticoagu-
lation (phenprocoumon targeting an INR value of 2.0–3.0 for
at least 3 months) was initiated the following day. Proton-
pump inhibitor therapy was not routinely prescribed. All pa-
tients underwent gastroesophageal endoscopy within 7 days
following ablation. In addition, patients were scheduled for
outpatient clinic visits or contacted by telephone 1, 3 and
6 months after ablation.

Statistics

Continuous data were presented as mean ± standard de-
viation. The Friedman test was used to compare average
minimal LETs measured during freezing at the 4 anatom-
ical PVs (data on superior and inferior branches of a left
common trunk were included into LSPV and LIPV group,
respectively). Confidence intervals (CI) of proportions were
calculated from the binomial distribution. A correlation co-
efficient was calculated to asses the relationship between
minimal LET and maximum temperature difference mea-
sured between 2 thermocouples of the esophageal probe. A
P-value of < 0.05 was considered statistically significant.

Results

Cryoballoon Ablation

In 38 patients a total of 149 PVs were identified including
a short left common trunk (LCPV) in 3 patients. Mean angio-
graphic diameters measured in RAO 30◦ (septal PVs) or LAO
40◦ (lateral PVs) were: 18 ± 3 (range: 12–24): RSPV, 17 ± 3
(10–25): RIPV, 18 ± 3 (10–23): LSPV, 17 ± 2 (12–21):
LIPV, and 28 ± 4 mm (25–33 mm): LCPV. In the 2 patients
with persistent AF, sinus rhythm was restored by external
cardioversion before ablation. A total of 399 cryoballoon
(including bonus) applications were applied; RSPV: 3 ± 1
(total: 97), RIPV: 3 ± 1 (total: 109), LSPV: 2 ± 1 (total: 84),
LIPV: 3 ± 2 (total: 97), and LCPV: 4 ± 0 (total: 12). All PVs
were successfully isolated using only the 28 mm balloon.
Procedure duration was 176 ± 32 minutes, radiation time
was 31 ± 11 minutes.

Esophageal Temperature Changes

Average minimal LET during freezing varied with treated
PV, with lower LETs observed during freezing at inferior
PVs when compared to superior PVs (Fig. 2, Table 2):
35.4 ± 0.9 (RSPV); 31.5 ± 7.5 (RIPV); 32.9 ± 5.2 (LSPV);
and 30.3 ± 8.4◦C (LIPV); P < 0.001 for comparison be-
tween all groups. The number of freezes with minimal LETs
< 10◦C was: 0 (RSPV), 3 (RIPV), 1 (LSPV), and 4 (LIPV).
The absolute minimal LET achieved in any patient according
to treated PV was as follows: 32.6 (RSPV), 2.5 (RIPV), 8.5

Figure 2. Minimal luminal esophageal temperature (LET) measurements
per vein treated. Solid bars indicate group means. RSPV = right superior
pulmonary vein; RIPV = right inferior pulmonary vein; LSPV = left superior
pulmonary vein (including data on 3 superior branches of a left common
PV); LIPV = left inferior pulmonary vein (including data on 3 inferior
branches of a left common PV).

(LSPV), and −6.0◦C (LIPV), which was the lowest LET and
the only freeze with subzero LET observed in this study. The
fluoroscopic position of the cryoballoon in relation to the
esophageal probe during this application is shown in Figure
1 (7 mm in RAO 30◦; 9 mm in LAO 40◦). The first freeze at
the LIPV in this patient resulted in a LET decrease from 36.8
to 14.6◦C and the second freeze (bonus application) resulted
in a LET decrease from 35.2 to −6.0◦C.

The temperature distribution among the 3 thermocouples
at the time of absolute LET nadir in a subgroup of patients
is shown in Table 3. The maximum temperature difference
measured between 2 thermocouples correlated well with the
absolute LET nadir (r =−0.982, P < 0.001); thus, differences
were more pronounced when freezing near the esophagus.
The highest temperature gradient (26◦C) was measured in
the patient with subzero LET between T2 (−6◦C) and T3
(20.0◦C). Thus, with the thermocouples spaced 10 mm apart,
subzero LET was confined to a small area (Fig. 1, Table 3).

Average and absolute minimal LETs according to the flu-
oroscopic distance between the cryoballoon center (refrig-
erant injector) and the esophageal temperature probe during
freezing at any PV are shown in Table 4. These data demon-
strate a steep temperature gradient over distance from the
cryoballoon with lowest LETs (< 10◦C) confined to a dis-
tance of < 15 mm in both RAO 30◦ and LAO 40◦ projections
(Table 4).

Gastroesophageal Endoscopy and Follow-Up

Endoscopy was performed 3 ± 1 (range 1–7) days follow-
ing ablation. Thirty-seven out of 38 patients (including the
patient with subzero LET during cryoablation) were free of
any detectable lesion of the esophageal mucosa. In 1 patient,
endoscopy at the first postprocedural day revealed 2 longitu-
dinal, fissural lesions confined to the top of mucosal folds in
a region beginning 35 cm from the incisor teeth and reaching
down to the esophagogastric junction. These lesions were
interpreted to be of mechanical origin by the investigator,
possibly due to preprocedural transesophageal echocardiog-
raphy or manipulation with the temperature probe. In this
patient, proton-pump inhibitor therapy was initiated and a
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TABLE 2

Luminal Esophageal Temperature Measurements

RSPV RIPV LSPV LIPV

Average minimal LET (◦C) 35.4 ± 0.9∗ 31.5 ± 7.5∗ 32.9 ± 5.2∗ 30.3 ± 8.4∗
Absolute minimal LET (◦C) 32.6 2.5 8.5 −6.0
Minimal LET < 30◦C (n) 0 21 10 25
Minimal LET < 10◦C (n) 0 3 1 4
Average LET decrease (◦C) 0.2 ± 0.9 2.7 ± 5.5 2.8 ± 5.3 5.3 ± 8.1

Data for LSPV and LIPV include 3 superior and inferior branches of a left common pulmonary vein, respectively. RSPV = right superior pulmonary vein;
RIPV = right inferior pulmonary vein; LSPV = left superior pulmonary vein; LIPV = left inferior pulmonary vein; LET = luminal esophageal temperature;
∗P < 0.001 for comparison among all groups (Friedman test).

control endoscopy 6 days later showed a normal esophageal
mucosa. In summary, the incidence of thermal esophageal
lesions was 0% (95% CI: 0–9.3%). The incidence of any
esophageal lesion was 2.6% (95% CI: 0.07–13.8%).

During a follow-up of 125 ± 78 days, no atrioesophageal
fistula occurred.

In 2 patients, gastroesophageal endoscopy at day 3 after
the procedure showed food retention despite overnight fast-
ing. In patient 1, pyloric spasm was also shown. Both patients
reported mild abdominal discomfort and distention, but were
able to continue food intake. Repeat gastroesophagoscopy
was performed 1 week after the procedure in both patients,
demonstrating normal gastric emptying and pyloric function
in patient 1, with complete resolution of symptoms. In patient
2, impaired gastric emptying was still demonstrated. How-
ever, with conservative treatment the patient was successfully
discharged on almost normal diet at 1 week.

Complications

Right PN palsy (PNP) occurred in 2 patients despite im-
mediate cessation of the cryoballoon application upon loss
of PN capture. In 1 patient PNP occurred during the third
cryothermal application (2nd bonus) at the RSPV (max. di-
ameter: 22 mm). Thus, despite a relatively small PV diameter,
cumulative tissue cooling ultimately led to PNP. This patient
felt dyspnea on exertion, which resolved within 7 months af-
ter ablation. Repeat chest fluoroscopy demonstrated normal
diaphragm movement at that time. In the other patient, PNP
occurred during the first cryothermal application at a large
RIPV (max. diameter: 25 mm) and persisted until discharge.
This patient was asymptomatic and refused further chest flu-

TABLE 3

LET Measurements from 3 Thermocouples at the Time of Absolute LET
Nadir

Vein T1 [◦C] T2 [◦C] T3 [◦C] �max [◦C] Pt

LSPV 35.7 36 33.1∗ 2.9 39
LIPV 22.1∗ 25.6 32 9.9 37
LIPV 19.7∗ 23.9 31 11.3 31
LIPV 22.5∗ 26.6 33.9 11.4 32
RIPV 33.6 24.5 18.5∗ 15.1 38
LIPV 6.6 −6∗ 20 26 29

RIPV: right inferior pulmonary vein; LSPV = left superior pulmonary vein;
LIPV = left inferior pulmonary vein; LET = luminal esophageal temper-
ature; ∗absolute LET nadir; T1-T3 = individual thermocouples; �max =
maximum temperature difference between 2 thermocouples; pt = patient
number.

oroscopy. No other complication occurred during procedure
or follow-up.

Discussion

The main new findings of this study are (1) the absence of
esophageal thermal lesions in a cohort of 38 patients under-
going CB-PVI using only the big (28 mm) balloon, and (2)
restriction of lowest LET to a small area as demonstrated by
the use of multiple thermocouples, as well as a steep temper-
ature gradient over the distance between cryoballoon center
and temperature probe such that LET decreases to < 10◦ C
occurred in a small subset of patients (n = 5) with a distance
of < 15 mm in both RAO 30◦ and LAO 40◦ projections
(Table 4).

Previous Studies

There is one previously published study reporting on
postprocedural esophageal endoscopy following cryoballoon
PVI. The authors found a 17% incidence (6 out of 35 patients)
of reversible esophageal thermal ulcerations associated with
CB-PVI.8 The ablation technique differed from our approach
in that both available balloon dimensions (23 and 28 mm)
were employed for PVI, with the use of a 23 mm cryobal-
loon in 52% of patients.8 The authors found no difference
in mean LET decrease associated with the use of the 23 mm
as opposed to the 28 mm balloon. However, a single ther-
mocouple was used for LET measurement and esophageal
thermal lesions in this cohort were observed over a wide
range of minimal LETs (0–30.7◦C), such that no tempera-
ture limit could be found to distinguish between patients with
and without lesions.8 On the other hand, we could show that
minimal LET during LA cryoablation close to the esophagus
is localized to a small area when using multiple thermocou-
ples (Fig. 1, Table 3). Accordingly, measurement by a single
thermocouple likely decreases sensitivity to detect maximum
temperature changes in the esophagus.15 Thus, it is currently
not clear whether the use of a 23 mm cryoballoon may result
in lower esophageal temperatures when compared to the use
of a 28 mm balloon.

Possible Impact of Balloon Size

The use of a small as opposed to a big balloon at a given PV
diameter may have several effects on collateral structures. A
deeper position within the vein could result in the combined
effect of (1) close proximity to adjacent tissue, and (2) deeper
freezing temperatures due to less convective heating of the
balloon by atrial blood flow.
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TABLE 4

LET According to the Fluoroscopic Balloon-to-Esophagus Probe Distance

CB-ETP (mm) RAO 30◦
CB-ETP (mm)
LAO 40◦ 0–4 5–9 10–14 15–19 20–24 25–29 30–39 40–49 50–59

0–4 # # 5.7 (1.9) 21.6 (19.7) 26.4 (25.8) # # 34.3 (34.3) #
5–9 # 4.3 (−6.0) # 21.5 (17.7) 31.4 (25.2) 33.5 (33.1) 35.2 (35.0) # #
10–14 10.8 (2.5) 26.3 (18.1) # 18.8 (18.5) # 33.0 (32.1) 34.5 (34.0) 34.8 (34.8) #
15–19 27.2 (21.0) 27.0 (18.1) # # # 33.1 (32.1) 35.0 (34.8) 35.2 (33.9) #
20–24 35.6 (35.4) # # 34.8 (34.8) # 34.8 (33.1) 35.5 (34.1) 35.0 (34.6) 36.1 (35.7)
25–29 34.9 (34.6) 34.2 (32.6) # # 35.7 (32.9) 35.1 (33.3) 35.5 (35.2) 34.7 (34.3) #
30–39 34.0 (33.6) 31.7 (30.2) 35.8 (35.5) # 34.2 (34.1) 35.3 (34.8) 34.8 (33.5) 36.2 (36.0) 35.1 (35.0)
40–49 # # # 35.0 (34.6) 35.4 (35.3) 36.0 (35.9) 34.9 (34.6) 35.9 (35.9) 36.1 (35.9)
50–59 # # # # 35.5 (35.3) # 34.9 (34.9) 35.9 (35.5) #
60–69 # # # # # # 35.9 (35.9) # 34.5 (34.5)

Average and absolute minimal luminal esophageal temperature (LET [◦C]) is shown as a function of fluoroscopic distance to the cryoballoon in both RAO
30◦ and LAO 40◦ projections. The refrigerant injector of the cryoballoon was used as a fluoroscopic marker. Values in parentheses represent absolute
minimal LET. CB = cryoballoon; ETP = esophageal temperature probe.

Anatomical and imaging studies have shown that in ∼60%
of patients the esophagus passes close to the pulmonary
venoatrial (VA) junction, most often on the left side.16-18

In fact, the shortest distance between the LA endocardium
and the esophageal wall was found at the left VA junction.16

Due to the posterior course of the inferior PVs as opposed to
the more anterior course of the superior PVs,19 the shortest
distance to the border of the esophagus has been described
for the inferior PVs.18 These anatomical findings are well
reflected by our LET measurements during cryoablation at
individual PVs (Fig. 2, Table 2). In some patients, the esoph-
agus is crowded into a space surrounded by the LIPV, the
spine, and the descending aorta.18 Thus, especially during
cryoablation at the LIPV, a relatively distal balloon position
may result in close contact to the esophagus. Moreover, due
to a steep temperature gradient in close proximity to the
cryoballoon (Table 4), even a small difference in balloon-to-
esophagus distance, such as might be brought about by the
use of a small balloon, may greatly impact on LET when
freezing near the esophagus.

In contrast, in this patient cohort treated exclusively with
the 28 mm balloon, we did not observe thermal esophageal
lesions. Thus, esophageal temperature measurement did not
provide incremental safety benefit in this study. Further re-
search is needed to confirm the study results in a larger
cohort.

Complications

While reversible PNP is a well-recognized complication
of cryoballoon ablation,5-9,20 delayed gastric emptying has to
the best of our knowledge not yet been reported in association
with CB-PVI. Several cases of acute pyloric spasm and gas-
tric hypomotility have been described following RFC abla-
tion for AF,21 probably due to damage of the periesophageal
vagal plexus, some of which required corrective interven-
tions. The 2 patients described in this study had mild or
transient symptoms with successful conservative treatment.
Further research is required to determine whether this com-
plication takes a generally benign course following CB-PVI.

Limitations

This study has several limitations. (1) The study did not
include a control group. Thus, the hypothesis that exclusive

use of the 28 mm balloon is associated with a lower risk for
esophageal lesions compared to ablation strategies involving
the 23 mm balloon needs to be tested in a randomized trial. (2)
Digital temperature readings were registered manually, thus
exact LET-time curves could not be analyzed. (3) The rela-
tionship or time course between esophageal lesions detected
at endoscopy and manifest AEF is unclear. Furthermore, it
cannot be excluded that thermal esophageal lesions became
manifest after endoscopy was performed. However, clinical
and experimental studies indicate thermal esophageal lesion
development by cryoablation well within the time frame of
this study.8,12

Conclusions

In a cohort of AF patients treated by the single big (28 mm)
cryoballoon technique, CB-PVI was not associated with ther-
mal esophageal lesions. LET measurement by multiple ther-
mocouples revealed high temperature gradients along the
esophagus during cryoablation, underscoring the role of mul-
tiple measurement sites.
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BACKGROUND The novel second-generation cryoballoon (CB) facil-
itates pulmonary vein isolation (PVI) by improved surface cooling.
The impact of this redesign on collateral damage is unknown.

OBJECTIVE To investigate the incidence of esophageal lesions after
PVI using the second-generation CB and the role of luminal esophageal
temperature (LET) measurement as a predictor of lesion formation.

METHODS Thirty-two consecutive patients underwent PVI using
the second-generation 28 mm CB. Target application time was
2 � 240 seconds. Ninety-two percent of the PVs were isolated after
1 cryoenergy application. Complete PVI was achieved in all patients.
LET with 3 thermocouples was continuously measured during
cryoenergy application. Freezing was interrupted only if weaken-
ing/loss of phrenic nerve function or low LET (o51C) was observed.

RESULTS The lowest measured LET was �121C (despite cryoappli-
cation interruption). Postprocedural gastroesophagoscopy was per-
formed after 1–3 days in all patients and showed lesions in 6 of 32
(19%) patients. A minimum LET of r121C predicted esophageal
lesions with 100% sensitivity and 92% specificity (area under the

receiver-operator characteristic curve 0.97; 95% CI 0.93–1.02;
P¼ .001). Persistent phrenic nerve palsy occurred in 2 (6%) patients
during ablation at the right inferior pulmonary vein. Repeat gastro-
esophagoscopy confirmed healing of lesions after 16 � 14 days.

CONCLUSIONS Second-generation 28 mm CB PVI is associated
with significant esophageal cooling, resulting in lesion formation
in 19% of the patients. LET measurement accurately predicts lesion
formation and may enhance the safety of the novel device.

KEYWORDS Ablation; Arrhythmia; Atrial fibrillation; Balloon;
Electrophysiology

ABBREVIATIONS AF ¼ atrial fibrillation; CB ¼ cryoballoon; INR ¼
international normalized ratio; LCPV ¼ left common pulmonary
vein; LET ¼ luminal esophageal temperature; PN ¼ phrenic nerve;
PNP¼ phrenic nerve palsy; PV¼ pulmonary vein; PVI¼ pulmonary
vein isolation; ROC ¼ receiver-operator characteristic

(Heart Rhythm 2013;10:789–793) I 2013 Heart Rhythm Society.
All rights reserved.

Introduction
Cryoballoon (CB) ablation is increasingly used for pulmonary
vein isolation (PVI) in patients with atrial fibrillation (AF)
owing to its relative technical simplicity when compared to
radiofrequency current ablation.1–3 Recently, the second-
generation CB has become available, featuring a redesigned
refrigerant injection system. This modification results in a
larger balloon surface area of optimal cooling, now comprising
the entire frontal hemisphere, as well as an increased refriger-
ant flow of the 28 mm CB. Accordingly, improved procedural
efficacy when compared to the first-generation 28 mm CB has
been demonstrated.4 Enhanced ice formation within the PV
during freezing has been reported with the novel balloon,5

which is indicative of enhanced heat removal from tissue when

compared to the first-generation device. This may impact on an
inadvertent lesion formation of contiguous structures. A rare
but catastrophic complication of CB-PVI is atrio-esophageal
fistula formation.6 Prior studies of systematic postprocedural
esophagoscopy following CB-PVI with the first-generation
device have reported mixed results.7–9 No discriminative value
of luminal esophageal temperature (LET) could be found
predicting lesion development.7 Studies using a single 28 mm
CB strategy reported a 0% incidence of esophageal lesions.8,9

Thus, many operators do not measure LET routinely during
CB ablation.1,3 Here, we investigated the incidence of esoph-
ageal lesions after CB-PVI with the second-generation 28 mm
CB and the role of LET as a predictor of lesion formation.

Methods
Patients
Thirty-two consecutive patients with symptomatic paroxys-
mal or short-lasting persistent AF were included in the study.
Exclusion criteria were continuous AF for 46 months, a left
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atrium size 455 mm, intracardiac thrombi, and failure to
provide written informed consent to undergo postprocedural
gastroesophagoscopy. Baseline characteristics of the study
cohort are shown in Table 1. Phenprocoumon was continued,
aiming for an INR of 2–2.5 at the day of the procedure;
dabigatran or rivaroxaban was discontinued 2 days before the
procedure. Patients underwent transesophageal echocardiog-
raphy to rule out left atrial thrombi immediately before the
procedure. No further imaging was performed prior to PVI.

CB ablation
The design of the second-generation CB has been described
previously.4 Briefly, the refrigerant N2O is injected into the
balloon where it undergoes a liquid-to-gas phase change. The
number of refrigerant injection ports has been increased from
4 to 8, and the injection coil has been repositioned 4.5 mm
toward the distal pole, resulting in increased and more
uniform refrigerant flow to the frontal hemisphere when
compared to the first-generation 28 mm CB. All procedures
were performed under conscious sedation using boluses of
midazolam, fentanyl, and a continuous infusion of propofol. A
temperature probe with 3 thermocouples separated by 10 mm
(SensiTherm, St Jude Medical, Inc, St Paul, MN) was inserted
into the esophagus transorally under fluoroscopic guidance
(Figure 1). The position of the probe was adjusted to the
fluoroscopic position of the balloon before each cryothermal
application. For each application, minimal LET was recorded
defined as the temperature nadir occurring during or shortly
after cryothermal energy deployment in any of the thermo-
couples.8 Fluoroscopic ostial PV diameters were measured
from selective PV angiographies (right PVs: right anterior
oblique 301; left PVs: left anterior oblique 401). The principles
of single transseptal 28 mm CB-PVI have been described
previously.10 In brief, the second-generation CB (Arctic Front
Advance, Medtronic, Inc, Minneapolis, MN) was inserted into
the left atrium guided by an endoluminal spiral mapping
catheter (Achieve, 15 or 20 mm, Medtronic, Inc). To assess

the exact position of the inflated balloon in relation to the PV
ostium, contrast mediumwas injected from the distal lumen of
the CB catheter. Application time was set to 240 seconds.
Following successful PVI, 1 bonus application was performed
for each PV.11 In the first 4 patients, our protocol did not
include a LET cutoff to guide early interruption of cryother-
mal energy application. In patient 5, it became evident that
LET may decrease rapidly to subzero temperatures by using
the second-generation CB. Thus, a LET cutoff of 51C was
defined for the remaining patients and cryoenergy application
was interrupted when this temperature was reached. In these
cases, no additional bonus application was deployed. PVI was
demonstrated by the loss or dissociation of the PV potential
recorded by the spiral mapping catheter during freezing or,
alternatively, after cryoenergy application by moving the
mapping catheter to a position just distal to the angiograph-
ically defined ostium.10 Only the 28 mmCBwas used without
touch-up lesions by a focal catheter. The right phrenic nerve
(PN) was constantly paced from the superior caval vein during
freezing at the right PVs. In the case of cessation or weakening
of right hemidiaphragm contractions, freezing was stopped
immediately. The ablation end point was the absence or
dissociation of all PV potentials as confirmed by the spiral
mapping catheter after a waiting period of 30 minutes.

Postprocedural care and gastroesophagoscopy
All patients underwent transthoracic echocardiography to rule
out pericardial effusion after the procedure. Low-molecular-

Table 1 Baseline characteristics of patients

Sex: male (%) 35
Age (y) 63 � 12
Paroxysmal AF (%) 81
Persistent AF (%) 19
AF history (y) 4 � 3
LA size (mm) 38 � 13
CHA2DS2-VASc score 3 � 2
PV diameter (mm)

LSPV 17 � 7
LIPV 16 � 7
LCPV 24 � 4
RSPV 16 � 6
RIPV 17 � 6

Comorbidities (%)
Hypertension 69
Diabetes 9
Stroke/TIA 6
Heart failure 6
CAD 19
GERD 3

AF ¼ atrial fibrillation; CAD ¼ coronary artery disease; GERD ¼
gastroesophageal reflux disease; LA ¼ left atrium; LCPV ¼ left common

pulmonary vein; LIPV ¼ left inferior pulmonary vein; LSPV ¼ left superior

pulmonary vein; PV¼ pulmonary vein; RIPV¼ right inferior pulmonary vein;

RSPV ¼ right superior pulmonary vein; TIA ¼ transient ischemic attack.

Figure 1 Fluoroscopic view during cryoballoon ablation. A–B: Ablation at
the right inferior pulmonary vein (PV) in patient 29. Right anterior oblique
(RAO; panel B) and left anterior oblique (LAO; panel A) projections are shown.
The esophageal temperature probe (ESO) with 3 thermocouples (T1–T3)
indicates a close relative position of the esophagus and cryoballoon in both
projections. Minimum luminal esophageal temperature (LET) during this
application was �4.31C despite interruption of freezing at a LET of 51C. A
lesion was found at postprocedural esophagoscopy in this patient.C–D: Balloon
position at the left common PV in patient 25 during angiography via cryoballoon
tip, demonstrating occlusion of the PV. Esophageal probe and balloon are well
separated. Minimum LET during this application was 331C, and no lesion was
found at postprocedural esophagoscopy in this patient. CS ¼ coronary sinus;
SVC ¼ catheter at the phrenic nerve capture site in the superior caval vein.
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weight heparin was administered starting 6 hours after ablation
in patients with previous dabigatran or rivaroxaban treatment
or an INR o2. The safety of systematic gastroesophagoscopy
following PVI has previously been demonstrated in several
studies.7–9,12 Gastro-esophagoscopy was performed by expe-
rienced operators with particular awareness for possible
esophageal lesions. The endoscope was introduced under
continuous videoscopic surveillance. Gastroesophagoscopy
was performed within 3 days after the procedure in all patients.
Thereafter, phenprocoumon (with overlapping low-molecular-
weight heparin until a therapeutic INR was achieved),
dabigatran, or rivaroxaban was readministered according to
the previous regimen and prescribed for at least 2 months. A
proton pump inhibitor was administered for 2 weeks starting
on the day of ablation. All patients were seen in the outpatient
clinic or contacted via telephone 30 days after the procedure.

Statistical analysis
Continuous variables were expressed as mean � SD and
analyzed by using the Student t test. Nominal variables were
expressed as frequencies or proportions and analyzed by
using the w2 test. A receiver-operator characteristic (ROC)
curve was constructed to evaluate the performance of LET as
a predictor of esophageal lesion formation. The correlation
between minimum balloon temperature and minimum LET
was analyzed by using the Pearson correlation coefficient. A
P value of o.05 was considered statistically significant.

Results
CB ablation
In 32 patients, a total of 124 PVs were identified, including 4
left common PVs (LCPV; Table 2). Among patients with an
LCPV, the upper and the lower branch were treated as left
superior pulmonary vein and left inferior pulmonary vein in
1 patient, whereas in 3 patients the LCPV was treated as a
single PV. Procedural parameters are summarized in Table 2.
Minimum CB temperatures are shown in Table 3. Isolation
with a single application occurred in 92% of the PVs.
Interruption of cryoenergy application was performed at 8
PVs after a mean of 176 � 27 (range 122–200) seconds. The
reasons for early interruption are listed in Table 4. Despite
interruption of freezing before 240 seconds in a subset of
PVs, complete PVI was achieved in all patients.

LET measurement
The temperature probe could be positioned in every patient
without complications. In 1 patient, LET could not be
measured owing to a technical problem with the probe.
Minimum LET values during each balloon application accord-
ing to anatomical PV are shown in Table 3 and Figure 2. We
did not find significant correlations between minimum balloon

temperature and minimum LET for any of the anatomical PVs.
The lowest LET measured in the patient cohort was �121C
during the first ablation at the left inferior pulmonary vein in
patient 5. PVI was demonstrated at 54 seconds, and a slow fall
in LET was noted during the first 2 minutes, followed by a
progressively rapid temperature drop. Cryoenergy delivery
was interrupted after 170 seconds at 01C LET, which
continued to decrease for approximately 15 seconds to a
minimum of �121C. For subsequent patients, a LET cutoff of
51C was defined, which was observed in 3 patients (Table 4).

Gastroesophagoscopy
Gastroesophagoscopy was performed 2 � 1 (range 1–3) days
after the procedure. Esophageal lesions were found in 19% (6
of 32) of the patients (patients 1, 5, 11, 12, 13, and 29). The
endoscopic aspect of esophageal ulcerations associated with
second-generation CB ablation is shown in Figure 3. Lesions
were found at the retrocardiac aspect of the esophagus.
Repeat gastroesophagoscopy was performed in patients with
esophageal lesions after 16 � 14 (range 4–37) days and
showed complete resolution in all patients. In patient 5
(LET �121C), additional thoracic magnetic resonance imag-
ing was performed, which did not show any abnormalities.

Performance of LET to predict lesions
Figure 4A shows the lowest LET measured in each patient
according to the presence or absence of lesions in post-
procedural esophagoscopy. Average minimum LET was
0.3 � 8.91C (lesion) and 22.3 � 8.31C (no lesion), respec-
tively (P o .001). To test the performance of minimum
LET as a predictor of esophageal lesion formation, an ROC
curve was constructed (Figure 4B). The area under the
curve was 0.97 (95% CI 0.93–1.02; P¼ .001). A minimum
LET of r121C predicted lesion formation with the highest

Table 2 Procedural parameters

Total balloon applications per patient 7.6 � 1.5
Procedure duration (min) 92 � 25
Fluoroscopy exposure (min) 13 � 4
Contrast medium (mL) 108 � 40

Table 3 Luminal esophageal and balloon temperatures

Minimum LET (1C) LET range (1C)
Minimum balloon
temperature (1C)

LSPV 28.6 � 7.5 5.8 to 36.0 �51 � 6
LIPV 28.5 � 9.3 �12.0 to 35.5 �47 � 5
LCPV 31.1 � 6.8 20.9 to 34.6 �54 � 6
RSPV 33.8 � 1.2 29.1 to 35.3 �50 � 7
RIPV 28.2 � 9.6 �4.3 to 34.9 �49 � 6

LC¼ left common; LET¼ luminal esophageal temperature; LI¼ left inferior;

LS¼ left superior; PV¼ pulmonary vein; RI¼ right inferior; RS¼ right superior.

Table 4 Early interruption of cryoballoon applications

Patient Vein
Appl.
no.

Appl.
duration
(s) Reason

4 RIPV 1 150 Loss of PN capture
5 LIPV 1 170 Low LET (o01C)
11 RIPV 2 122 Low LET (o51C)
16 RSPV 1 190 Transient PN weakening
20 RIPV 1 200 Loss of PN capture
24 RSPV 1 190 Transient PN weakening
29 RIPV 3 200 Low LET (o51C)
30 RIPV 1 187 Low LET (o51C)

Appl. ¼ balloon application; LC ¼ left common; LET ¼ luminal

esophageal temperature; LI ¼ left inferior; LS ¼ left superior; PV ¼
pulmonary vein; PN¼ phrenic nerve; RI¼ right inferior; RS¼ right superior.
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sensitivity (100%) and specificity (92%), negative predic-
tive value (100%), and positive predictive value (71%).

Extraesophageal complications
Right PN palsy (PNP) occurred in 2 patients during the first
application at the right inferior pulmonary vein despite
interruption of freezing at 150 and 200 seconds upon loss
of PN capture. Asymptomatic PNP was shown to persist at
chest fluoroscopy on day 1. In 2 patients, transient weaken-
ing of right hemidiaphragm contraction was noted during the
first application at the right superior pulmonary vein, which
was interrupted at 190 seconds in both cases. Diaphragm
function recovered completely during the procedure in both
patients. The mean diameter of PVs associated with tran-
sient/persistent PNP was 16 � 1 mm. No further complica-
tion occurred during procedure or follow-up.

Discussion
The main findings of this study are as follows: (1) The use of
the novel 28 mm CB with improved surface cooling was
associated with esophageal lesions in 19% of the patients. (2)
The second-generation CB may lead to esophageal freezing
with the lowest LET hitherto reported during CB ablation
(�121C), despite interruption of cryoenergy application at
01C LET. (3) In contrast to prior observations with the first-
generation CB, LET was an excellent predictor of lesion

formation using the novel device. A LET of r121C predicted
lesion formation with 100% sensitivity and 92% specificity.

In prior studies, a 17% incidence of esophageal lesions was
observed in 1 study using the smaller 23 mm CB in 52% of the
patients,7 whereas no thermal lesions were observed in 2
studies using exclusively the 28 mm CB.8,9 The latter
suggested the single 28 mm CB strategy to be relatively
safe.13 However, this is not applicable to the second-generation
28 mm CB for which we show a 19% incidence of esophageal
ulcerations. Lesions healed without clinical sequelae in all
patients, but it has to be emphasized that cryoenergy applica-
tion was interrupted in 4 patients during rapid LET drop and no
additional bonus application was applied. Thus, it may be
speculated that continued and/or repeated energy application
would have led to more severe lesions possibly with different
outcomes. We therefore suggest routine LET monitoring using
the second-generation CB.

Minimum LET provided high predictive performance of
esophageal lesions with an area under the ROC curve of
0.98. No esophageal lesions were observed at a minimum
LET of 4121C (negative predictive value of 100%). After
interruption of cryoenergy delivery, LET may continue to
decrease for a short period. Thus, the ideal LET to interrupt a
CB application may have to account for this “overshoot.” We
used a temperature probe with 3 thermocouples, facilitating
measurement of the lowest temperature. A different sensi-
tivity to measure minimum LET when using a single
thermocouple as well as different tissue-temperature distri-
butions between first- and second-generation CB may have
resulted in a lower performance of LET to predict esophageal
lesions in a previous study using the first-generation CB.7

Among the anatomical PVs, interruption of freezing was
most frequently necessary at the right inferior pulmonary vein,
which may be in close anatomical contact with the right PN as
well as the esophagus.14,15 Because of its anatomical course,
the esophagus is rarely contiguous to the right superior
pulmonary vein15; hence, LET is less influenced during
freezing at this vein.8 In theory, interruption of cryoenergy
application guided by LET may impact on acute and/or
chronic PVI efficacy. However, PVI occurred rapidly using
the second-generation CB after a mean � SD of 46 � 27
seconds in this study. In contrast, low LET (o51C) leading to
interruption of freezing was observed after 170 � 42 seconds

Figure 2 Minimum luminal esophageal temperature (LET) according to
anatomical pulmonary vein. Each data point represents the lowest LET
measured during 1 cryoballoon application. LCPV ¼ left common pulmon-
ary vein; LIPV ¼ left inferior pulmonary vein; LSPV ¼ left superior
pulmonary vein; RIPV ¼ right inferior pulmonary vein; RSPV ¼ right
superior pulmonary vein.

Figure 3 Endoscopic view of cryoballoon-induced esophageal lesions (ELs) in 3 different patients. A: EL at 30 cm from the incisor level at day 1. A shallow fibrin-
coated lesionwas found along an esophageal segment of 2 cm.B:EL at 36 cm from the incisor level at day 1.Multiple fibrin-coated lesions were found along an esophageal
segment of 1 cm. C: EL at 28 cm from the incisor level at day 1. A single hemorrhagic ulceration was found.
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when PVI had already occurred. Thus, a conventional
application time of 240 seconds may not be necessary for
every PV and may be titrated by safety and/or efficacy
parameters such as LET and time to PVI10 in future studies.

We observed a transient and persistent right-sided PNP rate
of 6% each in this study despite continuous PN stimulation
and palpation of diaphragmatic movement during ablation at
right PVs. In a meta-analysis,16 the overall PNP incidence in
the published studies of first-generation CB ablation was
6.4%, with an immediate or delayed recovery in 499% of the
patients. The incidence was lower when only a 28 mm CB
was used (3.5%).16 The latter observation may be explained
by a relatively proximal position of the bigger 28 mm balloon
in the PV antrum, more distant from the PN course. In a
previous study, a PV-to-balloon diameter ratio of Z26/28
mm was found in patients with PN lesions by using the first-
generation 28mmCB.2 Here, PNP occurred during ablation at
relatively small PVs (16 � 1 mm). This may indicate deeper
penetrance of cryolesions by the second-generation CB also
operative in esophageal lesion development.

Study limitations
A number of limitations apply to this study. (1) LET
measurement was not purely observational but led to
interruption of freezing in 4 patients. Three of these 4 patients
exhibited esophageal lesions. Thus, the incidence of lesions
without LET measurement may be higher than the reported
19% in this study. The proposed LET cutoff of 121C needs to
be validated in a prospective trial. (2) We investigated a
relatively small group of patients. However, esophageal
lesions were not rare and their association with LET statisti-
cally significant. Withholding the results until a larger group
was studied was considered unethical in the opinion of the
authors because the novel CB is approved for use in Europe
and the United States and LET monitoring may avoid
collateral damage in the treated patients. (3) Esophagoscopy
was performed early after CB-PVI within 3 days. We cannot
exclude delayed lesion development. Mechanical lesions due
to preprocedural TEE or temperature probe manipulation
cannot be completely excluded; however, lesions were found
in loco typico in the retrocardiac area associated with low
LET. (4) The relation of esophageal mucosal lesions to atrio-
esophageal fistula formation is unknown. However, given the

high mortality of this complication, it seems prudent possibly
to avoid any esophageal collateral damage.

Conclusions
Second-generation 28 mm CB PVI is associated with signifi-
cant esophageal cooling, resulting in lesion formation in 19%
of the patients. LET measurement accurately predicts lesion
formation and may enhance the safety of the novel device.
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Figure 4 Minimum luminal esophageal tem-
perature (LET) predicts esophageal lesion devel-
opment. A: Minimum LET according to the
presence or absence of esophageal lesions in
postprocedural esophagoscopy. Each data point
represents lowest LET measured in a patient
during ablation. Horizontal bars indicate mean
value. B: Receiver-operator characteristic curve
constructed from the minimum LET per patient
and the presence or absence of esophageal
lesions. Arrowhead indicates point (LET of
121C) with highest sensitivity and specificity.
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BACKGROUND An increased incidence of esophageal lesions (EL)
after pulmonary vein isolation (PVI) using the second-generation
cryoballoon (CB2) has been described. We hypothesized that
luminal esophageal temperature (LET)–guided PVI reduces the
incidence of EL.

OBJECTIVE The aim of this study was to investigate the incidence
of EL after LET-guided PVI using the CB2.

METHODS Ninety-four consecutive patients underwent CB2-PVI for
paroxysmal or persistent atrial fibrillation. Target freezing time was
2 � 240 seconds. LET was continuously measured by a probe with 3
thermocouples. Early freezing interruption was performed when LET
reached a prespecified cutoff temperature. A group of 32 patients
who underwent CB2-PVI with observational LET measurement
served as the control group. Postprocedural esophagoscopy was
performed in all patients.

RESULTS Compared with observational LET measurement, a strat-
egy of LET-guided CB-PVI significantly reduced the incidence of EL
from 18.8% to 3.2% (P ¼ .008). A progressive decline in the
incidence of EL was observed with an increasing LET cutoff: 7.1%
(2/28 patients, 121C cutoff) and 1.5% (1/66 patients, 151C cutoff,
P ¼ .005 vs control). Despite early freezing interruption at a single

pulmonary vein in 27% (25/94) of patients, complete PVI was
achieved in all patients using the 28 mm balloon. Repeat
esophagoscopy confirmed healing of EL after 1 week. After a mean
of 268 � 119 days, 87% (76/87) of patients were free of recurrent
atrial fibrillation or atrial tachycardia following a 90-days blanking
period.

CONCLUSION LET-guided CB2-PVI significantly reduced the inci-
dence of thermal EL. Interrupting cryoablation at 151C LET was
associated with the lowest incidence of esophageal injury.

KEYWORDS Ablation; Atrial fibrillation; Cryoballoon; Esophageal
injury; Complication

ABBREVIATIONS AEF ¼ atrioesophageal fistula; AF ¼ atrial
fibrillation; AT ¼ atrial tachycardia; CB ¼ cryoballoon;
CB1 ¼ first-generation cryoballoon; CB2 ¼ second-generation
cryoballoon; CI ¼ confidence interval; EFI ¼ early freezing
interruption; LET ¼ luminal esophageal temperature; OR ¼ odds
ratio; PN ¼ phrenic nerve; PV ¼ pulmonary vein; PVI ¼ pulmonary
vein isolation; RIPV ¼ right inferior pulmonary vein

(Heart Rhythm 2015;12:268–274) I 2015 Heart Rhythm Society. All
rights reserved.

Introduction
Cryoballoon (CB) ablation is increasingly used to perform
pulmonary vein isolation (PVI) as an alternative to point-by-
point radiofrequency ablation.1 Recently, the second-
generation cryoballoon (CB2) has become available and
improved procedural2,3 as well as clinical4–7 performance of

the CB2 has been demonstrated compared with the first-
generation cryoballoon (CB1). The CB2 differs from the
CB1 by a widened zone of minimum temperature as well as a
higher refrigerant flow rate in the larger 28 mm balloon. This
possibly affects collateral structures such as the esophagus.
Atrioesophageal fistula (AEF) formation has been reported
after CB-PVI.8–10 We previously demonstrated an associa-
tion of low luminal esophageal temperature (LET) with
esophageal thermal ulcerations.11 A LET value of r121C
predicted lesions with the highest sensitivity and specificity
(100% and 92%, respectively).11 On the basis of these
results, we hypothesized that LET-guided CB-PVI with
interruption of cryoenergy deployment at Z121C LET
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reduces the incidence of esophageal lesions compared with
observational LET measurement.

Methods
Patients
We conducted a prospective study in 94 consecutive patients
with paroxysmal or persistent atrial fibrillation (AF). Exclu-
sion criteria were as follows: a left atrial diameter of 455
mm, persistent AF for46 months, intracardiac thrombi, and
failure to consent to postprocedural gastroesophagoscopy.
Patients underwent CB-PVI with interventional LET meas-
urement, that is, early freezing interruption (EFI) at Z121C
LET. Clinical baseline characteristics of the study patients
are summarized in Table 1. The study protocol was approved
by the local institutional review board. All patients provided
written informed consent. A group of patients (n ¼ 32) who
underwent CB-PVI with observational LET measurement,
that is, without a prespecified LET cutoff to guide freezing
interruption, served as the control group. These results have
been published previously.11 The study cohort was treated
consecutively to the control group.

CB ablation
We previously described the technique of CB2-PVI and LET
measurement.2,11 Briefly, vitamin K antagonists were con-
tinued, aiming for an international normalized ratio of 2–2.5
at the day of the procedure, and direct oral anticoagulants
were discontinued 2 days before the procedure. Trans-
esophageal echocardiography to rule out left atrial thrombi
was performed immediately before the procedure. All
procedures were performed under sedoanalgesia using
boluses of midazolam and fentanyl and a continuous infusion
of propofol. After single transseptal puncture, the CB2
(Arctic Front Advance, 28 mm, Medtronic, Inc, Minneap-
olis, MN) was introduced into the left atrium via a 12-F
steerable sheath (FlexCath, Medtronic). Mapping of the
pulmonary veins (PVs) was performed before, during, and
after freezing with an endoluminal spiral mapping catheter
(Achieve, Medtronic). To assess the exact position of the
inflated balloon in relation to the PV ostium, contrast
medium was injected from the distal lumen of the CB.
Target application time was 240 seconds. After successful

PVI, 1 “bonus” application was performed per PV unless low
LET or right phrenic nerve (PN) dysfunction mandated
freezing interruption. The ablation protocol consisted of
CB-PVI only without additional ablation using a focal
catheter. If necessary, sinus rhythm was restored by cardi-
oversion during the procedure. A temperature probe with 3
thermocouples (SensiTherm, St Jude Medical, Inc, St Paul,
MN) was inserted into the esophagus transorally under
fluoroscopic guidance. The position of the temperature probe
was adjusted to the position of the balloon before each
cryothermal application. Minimum LET was defined as the
temperature nadir occurring during or shortly after cryother-
mal energy deployment in any of the thermocouples. The
right PN was paced from the superior caval vein during
freezing at the septal PVs. In the case of cessation or
weakening of right hemidiaphragm contractions, freezing
was immediately stopped. The procedural end point was the
absence or dissociation of all PV potentials as confirmed by
the endoluminal spiral mapping catheter after a waiting
period of 30 minutes.

Analysis of LET and balloon temperature
In a subset of patients (n = 17), continuous videoscopic
recordings of esophageal and CB temperature readouts were
performed during the procedure. From these recordings,
during each cryothermal application, LET and balloon
temperature curves were constructed with a 5-second sam-
pling interval. The distance between the temperature probe
and the CB was measured fluoroscopically in right anterior
oblique 301 and left anterior oblique 401 projections
(Figure 1). If both structures overlapped, the distance was
set to zero. The larger distance of the 2 fluoroscopic
projections was used for the analysis.

Postprocedural care and esophagoscopy
Details of the postprocedural protocol and esophagoscopy
have been described previously.11 In short, low-molecular-
weight heparin was administered starting 6 hours after
ablation in patients with previous direct oral anticoagulant
treatment or in patients receiving vitamin K antagonists if the
international normalized ratio was o2. Gastroesophago-
scopy was performed within 3 days of the procedure. The
endoscope was introduced under continuous videoscopic
surveillance. The gastroenterologist performing esophageal
endoscopy was blinded to procedural parameters including
LET measurement. Thereafter, oral anticoagulation was
restarted according to the previous regimen and prescribed
for at least 2 months. A proton pump inhibitor was
administered for 2 weeks starting on the day of ablation.
Patients were scheduled for outpatient clinic visits at 3, 6, 9,
and 12 months at which time 72-hour Holter electrocardio-
gram recording was performed. In the case of symptoms
suggestive of atrial tachyarrhythmia recurrence, additional
visits were scheduled. Atrial tachyarrhythmia recurrence was
defined as AF or atrial tachycardia (AT) lasting430 seconds

Table 1 Baseline characteristics of patients

Sex: male 68
Age (y) 64 � 10
AF history (y) 3 � 3
Persistent AF 10
LA size (mm) 40 � 5
LVEF (%) 62 � 11
Hypertension 69
Diabetes 7
Stroke/TIA 4
CAD 17

Values are presented as mean � SD and as percentages.AF ¼ atrial
fibrillation; CAD ¼ coronary artery disease; LA ¼ left atrial; LVEF ¼ left
ventricular ejection fraction; TIA ¼ transient ischemic attack.
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documented after a blanking period of 90 days after the
procedure.

Statistical analysis
Continuous variables were expressed as mean � SD and
analyzed using the Student t test. Nominal variables were
expressed as frequencies and proportions and analyzed using
the χ2 or Fisher exact test. Multivariate logistic regression
was performed to determine independent predictors of
esophageal lesion formation in patients with LET-guided
PVI or observational LET measurement. Covariates entered
into the model were age, sex, LA diameter, total CB
applications, procedure time, and performance (or not) of
LET-guided PVI. The correlation between minimum LET
and balloon temperature or distance between the temperature
probe and the balloon was analyzed using the Pearson
correlation coefficient. A 2-sided P value of o.05 was
considered statistically significant.

Results
LET-guided CB ablation
Global procedural parameters are summarized in Table 2.
The mean procedure duration (groin puncture to sheath
removal) and fluoroscopy exposure time were 88 � 25 and
14� 9 minutes, respectively. A left common PV treated as a
single vein was found in 11 (12%) patients. The cutoff LET
to guide EFI was set to 121C on the basis of the results of the
evaluation study.11 Because of the observation of 2 esoph-
ageal lesions in the first 28 patients and additional LET
decrease after EFI, the cutoff LET was set to 151C, starting
with patient 29. EFI triggered by esophageal cooling was
performed at 25 PVs in 25 of 94 patients (27%) (Table 3). In
9 patients, EFI at 121C LET was performed after 180 � 30
seconds, and in 16 patients, EFI at 151C LET was performed
after 164 � 43 seconds. The minimum LET in patients with
EFI was 10.5� 1.01C (121C cutoff) and 13.0� 1.31C (151C

Table 2 Global procedural parameters

Parameter

LET-guided
CB-PVI
(n ¼ 94)

Observational
LET measurement
(n ¼ 32) P

Procedure
duration (min)

88 � 25 92 � 25 .40

Fluoroscopy
exposure (min)

14 � 9 13 � 4 .61

Balloon applications 7.5 � 2.0 7.6 � 1.5 .79
Complete PVI 100 100 —
Time of
esophagoscopy (d)

2 � 1 2 � 1 .27

Values are presented as mean � SD and as percentages.
CB ¼ cryoballoon; LET ¼ luminal esophageal temperature; PVI ¼

pulmonary vein isolation.

Table 3 Procedural parameters in patients with EFI due to
low LET

Parameter Stop at 121C Stop at 151C

No. of patients (%) 9 (9.6) 16 (17.0)
LSPV 1 —
LIPV 4 9
LCPV — —
RSPV — —
RIPV 4 7

Time to PVI (s) 40 � 31 47 � 30
Time to EFI (s) 180 � 30 164 � 43
Minimum LET (1C) 10.5 � 1 13 � 1.3

Values are presented as mean � SD and as numbers.
EFI ¼ early freezing interruption; LCPV ¼ left common pulmonary vein;

LET¼ luminal esophageal temperature; LIPV¼ left inferior pulmonary vein;
LSPV ¼ left superior pulmonary vein; PVI ¼ pulmonary vein isolation;
RIPV¼ right inferior pulmonary vein; RSPV¼ right superior pulmonary vein.

Figure 1 Fluoroscopic view during cryoballoon ablation at the left inferior pulmonary vein in LAO 401 (A) and RAO 301 (B) projections. A temperature
probe (ESO) with 3 thermocouples (T1-T3) is positioned within the esophagus. An endoluminal spiral mapping catheter carrying 6 electrodes is positioned
within the pulmonary vein outlined by the contrast medium that had been injected via the balloon tip. The fluoroscopic distance between the temperature probe
and the balloon surface was 6.3 mm in RAO (panel B), while both structures overlapped in LAO (panel A). CS ¼ diagnostic catheter positioned in the coronary
sinus; HIS ¼ diagnostic catheter at His position; LAO ¼ left anterior oblique; RAO ¼ right anterior oblique.
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cutoff). The additional LET decrease during the thawing
phase of the CB after EFI varied between 0 and 4.51C (mean
1.91C). EFI was performed in 21 patients at the first
application, in 2 patients at the second application, and in
1 patient each at the third and the fourth application,
respectively. Despite EFI in 27%, complete PVI was
achieved in 100% of patients using the 28 mm balloon only.
The mean time period from PVI to EFI was 121 � 39
seconds (n ¼ 16; in 7 patients, PV signals could not be
recorded during freezing in the respective PV, and in 2
patients the LET cutoff was reached during a “bonus”
freeze).

Loss or weakening of right PN function mandated
freezing interruption at 4 PVs in 4 patients. In each case,
the culprit PV was isolated after the balloon application. In 1
patient, PN function returned to normal during the proce-
dure. In 3 patients, right PN palsy persisted until discharge.
Vascular access complications occurred in 4 patients, groin
hematoma in 1, and arteriovenous fistulas in 3, one of which
required surgical intervention. All 4 patients recovered
completely. One patient developed a transient ischemic
attack within 1 hour after the procedure and recovered
completely. No complication occurred because of the place-
ment of the esophageal probe.

Esophageal endoscopy
Gastroesophagoscopy was performed in all patients 2 � 1
days after the procedure. Lesions were found in 3 of 94
patients at the retrocardiac aspect of the esophagus, consist-
ing of a submucosal hematoma in 1 patient (Figure 2A) and
shallow fibrin-coated ulcerations in the 2 remaining patients
(Figures 2B and 2C). None of these patients had symptoms
such as dysphagia or retrosternal chest pain. Compared with
observational LET measurement, a strategy of LET-guided
CB-PVI significantly decreased esophageal lesion formation
(18.8% vs 3.2%; odds ratio [OR] 0.14; 95% confidence
interval [CI] 0.03–0.61; P = .008). In the multivariate
analysis, a strategy of LET-guided PVI was the only
independent predictor of esophageal lesion formation
(adjusted OR 0.16; 95% CI 0.03–0.77; P = .02). In the
121C LET cutoff group, lesions were observed in 2 of 28

patients (7.1%; unadjusted OR 0.33; 95% CI 0.06–1.81; P =
.26 vs control). In the 151C LET cutoff group, a lesion was
observed in 1 of 66 patients (1.5%; unadjusted OR 0.07; 95%
CI 0.01–0.58; P = .005 vs control; Figure 3). The time of
esophagoscopy was not different between patients with LET-
guided CB-PVI and those with observational LET measure-
ment (Table 2).

In the 3 patients with esophageal lesions after LET-guided
CB-PVI, EFI was performed in 2 patients after 140 and 190
seconds at 121C LET and during freezing at the left inferior
pulmonary vein (first application) and right inferior pulmo-
nary vein (RIPV; fourth application), respectively. The LET
nadir was 10.9 and 12.01C, respectively. One patient in the
151C cutoff group showing an esophageal lesion (Figure 2C)
exhibited a minimum LET of 16.21C after the second
application at the RIPV and EFI was not performed. Repeat
esophagoscopy after 1 week demonstrated healing in all 3
patients.

LET curve analysis
Balloon temperature and LET versus time curves of each
cryothermal application were analyzed in 17 patients
(Figure 4). The maximum temperature difference between
2 contiguous esophageal thermocouples at the end of
freezing was 14.21C (mean 1.4 � 2.11C). With a thermo-
couple spacing of 10 mm, a longitudinal LET gradient of up
to 1.41C/mm was observed. The time to the first LET
decrease in any thermocouple was 76 � 52 seconds. The
mean esophageal cooling rate over the total freezing time
was 0.8 � 1.41C/min. The maximum cooling rate observed
at any time during freezing varied between 0.2 and 151C/min
(mean 1.91C/min). Minimum LET was not correlated with
minimum CB temperature (R2 ¼ 0.008; P¼ .61; Figure 4B).
The relationship of minimum LET to the fluoroscopic
distance between the esophageal temperature probe and the
CB surface (Deso) is shown in Figure 4C. The largest Deso

associated with a LET value of r301C in at least 1
application was 19 mm. For distances o20 mm, minimum
LET was significantly correlated with Deso (R

2 ¼ 0.36; P o
.0001).

Figure 2 Endoscopic aspect of esophageal lesions. A and B: Lesions were found in 2 patients of the 121C LET cutoff group: a submucosal hematoma (panel
A) that drained into the esophageal lumen during endoscopy, leaving a small ulceration, and (panel B) a shallow fibrin-coated ulceration. C: A small, fibrin-
coated ulceration was found in 1 patient in the 151C LET cutoff group. Repeat esophagoscopy demonstrated healing of all lesions after 1 week. LET ¼ luminal
esophageal temperature.
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Follow-up
In 87 patients, follow-up beyond the 90-day blanking period
was available (268 � 119 days); 87.4% of these patients

remained free from recurrent AF/AT, of whom 97.4% were
off membrane-active antiarrhythmic drug treatment at the
end of follow-up. Success rates were not different between
patients in whom EFI due to low LET was performed (n ¼
22) and those in whom EFI due to low LET was not
performed (n ¼ 65): 95.5% vs 84.6%, respectively (P ¼
.17). Of 11 patients with recurrent AF/AT, 5 patients
underwent a second procedure using radiofrequency current
ablation with 3-dimensional mapping. In none of these
patients, EFI due to low LET had been performed during
the index procedure. In 4 of these patients with recurrent AF
PV reisolation was performed. Electrical reconnection of a
single PV was found in 3 patients, and of the 2 lateral PVs in
1 patient. Of 5 PVs exhibiting electrical reconnection during
the second procedure, freezing interruption ato240 seconds
had been performed in 1 PV during the index procedure
(RIPV; freezing time 100 seconds) because of transient PN
palsy. One patient presented with AT, which was diagnosed
as perimitral flutter and terminated during ablation of an
anterior line. All PVs were found to be isolated in this

Figure 4 A: Luminal esophageal temperature (LET) during cryoballoon ablation with freezing interruption at 121C LET. LET and cryoballoon (CB)
temperature are shown. A constant decrease in LET was observed after 100 seconds. After cessation of cryoenergy delivery after 200 seconds, LET continued to
decrease by 1.51C, followed by slow rewarming. B:Minimum balloon temperature is not correlated with minimum LET (R2 ¼ 0.008; P¼ .61). C: Relationship
of minimum LET to the fluoroscopic distance between the esophageal temperature probe and the CB surface. Distances o20 mm were significantly correlated
with minimum LET (R2 ¼ 0.36; P o .0001). Eso = esophagus.

Figure 3 Luminal esophageal temperature (LET)–guided cryoballoon
pulmonary vein isolation reduces the incidence of thermal esophageal
lesions compared with observational LET measurement. A progressive
decline in the incidence of esophageal lesions was observed with an
increasing LET cutoff to trigger early freezing interruption. Pts ¼ patients.
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patient. In patients with recurrent AF/AT who did not
undergo a redo procedure, symptoms were well controlled
with β-blocker or antiarrhythmic drug treatment.

In patients with persistent PN palsy, repeat chest fluoro-
scopy demonstrated complete restitution of PN function after
10 � 1 months. No additional complication occurred during
follow-up.

Discussion
The main results of the study are as follows: (1) LET-guided
CB-PVI using the CB2 significantly reduced the incidence of
thermal esophageal lesions. (2) A LET cutoff of 151C was
associated with the lowest incidence of esophageal lesions
(1.5%). (3) EFI due to low LET did not affect the procedural
end point of complete PVI. (4) At mid-term follow-up,
clinical success was comparable to that observed in pre-
viously published studies without LET guidance.

AEF is a rare but catastrophic complication observed after
PVI using various energy sources.12 As of today, 5 cases of
AEF after CB-PVI have been described in the literature: 3
cases with the CB19,10 and 2 cases with the CB2.8,9 During
all reported cases, continuous LET measurement was not, or
could not, be performed because of temperature probe design
or malfunction.8–10

Systematic postprocedural esophagoscopy results after
CB-PVI have been reported in 3 studies using the CB113–15

and 2 studies using the CB2.11,16 Collectively, these studies
reported esophageal ulcerations in 6 of 116 (5.2%) and 11 of
82 (13.4%) patients, respectively. Among the 4 studies
involving a 28-mm-balloon-only strategy, ulcerations were
found in the 2 studies using the CB2,11,16 but not in the
studies using the CB1.14,15 The higher incidence of esoph-
ageal ulcerations reported after PVI using the CB2 likely
results from increased surface cooling of the 28 mm CB2.17

Although the exact pathogenesis of AEF formation after
cryoablation is unknown, it seems prudent to avoid endo-
scopically detectable damage of the esophagus. The present
study demonstrates that LET measurement using a 151C
cutoff is a simple tool to significantly reduce the rate of this
complication.

We set the target ablation time to 4 minutes,4,6,7 a value
that has been reported to be associated with improved
clinical efficacy, as compared with 5-minute freezes using
the CB1.5,7 LET-guided CB-PVI reduced the application
time to a mean of 180 and 164 seconds (12 and 151C cutoff,
respectively) at a single PV in patients with EFI. This did not
result in a lower mid-term success rate compared with that
observed in previously published studies without LET
guidance.4,5,7 The ideal application time using the novel
CB2 is still under debate. In a canine model of CB2-PVI, the
mean lesion depth was not different when comparing
2-minute with 4-minute ablation time.18 In our study, EFI
was performed in 3 patients (4%) within 2 minutes of freezing.

In the group of patients with a prespecified LET cutoff of
151C, we observed 1 esophageal ulceration in a patient
associated with a minimum LET of 16.21C. This may be due

to the interindividual variation in LET to predict lesions or,
more probably, due to the limitation of LET measurement
with a probe that can be longitudinally, but not transversally,
adjusted to the balloon position. A multisensor probe with a
sinusoidal shape has been investigated in the context of PVI
using radiofrequency current ablation19; however, compared
with a single-sensor probe, the use of a multisensor
probe was associated with an increased incidence of esoph-
ageal lesions, possibly by increasing the width of the
esophagus in contact with the left atrium.19 Notwithstanding,
we were able to demonstrate a high longitudinal LET
gradient (4141C/cm) during freezing, underlining the
importance of multiple sensors in a longitudinal arrangement
to identify the minimum LET.

Analogous to findings in the evaluation study,11 mini-
mum balloon temperature had no effect on minimum LET
during LET-guided CB2-PVI. The analysis of the balloon-
to-temperature probe distance revealed a linear correlation
with minimum LET at distances r20 mm in both fluoro-
scopic planes (right anterior oblique 301 and left anterior
oblique 401). This result may help in identifying balloon
positions at risk of LET decrease before the initiation of
freezing. Careful alignment of the thermocouple(s) is there-
fore increasingly important at close distances to the balloon.

Study limitations
We investigated consecutive patients and the limitations of a
nonrandomized design pertain to this study. However, in
studies investigating esophageal lesions after CB-PVI, no
effect of a learning curve has been found11,13–16 and all
operators were well trained in CB ablation at the beginning
of the study. Esophageal endoscopy was performed within 3
days of the procedure. Therefore, we cannot exclude later
lesion formation. Mechanical lesions by transesophageal
echocardiography or temperature probe placement cannot
be excluded; however, lesions were found in the retrocardiac
area associated with low LET. Luminal temperature is only
an approximation of temperatures in the outer esophageal
layers, which are closer to the cryothermal source. It is
currently not known whether endoscopically visual lesions
precede AEF formation. However, because of the low
incidence of this serious complication, surrogate lesions
provide a basis for systematic research of CB-induced
esophageal damage. Active deflation of the CB upon
freezing interruption, that is, bypassing automatic deflation
at 201C balloon temperature, has been associated with a
shorter thawing phase.20 This technique could possibly have
further decreased the incidence of lesions.

Conclusion
LET-guided CB-PVI using the CB2 significantly reduced the
incidence of thermal esophageal lesions. Interrupting cryoa-
blation at 151C LET was associated with the lowest
incidence of esophageal injury.
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CLINICAL PERSPECTIVES
Cryoballoon pulmonary vein isolation using the second-generation cryoballoon (CB2; Arctic Front Advance, 28 mm,
Medtronic, Inc, Minneapolis, MN) has been associated with improved procedural and clinical performance but may lead to
esophageal ulcerations demonstrated by postprocedural endoscopy. This is the first study to show a significant reduction in
esophageal lesion formation by luminal esophageal temperature (LET)–guided CB2 ablation compared with observational
LET measurement. Interrupting cryoablation at a LET value of 151C was associated with the lowest incidence of
esophageal injury. At mid-term follow-up (mean 9 months), 87% of patients were free from recurrent atrial fibrillation or
atrial tachycardia, which is comparable to the published success rates of CB2 pulmonary vein isolation without LET
guidance. We provide evidence that LET-guided pulmonary vein isolation improves the safety of cryoballoon ablation by
reducing collateral injury of the esophagus. We therefore suggest the routine use of an esophageal temperature probe during
second-generation cryoballoon ablation.
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Aims The second-generation cryoballoon (CB2)with increased surface cooling has recently become available. The aimwas to
investigate the incidence and characteristics of phrenic nerve palsy (PNP) during pulmonary vein isolation (PVI) using the
CB2 as compared with the first-generation balloon (CB1).

Methods
and results

A total of 360 consecutive patients with atrial fibrillation underwent PVI with the CB1 (106 patients) or the CB2 (254
patients). Right PN functionwasmonitored by continuous stimulation and palpation during septal PV ablation. Persistent
PNP (present atdischarge) occurred in 2.8 and1.9% (P ¼ 0.63) of patients, transient PNP (full recovery beforedischarge)
in 5.9 and 3.8% (P ¼ 0.41) of patients in the CB2 and CB1 group, respectively. Phrenic nerve palsy during ablation at the
right inferior PV was observed in 0% (CB1) and 4.3% (CB2, P ¼ 0.03) of patients. Using the CB2, a trend of reduced in-
cidenceof persistent PNPover quartiles of consecutivepatientswas observed [4.8% (Q1) vs. 0% (Q4); P ¼ 0.077]. At the
culprit PV, PNP occurred after 3.5+2.1 (CB1) and 1.1+0.4 applications (CB2; P ¼ 0.036). Complete recovery of PN
function occurred after 29+ 11 (CB1) and 259+137 days (CB2; P ¼ 0.004).

Conclusions The rateof transient/persistent PNPassociatedwith theuseof theCB2was5.9 and2.8%, respectively. Time to restitution
of PN function was longer using the CB2.
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Keywords Ablation † Arrhythmia † Atrial fibrillation † Balloon † Phrenic nerve

Introduction
The cryoballoon technology is increasingly used to performpulmon-
ary vein isolation (PVI) due to a short learning curve1 and comparable
long-term clinical efficacy as described for radiofrequency current
ablation.2,3 Recently, the second-generation cryoballoon (CB2) has
been introduced, featuring a homogeneous distribution and an
increased flow of refrigerant in the 28 mm variety. This results in
increased procedural and clinical efficacy compared with the first-
generation balloon (CB1).4–8 However, increased surface cooling

may also affect collateral structures. A higher incidence of reversible
oesophageal ulcerations has been described after PVI using the
28 mmCB2 compared with the CB1.9,10 The most frequent compli-
cation associated with cryoballoon PVI is right-sided phrenic nerve
palsy (PNP) due to the anatomical course of the phrenic nerve
(PN) close to theostiumof the septal pulmonary veins (PVs). In a pre-
vious analysis, the use of the smaller 23 mm cryoballoon was asso-
ciated with a significantly higher rate of PNP.11 Here, we describe
incidence and characteristics of PNP following PVI using the 28 mm
CB2 compared with the 28 mm CB1 in a large group of patients.

* Corresponding author. Tel: +49 69 945028 110; fax: +49 69 945028 119. E-mail address: a.fuernkranz@gmail.com
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Methods

Patients
A total of 360 consecutive patients undergoing cryoballoon PVI between
May 2010 and May 2014 for paroxysmal or short-term persistent (,6
months) atrial fibrillation were studied; 106 patients were treated with
the CB1 group, and starting from May 2012, 254 patients were treated
with theCB2 group. Clinical baseline characteristics of the study patients
are shown in Table 1.

Cryoballoon ablation
We previously described the technique of cryoballoon PVI (28 mm,
Arctic Front or Arctic Front Advance, Medtronic, Inc., 710 Medtronic
Parkway, Minneapolis, MN, USA).4,12 After transseptal access, selective
PV angiographies were performed. If the angiographically defined ostial
diameter of any septal PV in right anterior oblique (RAO) 308 projection
was ≥26 mm, the patient was excluded fromCB-based PVI and PVI was
performed by radiofrequency current ablation. Pulmonary vein mapping
was performed before, during, and after freezing with an endoluminal
spiral mapping catheter (Achieve, Medtronic). We aimed for complete
PV occlusion before initiating freezing. Balloon positions distal to the
angiographically defined PV ostiumwere strictly avoided. Target applica-
tion time was 300 s using CB1 and 240 s using CB2. The standard
sequence of isolation was left superior PV(LSPV) – left inferior PV
(LIPV) – right superior PV (RSPV) – right inferior PV (RIPV). In a
subset of patients luminal oesophageal temperature was measured.
In general, one bonus application was performed for each PV after suc-
cessful PVI, unless PN or oesophageal temperature monitoring led to
freezing interruption. In 31 patients in the CB2 group, the bonus applica-
tion was omitted due to participation in a prospective study (ICE-Trial,
DRKS-ID: DRKS00004937). The procedural endpoint was absence or
dissociation of all PV potentials as confirmed by the endoluminal spiral
catheter. The right phrenic nerve was paced from the superior caval
veinduring freezing at the septal PVs (12 V, 2.9 ms, and 1000 ms interval).
Diaphragmatic contractions were palpated by hand. In case of cessation
or weakening of diaphragm contractions, freezing was stopped by initiat-
ing the thawing phase, which is followed by automatic deflation at a
balloon temperature of 208C. Due to the report of Ghosh et al.13 dem-
onstrating safety and efficacy of immediate balloon deflation to prevent
persistent PNP, this technique was systematically performed starting
with patient 178 of the CB2 group. No further balloon application was
applied to the culprit PV. Transient PNP was defined as weakening/loss

of hemi-diaphragmatic motion with full recovery until discharge as
demonstratedbychestfluoroscopy. PersistentPNPwasdefinedasweak-
ening/loss of hemi-diaphragmatic motion present at discharge. The ostial
PV diameter was measured from selective PV angiographies in RAO 308
for septal PVs and left anterior oblique 408 for lateral PVs.

Post-procedural care
All patients underwent transthoracic echocardiography to rule out peri-
cardial effusion after the procedure. Unless patients were on therapeutic
phenprocoumon, low-molecular weight heparin (LMWH) was adminis-
tered 6 h after ablation. Phenprocoumon (with overlapping LMWH if the
international normalized ratio was ,2), or dabigatran, or rivaroxaban
was re-started according to the previous regimen and prescribed for at
least 2 months. A proton pump inhibitor was administered for 2 weeks
starting on the day of the procedure. Patients with persistent PNP
were scheduled for chest fluoroscopy after 4 weeks and every
3 months thereafter until complete resolution of PNP was observed.

Statistical analysis
Continuous variables were expressed asmean+ standard deviation and
analysed with Student’s t-test. Nominal variables were expressed as fre-
quencies and proportions and analysed with the x2 test. A two-sided
value of P, 0.05 was considered statistically significant.

Results

Cryoballoon ablation
Procedural data of cryoballoon PVI in both groups are shown in
Table 2. In the CB1 group, the circular mapping catheter had to be
switched to a stiff guidewire in two patients to achieve isolation.
Complete PVI was achieved in 103 of 106 (97%) patients using only
the CB1. In two patients touch-up lesions with an irrigated radiofre-
quency catheter were performed to ablate remaining conduction
gaps at the RIPV and LIPV, respectively. In one patient, the RIPV
could not be isolated despite five CB applications and no touch-up
ablation was performed.

In theCB2 group, complete PVIwas achieved usingonly theCB2 in
252of254patients (99%). Inonepatient, transientPNPwasobserved
during freezing at the RIPV, mandating early interruption after 156 s,
at which time the RIPV was not isolated. No additional cryoablation

What’s new?
† In the largest study involving cryoballoon ablation with the

second-generation device (CB2) hitherto reported, there
was no statistically significant increase in the incidence of
phrenic nerve palsy (PNP) comparedwith the first-generation
balloon (CB1).

† The time to restitution of persistent PNP was longer when
using the CB2.

† PNP associated with the CB2 frequently occurred at the right
inferior pulmonary vein, which is in contrast to the CB1.

† With increased experience and introduction of immediate
balloon deflation upon temporary PNP, a trend towards
decreased incidence of PNP was observed using the CB2.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Clinical baseline characteristics

CB1 group
(n5 106)

CB2 group
(n5 254)

P value

Age (years) 64+11 64+12 0.62

Male (%) 71 59 0.04

Persistent AF (%) 16 14 0.55

LA diameter (mm) 40+4 40+5 0.55

Hypertension (%) 63 72 0.08

Diabetes (%) 9 9 0.91

Stroke/Transient
ischemic attack (%)

5 5 0.96

Heart failure (%) 8 3 0.04

Coronary artery
disease (%)

10 20 0.01

Incidence and characteristics of phrenic nerve palsy 575
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was applied to that PV. In the other patient, a left common PV could
not be isolated after four CB applications and no further attemptwas
made to isolate the PV.

Phrenic nerve palsy
In total, PNP occurred in 22 of 254 (8.7%) patients in the CB2 group
and 6 of 106 (5.7%) patients in the CB1 group (P ¼ 0.25). Procedural
and clinical characteristics of the patients with PNP are detailed in
Table 3. Persistent PNP occurred in seven (2.8%) and two (1.9%)

patients in the CB2 and CB1 groups, respectively (P ¼ 0.63). Transi-
ent PNP occurred in 15 (5.9%) and 4 (3.8%) patients in the CB2 and
CB1 groups, respectively (P ¼ 0.41). Phrenic nerve palsy occurred
exclusively during freezing at the RSPV in the CB1 group, while in
11 patients (4.3%) of the CB2 group, Phrenic nerve palsy occurred
during freezing at the RIPV (P ¼ 0.03). One patient in the CB2
group developed delayed left-sided PNP 1 day after the procedure
with unimpaired intra-procedural PN function.

A subgroup analysiswas performedanalysing the incidenceof PNP
in the 31 patients of the CB2 group, in whom a systematic bonus
freeze was not performed after PVI was achieved. In this subgroup,
one persistent and one transient PNP was observed (patients 123
and 237, respectively; Table 3). When compared with the remaining
223patients in theCB2group, therewasno statistically significant dif-
ference in the incidence of persistent (3.2 vs. 2.7%; P ¼ 0.87) or tran-
sient (3.2 vs. 6.3%; P ¼ 0.50) PNP.

Theostial diameterof the culprit PVwas18.5+ 2.4 and17.5+4.6
(P ¼ 0.42) in theCB1 andCB2 groups, respectively. The time to PNP
did not differ between the two groups: 226+92 (CB1) and 177+
56 (CB2) seconds (P ¼ 0.26). In the CB1 group, PNP occurred
after repeat cryoablation at the culprit PV in the majority of patients,
after a mean of 3.5+ 2.1 applications. In contrast, PNP occurred at

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Procedural parameters

CB1
(n5 106)

CB2
(n5 254)

P value

Procedure duration (min) 132+31 88+26 ,0.001

Fluoroscopy exposure
(min)

20.4+9.0 14.4+9.8 ,0.001

Balloon applications 10.2+2.0 7.5+2.1 ,0.001

Complete isolation using
only balloon (%)

97 99 n.s.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Clinical and procedural characteristics of patients with PNP

Patient Group PV PV size (mm) Appl. Time (s) Type Days to restitution

26 CB1 RSPV 19 2 155 Transient

31 CB1 RSPV 16 6 266 Transient

37 CB1 RSPV 23 3 71 Persistent 36

44 CB1 RSPV 17 3 292 Persistent 21

66 CB1 RSPV 18 6 293 Transient

106 CB1 RSPV 18 1 281 Transient

2 CB2 RSPV 15 1 160 Transient

11 CB2 – – – – Persistent left 483

20 CB2 RIPV 20 2 210 Transient

39 CB2 RIPV 15 1 150 Persistent 251

53 CB2 RSPV 17 1 190 Transient

57 CB2 RIPV 14 1 200 Persistent 170

67 CB2 RIPV 13 1 240 Transient

80 CB2 RSPV 23 1 160 Transient

85 CB2 RIPV 23 1 156 Transient

86 CB2 RIPV 14 1 210 Persistent 36

103 CB2 RIPV 15 1 240 Transient

104 CB2 RIPV 18 2 240 Persistent 283

123 CB2 RSPV 18 1 185 Persistent 314

140 CB2 RIPV 19 1 120 Persistent 279

163 CB2 RSPV 20 1 199 Transient

167 CB2 RSPV 16 1 144 Transient

172 CB2 RIPV 15 1 205 Transient

178 CB2 RIPV 18 1 178 Transient

188 CB2 RSPV 18 1 109 Transient

223 CB2 RSPV 19 1 198 Transient

237 CB2 RSPV 20 1 143 Transient

239 CB2 RSPV 18 1 90 Transient

A. Fürnkranz et al.576
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the first application in the majority of patients in the CB2 group
(1.1+ 0.4, P ¼ 0.036 vs. CB1 group).
We investigated the influence of cumulative cases performed on

the incidence of transient and/or persistent PNP by dividing the
patient cohort in quartiles stratified by the use of CB1 or CB2
(Figure 1). Cumulative cases performed had no influence on the oc-
currence of transient/persistent PNP using the CB1 (Figure 1). Using
the CB2, there was a trend of reduced incidence of persistent PNP
with increasing case numbers [4.8% (Q1) vs. 0% (Q4); P ¼ 0.077],
while there was no influence on transient PNP [4.8% (Q1) vs. 4.7%
(Q4); P ¼ 0.98; Figure 1]. In the five patients of the CB2 group
(two in quartile 3 and three in quartile 4) in whom immediate
balloon deflation was performed upon transient PN injury, persist-
ent PNP did not occur.

Follow-up
In the CB1 group, two patients with persistent PNP demonstrated
complete recovery of PN function after 29+ 11 days (Table 2).
In the CB2 group, seven patients with persistent PNP demonstrated
complete recovery after a mean of 259+ 137 days (Table 2; P ¼
0.004 vs. CB1 group). In three patients of the CB2 group, freedom
of symptoms occurred at a stage of partial PN functional restitution

after 4+3 months (4+ 1 months before full recovery demon-
strated by fluoroscopy).

Discussion
To the best of our knowledge, this is the largest study investigating the
incidence of PNP associated with cryoballoon ablation using the CB2.
Themain findings are as follows: (i) The incidence of transient and per-
sistentPNPusing theCB2 in254patientswas5.9and2.8%, respectively.
(ii) The time to restitution of PN function was longer using the CB2
when compared with the CB1. (iii) In contrast to the CB1 group,
PNP using the CB2 frequently occurred during freezing at the RIPV.

Prior studies
In previous studies of CB-PVI with the CB1, utilizing the 23 mm
balloon was reported to be associated with a higher incidence of
PNP.11,14 This probably results from a relatively distal position of the
smaller balloon at the PV ostium, and hence closer proximity to the
PN. Regarding previous studies utilizing a 28 mm cryoballoon-only
strategy, Kojodjojo et al.15 reported a 1.6% incidence of persistent
PNP after PVI with the CB1, which is in the magnitude of our findings.
Casado-Arroyo et al.16 reported on the incidence of PNP in 80 and 41
patients treated with the CB1 and CB2, respectively. A 6.3% (all tran-
sient) and 19.5% (persistent: 7%) incidence of PNP associated with
CB1 and CB2 ablation, respectively, has been found. Martins et al.17

investigated 66and81patients treatedwith theCB1andCB2, respect-
ively. Only transient PNP was observed at a rate of 10.6% (CB1) vs.
24.4% (CB2). Metzner et al.18 investigated 115 patients using the
CB2. Only persistent PNP was observed at a rate of 3.5%. The
reasons for these diverse results are not clear, but may involve:
(i) Two of the prior studies included relatively few patients. (ii) Only
Martins et al.17 reported the systematic use of combined immediate
stop of freezing and balloon deflation upon PN injury in all patients.
(iii) Occurrence of PNP clustered in the initial patients treated with
theCB2 in the study byCasado-Arroyo et al.,16 suggesting an influence
of ablation technique, which the authors subsequently changed by
accepting non-occlusive balloon positions at the beginning of freezing.
Inour study, thecryoballoontechniquewasnotchangedandwealways
aimed for complete occlusion at the time of freezing initiation.
However, we strictly observed an antral position of the balloon avoid-
ing inflation/ablationwithin thePV.Despite this,weobserved a trend in
reduced incidence of persistent PNP with increasing case numbers
using theCB2(Figure1).Themostprobablereason for thisobservation
is the introduction of immediate balloon deflation upon PN injury13

starting with patient 178. In addition, increased alertness for possible
PN injury at the RIPV position may have resulted in intervention in
the reversible phase.

Characteristics of cryoballoon-induced
phrenic nerve palsy
In an experimental model of cryoballoon-induced PN injury, histo-
pathological analysis showed Wallerian degeneration characterized
by loss of large myelinated axons in a subperineural distribution,
with the majority of animals showing signs of neuro-regeneration at
30 days.19 In the current study, restitution of PN function typically
took the course of progressive inspiratory caudal motion of the
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Figure 1 Incidence of transient/persistent PNP over quartiles of
consecutively treated patients. (A) Patients treated with the first-
generation cryoballoon. (B) Patients treated with the second-
generation cryoballoon.
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right hemi-diaphragm during repeat fluoroscopy. This led to relief of
symptoms before complete restitution in a subset of patients after an
average of 4months. Due to its anatomical course close to the septal
PVs, CB-induced PN injury occurs almost exclusively on the right
side. We observed one case of delayed left-sided PNP evident 24 h
after the procedure. This patient had a left subclavian vein access
for coronary sinus catheter placement. Since PN injury has been
described as a complication of left subclavian vein puncture,20,21

this mode of injury cannot be excluded. However, left-sided intra-
procedural, but not delayed, PNP associated with CB-PVI has been
reported.22

Clinical implications
In this retrospective analysis, we did not find a significant difference in
the rate of PNP between the first- and second-generation devices.
However, a longer time to restitution of PN function, PN injury pre-
dominantly following a single application and frequent PNP occur-
rence at the RIPV, which is in general located more distant to the
course of the right PN than the RSPV, together may indicate a
higher propensity for PN damage by the CB2 due to an enlarged
volume of tissue freezing. An increased incidence of PNP during
freezing at the RIPV using the CB2 compared with the CB1 was
also observed in the study by Casado-Arroyo et al.16 In this regard,
the sequence of balloon positions may have an influence. Due to
our standard approach, the RSPV was isolated before the RIPV. It
may be speculated that in some cases an initially subclinical damage
to the right PN (while freezing at the RSPV) may have become clinic-
ally overt by cumulative PN damage during freezing at the RIPV. The
optimal time of freezing using the CB2 has to be still determined. In a
prior experimental study of PVI using the CB2, no histopathological
difference in the rate of circumferential transmural lesions has been
found between 4 and 2 min of freezing time.23 Studies in humans
comparing different ablation times are ongoing. Of note, in this
study only 4 of 28 (14%) PN injuries occurred after 120 s.

Limitations
The limitations of a retrospective analysis pertain to this study. An
increased number of patients per groupmay have resulted in a differ-
ence in PNP incidence between the treatment groupswithin the level
of significance. Phrenic nerve function was monitored by palpation.
Measuring diaphragmatic electromyograms (compound motor
action potential) may provide a more sensitive method to detect
PN injury.24

Conclusion
The rate of transient/persistent PNP associated with the use of the
CB2 was 5.9 and 2.8%, respectively. Time to restitution of PN func-
tion was longer using the CB2.
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