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TEE-Guided Cryoballoon PV Isolation. Background: Pulmonary vein (PV) isolation using a
balloon-mounted cryoablation system is a new technology for the percutaneous treatment of atrial fib-
rillation (AF). Transesophageal echocardiography (TEE) allows real-time visualization of cryoballoon
positioning and successful vein occlusion via color Doppler. We hypothesized that PV mechanical occlusion
monitored with TEE could predict effective electrical isolation.

Methods: We studied 124 PVs in 30 patients. Under continuous TEE assessment, a cryoballoon was placed
in the antrum of each PV aiming for complete PV occlusion as documented by color Doppler. At the end of
the procedure, PV electrical isolation was evaluated using a circumferential mapping catheter.

Results: Of the 124 PVs studied, 123 (99.2%) could be visualized by TEE: the antrum was completely
visualized in 80 of them (64.5%), partially in 36 (29.0%), and only disappearance of proximal flow could
be observed in the remaining 7 PVs (5.7%). Vein occlusion could be achieved in 111 of the 123 (90.2%)
visualized PVs. Postinterventional mapping demonstrated electrical isolation in 109 of 111 occluded PVs
(positive predictive value 98.2%) and only in 1 of 12 nonoccluded PVs (negative predictive value 91.7%, P <
0.001). After a mean follow-up of 7.4 ± 3.7 months, 73.3% of patients remained in sinus rhythm without
antiarrhythmic drugs.

Conclusion: Color Doppler documented PV occlusion during cryoballoon ablation can predict effective
electrical isolation. (J Cardiovasc Electrophysiol, Vol. pp. 1-6)
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Introduction

Electrical pulmonary vein (PV) isolation is presently the
cornerstone of atrial fibrillation (AF) ablation procedures.1,2

Nevertheless, using standard ablation catheters, it remains a
technically demanding and time-consuming technique, fre-
quently requiring the use of a 3-dimensional (3D) mapping
system. Moreover, radiofrequency ablation in the left atrium
(LA) carries a higher complication rate than on the right
side,3,4 and can lead to thromboembolic events, PV stenosis,5

or atrioesophageal fistulas.6,7 To overcome these problems,
new ablation devices and energies such as the cryoballoon
have been recently introduced.8,9

With the cryoballoon, cryoenergy is applied using an
occluding balloon system to create circumferential lesions
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around the PV. Correct positioning of the cryoballoon in the
antrum of the PV plays an important role in the safety and
efficacy of the procedure. In all previously published stud-
ies,10,11 PV occlusion was verified using repetitive contrast
fluid injections. However, this technique lacks precision in
localizing a possible leak and does not give any further in-
formation on the surrounding anatomy.

Transesophageal echocardiography (TEE) allows real-
time visualization of PV anatomy, as well as of all surround-
ing atrial structures. It therefore permits online monitoring
of balloon positioning and PV occlusion via color Doppler,
and might improve both safety and efficacy of the procedure.
In this study, we hypothesized that TEE-guided documen-
tation of mechanical occlusion of the PV during cryobal-
loon ablation procedures could predict effective electrical PV
isolation.

Patients and Methods

We included the first 30 patients who were ablated in
our center with a cryoballoon. All of them had highly symp-
tomatic drug-refractory paroxysmal or persistent AF referred
for a first AF catheter ablation procedure. Patients with long-
persistent AF (>1 year)2 that needed larger substrate modifi-
cations were excluded from the study. Informed consent was
obtained from all patients before the procedure.
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Figure 1. TEE-guided cryoballoon PV
isolation. (A) Anteroposterior fluoro-
scopic view of the chest showing the cry-
oballoon already inflated and placed in
front of the right superior PV. The TEE
probe has already been turned to the right
side to allow an optimal visualization of
the PV’s antrum (shadow). Note that a cir-
cular mapping catheter has been placed
in the superior vena cava in order to allow
phrenic nerve pacing during the applica-
tion. (B) Echocardiographic view of the
right superior PV antrum, displaying the
whole left atrial antrum and the PV it-
self, as well as the balloon that has been
placed in front of it. (C) Color Doppler
showing the presence of residual flow in
the inferior aspect of the right superior
PV. (D) A slight withdrawal of the balloon
allows then to seal this gap, as shown by
the disappearance of flow inside of the PV.
LA = left atrium; PV = pulmonary vein;
RA = right atrium; RSPV = right superior
PV; TEE = transesophageal echocardio-
graphy.

Ablation Procedure

All patients were anticoagulated at least 1 month prior
to the procedure. Two days before ablation, anticoagulation
was stopped aiming for an international normalized ratio
between 1.8 and 2.0. The presence of intracardiac thrombi
was ruled out with TEE. All patients underwent a computed
tomography scan, and 3D anatomical models of the LA were
reconstructed. The ostial diameter of each PV was measured
in 2 different axes in order to adapt the choice of the balloon’s
size to each patient’s anatomy: if all PVs presented a diameter
<18 mm, the PV isolation was performed using a 23-mm
diameter cryoballoon. If any PV was >18 mm, we chose a
28-mm balloon (Arctic front R©, Cryocath, Montreal, Quebec,
Canada, shaft size 11 Fr) in order to create wider lesions
including part of the LA surrounding the PV. One single
balloon size was used for every patient.

The ablation procedure was performed under general
anesthesia and continuous TEE assessment.

TEE was performed by an experienced echocardio-
graphist using a device with a multiplane 8-MHz transducer
(Vivid R©, General Electrics, GE Vingmed, Horten, Norway).
PVs were displayed in a longitudinal plane, starting at an
angle of 70 degrees for the septal and 110 degrees for the lat-
eral veins. The plane was then gradually adjusted to optimize
Doppler alignment for each single PV and to locate maxi-
mum flow.12 Every effort was made to visualize the whole
antrum. If this was not possible, proximal PV branches were
searched to assess proximal flow. Visualization of the PVs
was classified into excellent (including the whole antrum),
moderate (only parts of the antrum), or low (only proximal
flow). For orientation purposes, the antrum was divided into 4
quadrants in terms of anterior/posterior and superior/inferior.

Vascular access was obtained through the right femoral
vein, and a quadripolar catheter (Xtreme R©, Sorin, Milan,
Italy) was positioned in the coronary sinus. One single

transseptal puncture was performed under TEE guidance and
a steerable sheath (Flexcath R©, Cryocath, Montreal, Canada,
outer diameter 15 Fr, inner diameter 12 Fr) was placed in
the LA. Heparin was then infused to maintain an activated
clotting time (ACT) >300 during the whole procedure. The
deflated double-coated cryoballoon was then advanced over
an extra-rigid 0.032-mm guidewire placed inside of each PV
(GuideRight R© Superstiff, St. Jude Medical, St. Paul, MN,
USA) and inflated in front of the vein. In order to avoid
any mechanical damage, special care was taken to inflate the
balloon outside of the PV. After inflation, the balloon was ad-
vanced aiming for PV flow disappearance as documented by
color Doppler (Fig. 1). If PV occlusion was not achieved by
simply pushing the balloon into the PV, the device was turned
clockwise and counterclockwise or even slightly withdrawn
until PV flow disappeared. If leakage persisted, its local-
ization was then documented. Each PV was frozen twice
over 5 minutes, trying to select 2 different branches with
the guidewire at every freeze. Cryoablation was repeated a
third time if occlusion was only documented at the second
position. During the ablation of right-sided PVs, we per-
formed phrenic nerve pacing from a catheter located in the
superior vena cava in order to promptly detect phrenic nerve
injury.

After cryoablation, patients presenting with AF were car-
dioverted and every PV was mapped during sinus rhythm
using a variable diameter 20-pole circular mapping catheter
(Optima R©, St. Jude Medical). If remnant ostial potentials
were still recorded, differential pacing of the atrium near the
vein was performed to prove entrance block in the PV.13,14

If conduction persisted, the location of the electrical gap was
documented and electrical isolation was segmentally com-
pleted using a 8-mm cryoablation catheter (Freezor Max R©,
Cryocath). The endpoint of the procedure was complete elec-
trical PV isolation, documented at least 30 minutes after the
last application.
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Postablation Care

After the procedure, warfarin was restarted and intra-
venous heparin was administered until the international
normalized ratio was ≥2. Warfarin was continued for at
least 3 months. On the first postprocedural day, all patients
underwent surface electrocardiogram (ECG), transthoracic
echocardiography, and 24-hour Holter monitoring.

All antiarrhythmic drugs were withdrawn 3 months after
the procedure. At 6 months, a routine visit was performed at
our clinic, including imaging of the PVs to exclude stenosis
and a 24-hour Holter monitoring. During follow-up, patients
were advised to contact us at any time in case of palpitations
and were provided with an event recorder if no arrhythmia
had been documented. Any atrial arrhythmia lasting >30
seconds was considered a recurrence. All patients were con-
tacted at the end of the study.

Statistical Analysis

Continuous variables are expressed as mean ± SD and are
compared by the Student t-test or a paired t-test if necessary.
Categorical variables are compared by χ2 analysis or with
the Fisher exact test. Statistical significance is reached at a P
level ≤ 0.05.

Results

We analyzed 124 PVs in 30 patients (57.7 ± 9.3 years old,
84% males, 73.3% with paroxysmal AF). They had an atrial
fibrillation history of 5.6 ± 3.8 years and had tried 3 ± 1
antiarrhythmic drugs. Twelve of them (40%) had a history of
structural heart disease. The mean diameter of the left atrium
was 41 ± 4 mm.

PV Anatomy

Four of the 30 patients had accessory right-sided PVs,
and 3 of them presented a left common ostium. The mean
diameter of these 3 common ostia was 30 mm. Therefore,
both available balloon sizes were too small to attempt its
isolation, and the 2 main branches were separately isolated
and also independently analyzed.

Cryoballoon ablation was therefore performed in a total
of 124 PVs, using 9 × 23 mm (30%) and 21 × 28 mm (70%)
cryoballoons. Figure 2 provides an overview of the ablation
results. Table 1 provides a summary of the data concerning
PV size and time of cryoablation.

TEE-Guided PV Occlusion

Of the 124 PVs, 123 could be visualized by TEE. In
64.5% of them (80 of 124) visualization was excellent, in
29.0% of them (36 of 124) it was considered as moderate,
and in 5.7% of the veins (7 of 124) only proximal flow could
be registered. One PV (0.8%) identified on the CT scan could
not be visualized by TEE.

From the visualized PVs, 90.2% (111 of 123) could be
successfully occluded by the cryoballoon. Successful occlu-
sion was more frequent in superior PVs than in inferior ones
(98.4% vs 81.0%, P = 0.005).

PV Electrical Isolation

Successful PV isolation was documented in 109 of the
111 occluded PVs, compared to only 1 of the 12 nonoccluded

Figure 2. Flowchart summarizing all pulmonary vein (PV) visualization
and isolation.

veins. Mechanical PV occlusion as assessed by flow disap-
pearance inside of the vein was therefore a strong predictor
of PV electrical isolation (positive predictive value 98.2%,
negative predictive value 91.7%). Moreover, visualization of
the whole PV antrum does not seem to be necessary to predict
isolation: the positive predictive value was 98.6% in patients
where the PV antrum was completely visualized and 97.1%
in patients with a moderate or low visualization. In 10 of
13 nonisolated PVs, the quadrant where a flow leakage had
been documented matched the localization of the electrical
gap.

Finally, 111 of 124 attempted PVs (89.5%) could be suc-
cessfully isolated after exclusive cryoballoon ablation. The
use of TEE allowed us to effectively isolate all 4 supplemen-
tary PVs: 2 of these veins were close enough to the main
branch to be covered by the balloon during its ablation. The
2 other ones, though, had to be separately targeted. This ma-
neuver led to the disappearance of flow inside of the small
vein, leaving during this single “freeze” a considerable leak-
age in the nearest main one (Fig. 3).

In 2 PVs, we noted late flow reappearance during cry-
oenergy application (after >100 seconds). A supplementary
cryoballoon ablation was then performed in these 2 veins in
order to ensure its effective ablation. TEE also avoided inflat-
ing the balloon across the interatrial septum while attempting
to isolate a right inferior PV.

Further ablation was necessary in 13 of 124 veins. This
occurred in 11 of 30 patients (36.7%), as conduction per-
sisted mainly in only 1 vein per patient. After 2.8 ± 1.3 focal

TABLE 1

PV Size and Time of Cryoablation

Mean Diameter Mean Time of
(mm) Cryoablation (Minutes)

Global (per patient) 18.3 ± 3.3∗ 41.9 ± 7.2
Left superior 19.9 ± 2.6 11.2 ± 2.5
Left inferior 17.5 ± 2.4 11.0 ± 2.0
Right superior 19.4 ± 3.3 9.9 ± 3.5
Right inferior 16.0 ± 3.4 9.4 ± 2.6
Right-sided supplementary 9.6 ± 1.5 5.0 ± 0.0

∗Global mean PV diameter excludes the 3 common left ostia and the 4
right-sided supplementary veins, which are detailed in the text.
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Figure 3. Separate cryoballoon ablation
of a supplementary intermediate right-
sided pulmonary vein (PV). (A) Inte-
rior view from a 3-dimensional recon-
struction of the left atrium, showing a
clear independent entrance of this in-
termediate PV in the left atrium. (B-1)
Echocardiographic view of the right su-
perior PV antrum, with the cryoballoon
already placed in front of the main vein.
The main PV is already effectively oc-
cluded, as shown by the absence of color
Doppler flow. Nevertheless, flow (red)
persists in the small intermediate PV (ar-
row). (B-2) After the ablation of the main
PV, the guidewire is selectively intro-
duced inside this intermediate PV. (B-3)
The balloon is then inflated in front of
this intermediate PV. Note the absence
of flow inside of the small vein, but the
presence of a big leakage in the supe-
rior aspect of the main one (blue star).
RMPV = supplementary right intermedi-
ate PV; RSPV = right superior PV.

cryoablation applications per vein, all 13 remaining noniso-
lated PVs could be successfully isolated (1 left superior, 2
left inferior, 1 right superior, and 9 right inferior PVs).

Total time procedure from groin access to sheath removal
was 180 ± 36 minutes and total fluoroscopy time 40.9 ±
12.7 minutes.

Complications

Transient phrenic nerve paralysis was observed in 4 pa-
tients (13.3%) during right upper PV cryoablation, all of
them using a 23-mm balloon. The freeze was then immedi-
ately interrupted, and the phrenic nerve recovered during the
following 2 hours in all 4 patients.

One patient developed a groin hematoma after the proce-
dure and had to be surgically revised. One patient presented
a femoral pseudoaneurysm 1 week after the procedure that
could be successfully managed with local thrombin injection.

No cardiac tamponade, embolic events, or atrioesophageal
fistula were observed. No pulmonary stenosis was docu-
mented at the 6-month follow-up visit.

Clinical Follow-Up

After a mean follow-up of 7.4 ± 3.7 months, 73.3% of
patients were arrhythmia free without antiarrhythmic drugs:
78.9% in the group exclusively isolated with the cryoballoon
and 63.6% among those who needed supplementary focal
applications (P = 0.36). Among the 8 remaining patients, 7
presented short episodes of recurrent paroxysmal atrial fibril-
lation and 1 with a persistent one. Three of them underwent
a second procedure where a conduction gap in the previous
ablation circumference was documented and closed.

Discussion

TEE-guided assessment of PV occlusion during cryobal-
loon ablation is able to predict effective PV electrical iso-

lation with a positive predictive value of 98%. The trans-
esophageal echocardiographical approach is simple and fea-
sible: 99.2% PVs could be identified, 64.5% of them with a
visualization of the whole antrum.

Can We Abandon Postablation Electrical Mapping?

According to our data, cryoballoon PV ablation guided
with sole color Doppler documented disappearance of proxi-
mal flow ensures electrical isolation of 98% of the PV. Using
conventional radiofrequency techniques, PV isolation ratios
reported by leading centers usually range between 80% and
98%,15-17 rarely reaching 100%.18 Observational data even
pointed isolation ratios as low as 60%,19 possibly derived
from the technical complexity of standard PV isolation tech-
niques. Considering a 98% isolation ratio, postablation elec-
trical mapping may thus be superfluous in patients in whom
occlusion was achieved and documented during ablation of
all 4 PVs (63.3% in our cohort). However, further correla-
tion with clinical success needs confirmation in larger trials
before electrical mapping can safely be dropped. In addition,
electrical mapping remains necessary in those PVs where
occlusion cannot be documented in order to complete the
circumferential lesion, and in those patients were non-PV
foci are also targeted for ablation.

The Advantages of Intraprocedural Echocardiography

Beyond sole monitorization of mechanical occlusion,
transesophageal echocardiography provides many extra
safety bonuses that render it particularly attractive compared
to the use of intravenous contrast. It first allows ruling out the
presence of intracardiac thrombi. It permits guiding transsep-
tal puncture, as well as a safe and precise positioning of the
guidewire in the LA, minimizing the risk of left atrial ap-
pendage damage. It enables continuous monitoring of the
precise localization of the balloon, preventing its inflation
inside of a PV and therefore a possible PV rupture.
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Once the balloon has been inflated, the use of TEE gives
meaningful detailed anatomic information, and provides in-
stantaneous feedback on the effect of every maneuver per-
formed to try to occlude the PV. This helped us achieve
in our very first experience with the device an isolation ra-
tio10 and clinical results20 comparable to other published
studies. It makes the use of contrast fluid during the proce-
dure unnecessary. Finally, the achievement of complete PV
occlusion, which allows avoidance of the warming effects
of surrounding circulating blood, helps to reach low abla-
tion temperatures, and may be correlated to long-term PV
isolation.

We also noted that TEE allowed us to observe some un-
described phenomenon, as well as to resolve them during the
procedure. Whenever PV occlusion cannot be achieved, par-
ticularly by complex anatomies such as extremely oval PV or
supplementary right-sided PVs, echocardiography precisely
localizes the site of leakage and permits the development of
alternative strategies. In the last cases of our series, oval PVs
were successfully ablated by freezing the balloon at the cra-
nial part of the PV antrum, and then pulling it gently back
after approximately 45 seconds under attentive TEE super-
vision, aiming to close the gap by slightly pulling the frozen
PV balloon toward the caudal aspect of the antrum. This ma-
neuver can only be echocardiographically documented, as
contrast fluid cannot be injected through the balloon once
the temperature falls under 0◦C. Whenever this last “pull-
back” strategy was not feasible, the PV antrum was ablated
in 2 stages, aiming sequentially aiming at the cranial and the
caudal aspects of the PV antrum. Supplementary right-sided
PVs were specifically targeted by selecting them with the
guidewire: this approach permits the creation of more com-
plete overlapping lesions around septal PVs as it includes
LA tissue located between the superior and the inferior sep-
tal PV.

Safety and Feasibility

Compared to our previously published data,21 procedure
times with the cryoballoon were shorter (including both ab-
lation time and also mapping time after ablation), similar to
previously published cryoballoon data.11 Fluoroscopy times
were not longer and tended to be shorter at the end of the
study, as we had advanced in our learning curve.

Although the study had not been powered for safety, the
use of cryoenergy in the left atrium proved to be very safe.
The main observed complication was a transient phrenic
nerve paralysis. In our cohort, definite nerve damage could
always be avoided by the use of pacing during the applica-
tions in the right upper PV, allowing its early recognition.
The ratio between the size of the vein and the size of the
balloon seems to play a crucial role in the appearance of this
complication.11,22 Therefore, special care should be taken in
evaluating the size of right-sided PVs before choosing the
size of the balloon, and a large balloon could be preferable.

A majority of the nonisolated veins were right inferior
PVs, most probably due to its posterior position and its prox-
imity to the transseptal access, which still constitute a tech-
nical challenge with current balloon-mounted devices.

This report shows our very first experience with this new
device: the combined use of the cryoballoon and the echocar-
diography guidance appeared hence to be very secure and led

to good clinical success rates. Part of the procedure’s safety
might be attributable to the intraoperative use of TEE itself.

Study Limitations

As the aim of our study was among others saving contrast-
associated toxicity, we did not compare the use of TEE with
the use of contrast fluid assessing PV effective occlusion. No
control group was used.

Although at higher costs, similar results could probably
also be obtained using intracardiac echography, avoiding the
need for general anesthesia.

Clinical follow-up did not include 7-day-Holter or daily
transtelephonic monitoring, so that asymptomatic AF recur-
rences might have been underrated.

Conclusion

TEE-guided assessment of PV mechanical occlusion dur-
ing cryoballoon PV isolation is feasible and effective. Com-
pared to contrast fluid injection, it provides relevant supple-
mentary anatomical information on surrounding structures
and predicts effective electrical isolation with a positive pre-
dictive value of 98.2%.
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