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Abstract

Cryoballoon ablation has emerged as a novel tool to perform pulmonary vein isolation. The aim of this paper is to
review the advantages, drawbacks as well as possible complications and clinical outcomes of this technology and

to discuss some important technical issues.
Introduction

Catheter ablation for atrial fibrillation (AF) has
become the mainstay of interventional treatment
of AF and primarily aims at the elimination of AF
triggers, which are myocardial muscle extensions
(“sleeves”) covering the outside of the pulmonary
veins (PV).!? AF ablation has been mainly per-
formed with the use of radiofrequency (RF) en-
ergy creating continuous circumferential lesions
by point-by-point ablation. Given the difficulties
associated with creating contiguous curvilinear le-
sions with focal ablation, this technique is challeng-
ing and highly dependent on operator dexterity.
Therefore, efforts have been directed towards the
development of balloon-based systems potential-
ly offering a simpler and less operator dependent
means of achieving PV isolation (PVI) by creating a
continuous circumferential lesion set with a limited
number of energy applications. While such a bal-
loon-based system using cryothermal energy — the
cryoballoon (Arctic Front, Medtronic, Minneapolis,
MN) — has been commercially used in Europe since
2005, it has only recently received Food and Drug
Administration (FDA) approval for the treatment of
paroxysmal AF in the United States based on the

STOP-AF trial (Sustained Treatment of Paroxys-
mal Atrial Fibrillation).*

Apart from the efficacy of a novel treatment mo-
dality, it is of importance to determine its safety
in order to determine the risk-to-benefit profile of
a specific procedure. “New” intervention related
complications were identified since the beginning
of AF ablation using RF energy, such as develop-
ment of PV stenosis or atrio-esophageal fistula.
Although complication rates of cryoballoon abla-
tion of AF have been reported to be similar when
compared to radiofrequency ablation (RFA), spe-
cific energy and device related complications are
probable.>®

The aim of this article is to review the role
of cryoballoon ablation in patients with par-
oxysmal AF with an emphasis on practi-
cal technical aspects, but also limitations
and pitfalls based on our clinical experience.

Theoretical Considerations

The basics of cryotherapy on the cellular level
have been described in detail.” Briefly, cell in-

Corresponding Address : Michael Kithne, MD, University Hospital Basel, Division of Cardiology, Petersgraben 4, 4031 Basel,

Switzerland.

www jafib.com 54

Apr-May, 2012 | Vol 4 | Issue 6



Journal of Atrial Fibrillation

Featured Review

jury due to cryoenergy application is determined
by direct cell injury and vascular stasis. The key
for irreversible tissue injury is the tissue tempera-
ture. At a tissue temperature of -20 °C, ice crys-
tals grow, cells shrink, and membranes and cell
constitutions are damaged. Intracellular ice for-
mation occurs at temperatures of -40 °C. With the
current cryoballoon system, tissue temperature
cannot be measured directly. The cryoconsole
monitors the inner balloon temperature from a
sensor located in the proximal part of the balloon.
Temperature is determined by the overall heat
transferred from the myocardium and the sur-
rounding blood. The heat transfer from blood is
highly dependent on the blood flow around the
balloon. The higher the blood flow, the higher is
the amount of heat transferred and consequently
the higher the measured inner cryoballoon tem-
perature. Since the surface area of the balloon sur-
rounded by blood is much bigger than the surface
area in contact with the tissue, the inner balloon
temperature is mainly determined by this convec-
tive heating. The influence of the balloon surface
area on its temperature can easily be seen when
comparing the superior with the inferior PVs or
the big and small cryoballoon. Since the small bal-
loon with a diameter of 23-mm has only approxi-
mately two thirds of the surface area of a 28-mm
balloon, the measured inner cryoballoon tempera-
tures are much lower than for the big balloon.®

Dependent on how the cryoballoon fits into the
PV antrum and consequently on the ratio of the
cryoballoon surface in contact with the myocar-
dial tissue compared to the area surrounded by
blood, the measured temperature is higher or
lower. Therefore, temperature measurements
during cryoballoon ablation can be used as a
surrogate of the contact area with tissue, but
should not be used as a measure of the balloon
surface temperature or even tissue temperature.

Due to the design of the nitrous oxide injection
into the cryoballoon, the temperature is not homo-
geneous at the balloon surface. As seen in figure
1, there are 4 cold spots with ice formation on the
cryoballoon surface where the jets of nitrous oxide
hit the surface. For maximal cooling of the myo-
cardium, the ideal contact with the tissue is at this
distal one third of the cryoballoon surface area.
Based on these theoretical considerations, central
alignment of the cryoballoon with the PV prior to

freezing and a 45 degree rotation of the cryobal-
loon for the second freezing cycle may play a key
role to achieve maximal heat transfer from the tis-
sue and consequently create permanent lesions.

Technical Aspects

“Single-shot” techniques for PVI are generally
thought to be less dependent on operator dex-
terity. The cryoballoon produces a large circu-
lar ablation zone and is potentially less direc-
tion dependent and more stable, as the balloon
freezes to the tissue compared to other balloon
based ablation technologies. Studies reporting
on operator learning curves describe rapidly de-
creasing procedure- and fluoroscopy times, as
well as numbers of energy applications needed
to achieve PVI.>'? Electrophysiologists perform-
ing cryoballoon ablations often have ample
experience with left atrial ablations and there-
fore might have a steep learning curve. How-
ever, this might be different if cryoballoon ab-
lation is performed by cardiologists with no or
limited experience with left atrial procedures.

The cryoballoon is a relatively stiff device re-
quiring a 15 Fr outer diameter deflectable sheath
(FlexCath, Medtronic), and even though the
problem of creating a continuous lesion with fo-
cal RFA may be overcome with the cryoballoon,
operator skills in addition to knowledge of the
left atrial anatomy are certainly needed to safely
maneuver the device.

Because of the large caliber sheath required for the
cryoballoon, proper vascular access is important.
At our institution, cryoballoon ablation is usually
performed with a three-catheter approach via the
right femoral vein using the 28-mm cryoballoon
only. In addition to the cryoballoon, a coronary
sinus catheter is used as a reference and for pac-
ing a long with a circumferential mapping cath-
eter. While ablating the right PVs one needs to be
cautious not to damage the right phrenic nerve.
As discussed later in this paper, the latter can be
monitored by phrenic nerve pacing from the su-
perior vena cava during cryoballoon ablation. In
order to enhance catheter stability in the supe-
rior vena cava, we commonly use the coronary
sinus catheter for phrenic nerve stimulation in-
stead of an additional non-deflectable catheter.
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Figure 1: Cooled cryoballoon

Legend: Inflated and cooled cryoballoon. The circular ice-forma-
tion can be seen at the anterior one third of the surface (arrows).

Access to the left atrium (LA) is gained by perform-
ing transseptal puncture. We usually perform two
separate transseptal punctures for the cryoballoon
and the circumferential mapping catheter because
of concerns of persistence of iatrogenic atrial sep-
tal defect with passage of two catheters through
a single puncture, especially when using a large
sheath as required for the cryoballoon."” A novel
spiral catheter designed for the insertion through
the cryoballoon serving as a guidewire and allow-
ing real-time monitoring of PV potentials during
cryoablation has been proposed recently and has
the potential to overcome the need for a double
transseptal puncture. The possibilities and pit-
falls of this “through-the-balloon” circumferen-
tial mapping catheter will be discussed below.
Anticoagulation is initiated with unfractionated
heparin with administration of a loading dose
directly after transseptal puncture. Measurement
of the activated clotting time is repeated every 30
minutes with more frequent initial measurements
and the heparin dose is adjusted in order to achieve
a target activated clotting time of 350 seconds.

The cryoballoon catheter should be advanced over
the wire into the LA in order to prevent inadver-
tent collateral damage from the relatively stiff tip
of the catheter. However, the stiff J-tipped guide-
wire also needs to be placed with caution since a
guidewire-associated dissection of the right infe-
rior pulmonary vein has been described.” Once
the guidewire is in the targeted vein, the balloon is

inflated and positioned against the wall. Central
alignment of the sheath should be attained. Con-
trast injection through the lumen of the catheter
into the PV is then performed. In case of good tis-
sue contact along the whole periphery of the bal-
loon, the injected contrast is entrapped in the vein
and no para-balloon leaking can be visualized.
The catheter is then flushed with saline injection
through the balloon catheter and the freezing cy-
cle may be initiated with a standard duration of
5 minutes. We commonly perform two applica-
tions (10 minutes of cryoenergy) per PV before in-
serting the spiral catheter to check for PVL. If PVI
cannot be achieved using the cryoballoon alone,
we switch to a conventional focal RF catheter. The
number of freezing cycles after which a switch to
RF is made varies between published studies.'*"
We used to perform up to six applications (30
minutes of cryoenergy) if a PV could not be iso-
lated before switching to RF. We now commonly
switch to RF after 3 failed isolation attempts.

If PV occlusion is not achieved, special techniques
can be applied. Placing the guidewire in differ-
ent PV branches by deflecting the sheath and the
catheter may result in better occlusion and may
also correct the central alignment. An inferior gap
can frequently be closed with the “pull-down”
technique. Freezing is started at the superior PV
circumference followed by a gentle pull-down
maneuver resulting in better central alignment of
the sheath and thus better tissue contact at the
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Figure 2: “Modified hockey-stick” method resulting in central alignment
of the cryoballoon during ablation at the left inferior PV (LAO projection)

Legend: The cryoballoon sheath (arrow) is low in the left atrium and the balloon catheter ad-
vanced in the direction of the PV with a slight upward deflection. The cryoballoon is inflated
and contrast dye injection through the cryoballoon catheter into the left inferior PV demon-
strates complete PV occlusion. A circumferential spiral mapping as well as the “through-
the-balloon” circumferential mapping catheter and the coronary sinus catheter are shown.

inferior circumference.” This is especially helpful
with ablation at the right inferior PV. The “hock-
ey-stick” technique is a further strategy that has
been described for early branching inferior PV to
allow balloon-tissue contact at the inferior PV cir-
cumference. After placement of the guidewire in
the early branching inferior PV the sheath is ad-
vanced with maximal bend to the superior-poste-
rior LA. This technique was reported to allow the
balloon to be pushed onto the inferior circumfer-
ence of the PV ostium."” However, we experienced
incomplete PV occlusion in a relevant number of
cases with this technique and commonly use a
“modified hockey-stick” technique for the left in-
terior PV. We keep the sheath low in the LA and
the balloon catheter is advanced in the direction of
the PV with a slight upward deflection (Figure 2).
The ipsilateral PVs may share common fascicles
and thus cryoenergy application at the inferior PV
may result in isolation of the superior PV, or vice
versa, a phenomenon named “cross-talk”. Thus
an isolation attempt at the inferior PV is advisable
even if complete isolation of the superior PV has
not been achieved after two freezing cycles, espe-
cially when remaining PV potentials are visible at
the inferior circumference of the superior PV.'51¢

The lack of real-time monitoring of PV poten-
tials during cryoballoon ablation is a limitation
of this technique. A novel spiral mapping cath-

eter (Achieve, Medtronic) that can be inserted
through the lumen of the cryoballoon catheter
has recently received FDA approval. In addition,
it may obviate the need for the separate circu-
lar mapping catheter and thus the second trans-
septal puncture. This “through-the-balloon”
circumferential mapping catheter is available in
two fixed diameters (15mm and 20mm). To date,
no study investigated whether PVs can be iso-
lated using the novel spiral catheter alone and
how reliable it is in confirming complete PVI.
With the current design of the cryoballoon, it is
our experience that the spiral mapping catheter
is frequently positioned too deep in the PV re-
sulting in inadequate signal quality. However,
if real-time monitoring of PV potentials can be
performed, the time needed to isolate the vein
has been demonstrated to predict sustained
PVI using the Promap catheter (Prorhythm
Inc., Ronkonkoma, NY). This makes monitor-
ing of PV signals during the freezing cycle an
attractive tool because unsuccessful freezes can
be aborted early.” Figure 3 shows real-time
PVI of the left inferior PV during cryoablation
with the 28-mm balloon using the “through-
the-balloon” circumferential mapping catheter.

Acute Pulmonary Vein Isolation

Andrade et al. systematically reviewed 23 articles
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Figure 3: Real-time pulmonary vein potential during cryoballoon ablation
recorded by the “through-the-balloon” circumferential mapping catheter

Legend: Legend: Progressive delay of the PV potential seen on the “through-the-balloon” circumferential mapping catheter
measured from on the onset of the atrial signal on the coronary sinus (CS) catheter to the PV potential onset in milliseconds
and subsequent PVI (arrow) after 42 seconds of cryoballoon ablation (-43 °C). Surface ECG (I, aVF, V1) is shown on the top.

using cryoballoon for AF ablation to define its effica-
cy and safety.® Acute PVI was achieved in 98.81% of
patients (n =924) and in 98.47% of targeted veins (n
=3,803). Complete PVI in studies using the cryobal-
loon alone was achieved in 77.81% of patients and
in 92.64% of targeted veins compared to concomi-
tant use of focal ablation, either with cryo- or RF en-
ergy. Procedure- and fluoroscopy times are signifi-
cantly longer if a catheter switch is necessary.'*!*!8
In our comparative study treating paroxysmal AF
patients using the 28-mm cryoballoon, a switch
to a focal ablation catheter was required in 28% of
cases to achieve complete PVIL." Similar acute PVI
rates are reported by Van Belle et al. (84%) using
both the 23-mm, and 28-mm cryoballoon," while
others report a significantly lower success rate of
only 40%."* Chun et al. and Klein et al. were able
to isolate 98% and 95% of all PVs, respectively.>"
However, in order to achieve an acute PVI rate of
98%, up to 45 minutes of cryoenergy on a single PV,
and up to 65 minutes in case of the presence of a left
common PV was necessary.'> We commonly use an
irrigated tip RF catheter for “touch-up” ablations
but a focal cryoablation catheter is available (Freez-
or Cardiac CryoAblation Catheter, Medtronic).

To achieve complete PVIusing the cryoballoon sole-
ly, continuous balloon-tissue contact is necessary.
Due to individual anatomy this may be challenging
and special techniques may be required, especially
at regions of enhanced muscular thickness, such as

the left atrial appendage-left PV ridge or inferi-
or segments of the PV, where PV reconduction
occurs more frequently.”* Excessive force in
order to achieve complete PV occlusion should
probably be avoided for safety reasons, but dis-
tortion of the non-compliant balloon may still
be seen occasionally. Figure 4 demonstrates a
distorted cryoballoon due to push towards the
left inferior PV in order to achieve complete PV
occlusion. In some patients, PV anatomy may
preclude optimal balloon positioning, such as
an oval shape of the PV, a common ostium or
angulated vein insertions.” Therefore stud-
ies defining anatomical variations not suit-
able for cryoballoon ablation are warranted.
Exchanging catheters in the LA is associated
with longer procedure times and carries the po-
tential risk of embolic complications, especially
with the large diameter sheaths used with cryo-
balloon ablation. Therefore, very careful han-
dling of sheaths and catheters is required.

Cryoballoon temperature is monitored contin-
uously during cryoballoon ablation by a ther-
mocouple in the proximal inner balloon and is
affected by balloon occlusion of the treated PV
because remaining blood flow has a rewarm-
ing effect. This can be seen during cryoabla-
tion when performing a pull-down maneuver
to close a remaining gap at the inferior PV
circumference.”” In case of complete PV oc-
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Figure 4: Distorted cryoballoon in order to achieve complete PV occlusion (LAO projection)

Legend: Panel A demonstrates the inflated cryoballoon (continuous line) placed at the left inferior PV with incomplete
PV occlusion. Panel B: Complete PV occlusion was achieved after advancing the cryoballoon further. Due to anatomi-
cal reasons the cryoballoon was distorted but PVI was achieved after one freezing cycle.The circular mapping catheter,
the coronary sinus catheter and the “through-the-balloon” spiral mapping catheter inside the PV are shown.

clusion following this maneuver a further tem-
perature drop is frequently observed. Although
temperature measurement by the thermocouple
does not reflect true tissue temperature achieved
during cryoablation ablation, several data sug-
gest a relationship between balloon temperature
and acute PVI. In an animal model, the success
rate for chronic PVI was higher in the absence
of peri-balloon flow leak as evaluated by intra-
cardiac echocardiography and with lower bal-
loon temperatures.”? However, effective balloon
temperatures were below -80 °C, which is not
seen in human cryoballoon ablation procedures.
In the study by Klein et al. using both the 23-mm
and 28-mm balloon, minimal temperatures were
similar in the superior or inferior and right or left
PVs with a trend for higher minimal temperature
in the right inferior PV." The authors report high
acute PVI success rate of 95% with a mean mini-
mal temperature below -50 °C during cryoabla-
tion, except for the right inferior PV (-49 °C) but
the authors provide no data on temperature as-
sociation with acute PVI success. In the study by
Linhart et al. acute success rate was 81% of tar-
geted PVs and the temperature achieved during
cryoballoon ablation with either the 23-mm or 28-
mm balloon, was not as low as compared to the
study by Klein et. al. (-44.6 °C)."® Acute PVI has
been demonstrated to be associated with lower
balloon temperature achieved during cryoballoon
ablation.” A balloon temperature below -51 °C
has been shown to be associated with successful
acute PVI and balloon temperatures > -36 °C for
superior or > -33 °C for inferior PVs 120 seconds
after initiating the freezing cycle predicted failed

PVI. Thus, balloon temperature may be used
to discriminate between successful and failed
PVI at various time points during the freezing
cycle® However, the same authors report PV
conduction recovery during a redo procedure
and retrospectively analyzed the minimal bal-
loon temperature achieved during cryoballoon
ablation using the 28-mm balloon. The differ-
ences in minimal temperatures in those with suc-
cessful long-term PVI compared to those with
recovery of conduction were small and statisti-
cally significant for the right superior PV only.”

Long-term Outcome

Reported success rates 12 months after cryo-
balloon ablation of paroxysmal AF, defined as
freedom from AF without antiarrhythmic drug
therapy vary between 59% and 89%.!2!4161921.232¢
Patient selection and follow-up differ significant-
ly between studies and may, at least in part, ex-
plain the variable success rates.

In the systematic literature review by Andrade
et al. 1-year freedom from AF recurrence after
3 months blanking period was 72.83% (95% CI
68.79-76.62%), including studies that included
patients with persistent AF. To date, no random-
ized trial compared AF ablation with RF energy
and cryoballoon. Non-randomized studies com-
paring cryoballoon with RFA of paroxysmal AF
have reported on similar success rates between
the groups.'?!*18

The only randomized study, the STOP-AF trial
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performed in patients with paroxysmal AF and
previously failed antiarrhythmic drug treatment,
compared cryoballoon ablation with antiarrhyth-
mic drug therapy and demonstrated a significantly
greater treatment success (69.9% vs. 7.3% freedom
of AF) and an improvement of quality of life at 12
months in the cryoballoon ablation group.* It has
to be mentioned, that the STOP-AF trial defined
acute procedural success rate as an isolation of >3
PVs, a definition not previously used in AF ablation
trials. In addition, 19% of patients in the interven-
tional arm underwent a redo procedure with the
cryoballoon during the 3-months blanking period.

Pulmonary vein reconnections in patients with recur-
rent AF following cryoablation undergoing a redo
procedure were found in 2.7+0.4 veins per patients.’
Although the right inferior PV is generally thought
to be challenging in terms of complete acute PVI be-
cause of anatomical reasons, electrical reconnection
forleft-sided PVs was demonstrated more frequently.

Reconduction has been demonstrated to occur
most often at inferior locations and the anterior as-
pect of the left atrial appendage (LAA)-PV junction
(“ridge”) after cryoballoon ablation with the 28-mm
cryoballoon.’®* The PV reconnection site at the in-
ferior circumference seems to be associated with
cryoballoon ablation, while following RFA no spe-
cific PV reconnection pattern is found, with the ex-
ception of the ridge between the LAA and the left
superior PV.? The reason for the inferior location of
PV reconnection may be due to the cranial sheath
orientation, resulting in good tissue contact at the
superior aspect of the PVs. In contrast to superior
PVs where the sheath and the cryoballoon are rela-
tively easily aligned with the PV and the catheter
can be pushed towards the PV ostium, complete
PV occlusion with inferior PVs are more difficult to
achieve. Cryolesions achieved with poor balloon-
tissue contact may acutely lead to PVI while being
prone to later conduction recovery. Due to the ori-
entation of the refrigerant jets, the deepest tempera-
ture at the balloon surface is achieved just in front
of the equator. Therefore, despite good occlusion
and low temperatures lesions may be inadequate
due to a lack of central alignment of the balloon.”

PV reconnection is regarded as the most common
reason for recurrence in patients with paroxysmal
AF after catheter ablation. At our institute, we use

RF for repeat procedures in patients with recur-
rent AF after cryoballoon ablation. The rationale
for this approach is that the predilection sites for
conduction gaps are likely to apply for the second
procedure as well because they are likely due to
anatomical factors. This might explain the ob-
servation of RFA being more efficient compared
to cryoballoon for repeat procedures.?** In addi-
tion, PV reisolation with RF energy in conjunc-
tion with electroanatomical mapping systems
can be achieved with low radiation exposure.

Complications Associated with Cryoablation

Complication rates in patients undergoing RFA
have been extensively investigated and were
reported in 3.5% to 6% of patients.*” These in-
clude vascular access complications (1.1-1.9%),
cardiac tamponade (1.2-1.3%), thromboembolic
event (0.2-0.4%), and very rarely atrio-esoph-
ageal fistula (0.2%), PV stenosis (<0.01%) or
death (0.2%). Complication rates with cryobal-
loon have been less intensively investigated,
but have been reported to be similar compared
to RFA.”° Importantly, the cryoballoon trials
included patients during the early learning
curve of some operators and therefore there
may be potential for complication rates to de-
crease with increasing operator experience.'*'>"

Vascular Access Complications

Complication rates related to the vascular ac-
cess site including haemorrhage, iatrogenic
arterial pseudoaneurysm or arteriovenous fis-
tula formation during cryoablation seem to be
slightly higher compared to RFA of AF with an
incidence of 1.79% vs. 1.2%.>*?¢ The cryoballoon
sheath has a larger outer diameter compared to
sheaths used during RFA and therefore special
attention has to be paid on the adequate punc-
ture technique.

Phrenic Nerve Palsy

With a reported incidence of 2.8% to 13.5%
phrenic nerve palsy (PNP) is the most frequent
complication of cryoballoon ablation.>** Ow-
ing to the proximity of the right-sided PVs to the
right phrenic nerve. PNP occurs during cryo-
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ablation of the right-sided PVs, in particular the
right superior PV but PNP during ablation of the
right inferior PV has been reported."* The use of
a 23-mm balloon is significantly more often as-
sociated with PNP compared to the 28-mm bal-
loon (12.4% vs. 3.5%, p=0.0001).> Presumably,
although not investigated systematically, the ex-
planation is the more distal ablation site within
the PV with the smaller balloon that minimizes
the distance between the balloon and the phren-
ic nerve. In addition, cryoablation deep within
the PV might enhance cold transfer due to less
convective heating of the balloon by atrial blood
flow.? Luckily, most PNPs are transient and re-
solve within 14 months*** with an incidence
of PNP of only 0.37% persisting beyond 1 year.
However, the morbidity of PNP is considerable.

Different measures to avoid PNP have been pro-
posed. Because of the higher incidence of PNP
with the 23-mm diameter balloon, caution has to
be advised with the smaller balloon size. Phrenic
nerve stimulation at a cycle length of 1000 ms
during cryoablation of both the right superior
and inferior PVs is performed at our institution.
Phrenic nerve capture is confirmed by fluoros-
copy and manual confirmation before initiation
of the freezing cycle and capture should then be
assured throughout the freezing cycle by con-
tinuous palpation of the abdomen. One member
of the electrophysiology laboratory personnel is
standing next to the refrigeration console (Cryo-
Console, Medtronic) and immediate discontinua-
tion of the freezing cycle in case of loss of phren-
ic nerve capture or decrease of diaphragmatic
contraction is mandatory. Importantly, phrenic
nerve damage may be missed if stimulation is
performed distal to the potential site of injury.
We therefore aim to achieve a stable catheter
position in the superior vena cava superior, and
demonstration of consistent phrenic nerve cap-
ture before initiating the freezing cycle may help
to avoid over-diagnosing PNP. To enhance cath-
eter stability, we commonly use the deflectable
coronary sinus catheter instead of an additional
catheter placed in the superior vena cava (Figure
5). At our institution, AF ablation procedures are
performed in conscious sedation and adapting
the level of sedation may improve the tolerability
of phrenic nerve pacing. PNP has been reported
to occur with the larger balloon also. In addition,
early termination of cryoenergy application with

loss of phrenic nerve capture did not prevent the
subsequent occurrence of PNP, including cases
of persistent PNP.!>?'2 However, it may be that
recovery of phrenic nerve function is due to early
termination of the freezing cycle in case of loss
of phrenic nerve capture. A small series of cryo-
balloon ablation using only the 28-mm balloon
reported unintentional cryothermal energy appli-
cation inside the PV with subsequent PNP in pa-
tients with large right sided PV ostia. The authors
propose calculating the ratio between PV diam-
eter and balloon size and do not advise cryobal-
loon ablation in patients with a ratio of >0.93. In
the same series, the balloon pressure decreased
during freezing in 1/27 patient with subsequent
more distal balloon position inside the right su-
perior PV and transient PNP."

From a practical standpoint, it may be advisable
to perform ablation of the RIPV first because PNP
appears to be exceedingly rare during ablation
of the inferior vein. The rationale behind this ap-
proach is that if PNP occurs during cryoballoon
ablation at the RSPV and the RIPV is not isolated
yet, cryoballoon ablation at the RIPV cannot be
performed safely because phrenic nerve function
cannot be monitored unless recovery of phrenic
nerve function is immediate.

Pulmonary Vein Stenosis

PV stenosis is a complication, associated with
catheter ablation of AF using RF energy as a result
of energy application inside PVs. Due to differ-
ences in the definition of PV stenosis and the rate
of screening for this complication reported inci-
dences vary widely from 0% to 38% and the true
incidence might be underestimated, as screening
for asymptomatic PV stenosis is not performed
routinely.”?* Although the precise pathophysi-
ological mechanism is unclear, a progressive vas-
cular reaction leading to replacement of necrotic
myocardium by collagen is the most plausible
mechanism.” In contrast to the beginning of AF
ablation in the late 1990’s when investigators
were not aware of this potential complication,
consensus exists today, that avoiding RF energy
delivery within a PV can prevent PV stenosis.**!

PV stenosis has been considered very rare follow-
ing cryoballoon ablation but concerns rose after
presentation of the STOP-AF trial and the first re-
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Figure 5: Catheter setting and phrenic nerve stimulation during cryo-
balloon ablation of the right superior pulmonary vein (LAO projection)

Legend: The inflated cryoballoon is advanced to the PV ostium of the right superior PV. Contrast injec-
tion through the cryoballoon catheter distally to the cryoballoon confirms complete PV occlusion. The
coronary sinus catheter (arrow) is placed at the postero-lateral superior vena cava where phrenic nerve
stimulation is performed during the freezing cycle. The proximity of the right superior PV branch and
the phrenic nerve is shown. The circular mapping catheter is placed in the left superior PV.

ported PV stenosis.* In 9 studies using systematic
non-invasive imaging screening for PV stenosis
between 1 and 12 months following cryoballoon
ablation (773 procedures) the incidence of PV ste-
nosis was 0.90% (7/773).5 Of note, all cases were
observed in the STOP-AF trial, which observed 7
PV stenoses in 228 patients (10/927 PV), resulting
in an incidence of 3%. However, STOP-AF used a
>75% reduction in cross-sectional area from base-
line to define PV stenosis, which corresponds to
a 50% reduction of PV diameter. In studies using
standard definition based on reduction of the PV
diameter >75%, the incidence of PV stenosis was
0%. Thus the reported incidence by the STOP-AF
trial may overestimate the real incidence of rel-
evant PV stenosis following cryoballoon ablation
due to a more “cautious” definition of PV steno-
sis.

Reassuringly, the incidence of significant PV ste-
nosis resulting in symptoms or requiring inter-
vention seems to be lower (0.17%) compared to
AF ablation with RF energy.” However, underes-
timation of the PV diameter and thus energy ap-
plication within the PV makes PV stenosis using
cryoballoon conceivable.

Left Atrial Tachychardia and Flutter

Left atrial tachycardia following RFA of AF is
relatively common.* This is especially true for

patients with persistent AF, who are likely to re-
ceive additional linear lesions in the LA, which
enhance the likelihood of gaps and thus drive the
probability for the occurrence of left atrial tachy-
cardia.® The problem of left atrial tachycardia has
been described in 0.8% to 1.7% of patients after
cryoballoon ablation.'®® This low rate of left atrial
tachycardia may be due to the fact that the lesion
sets with cryoballoon ablation are circumferential
and relatively close to PVs.

Injury of Adjacent Structures

No cases of atrio-esophageal fistula have been re-
ported in AF ablation procedures with the cryo-
balloon. Three studies comprising 116 participants
systematically performed upper endoscopy fol-
lowing cryoballoon.’** In one study, esophageal
ulceration was reported in 6/35 patients,* whereas
two other studies demonstrated no esophageal
lesion in 38 and 43 patients, respectively.**** Lu-
minal esophageal temperature has been showed
to decrease during cryoablation, even to subzero
temperatures, especially when applying cryother-
mal energy in the inferior PVs.** However, given
the relatively small number of patients treated so
far in published trials or case series, it may be too
early to conclude whether atrio-esophageal fistula
formation is of concern following cryoballoon ab-
lation.

www jafib.com

Apr-May, 2012 | Vol 4 | Issue 6



Journal of Atrial Fibrillation

Featured Review

Recently, bronchial erosion following cryobal-
loon ablation with a 23-mm balloon deep inside
the left inferior PV and a maximal temperature
of -64°C was reported. The patient presented
with haemoptysis 4 days after the procedure
and thoracic computer tomography imaging re-
vealed no abnormalities. Bronchoscopy showed
erosion with blood effusion on the ventral side
at the division of the left superior and inferior
bronchus, which was located close to the left in-
ferior PV on a computer tomography scan.” Van
Belle et al. report on 2/57 (3.5%) patients, who
presented with haemoptysis that occurred with-
in the first month following the procedure. The
authors ruled out PV stenosis with a multislice
computer tomography scan but bronchoscopy to
exclude bronchial lesion formation was not per-
formed and symptoms did not recur after tem-
porary cessation of anticoagulant therapy.

Consequently, following cryoballoon ablation
of AF, a high level of vigilance must be main-
tained because of potential injury of surround-
ing anatomical structures if patients present
with haemoptysis or unspecific symptoms, such
as swallowing discomfort, recurrent neurologi-
cal events, fever and chills, suggestive for bron-
chial or esophageal injury, respectively.

Thromboembolic Events

Cerebrovascular events associated with the ab-
lation procedure are the most serious complica-
tions of RFA of AF with an incidence of 1 to 5% at
the beginning of the AF ablation era.?*? Ischemic
brain injury was the third most frequent cause
of death in a large worldwide retrospective case
series of AF ablation with RF over a broad spec-
trum of electrophysiology laboratories from
1995 to 2005.%

Improvements of the RF ablation technique, in-
cluding the use of irrigated tip catheters and a
more aggressive procedural anticoagulation
regimen have decreased the incidence of stroke
to <0.5% as demonstrated in recent prospective
studies.”** Comparing the incidence of cere-
bral microembolic signals in 30 patients during
AF ablation using RF 4-mm conventional non-
irrigated, 4-mm irrigated tip catheter and the
cryoballoon, Sauren et al. found significantly
less microembolic signals in the middle cerebral

arteries in procedures performed with the cryo-
balloon and irrigated tip catheter (non-irrigated
vs. irrigated-tip vs. cryoballoon: 3,908 + 2816 vs.
935 + 463 and 1,404 + 981).* Gaita et al. compar-
ing AF ablation with the cryoballoon, irrigated tip
and a multielectrode RF catheter report similarly
favorable findings for irrigated tip RF catheters
and the cryoballoon regarding silent thrombo-
embolic lesions documented on post-procedural
magnetic resonance imaging.* A recently pub-
lished multicenter study prospectively compared
the post-procedural incidence of new embolic le-
sion seen in a magnetic resonance imaging study
after AF ablation using conventional irrigated-tip,
cryoballoon or a novel multielectrode duty-cycled
RF catheter.* In the group treated with the multi-
electrode RF catheter ablation there was a notably
higher incidence of subclinical cerebral embolic
events (37.5%), while the event rate was lower
but not statistically different in the conventional
irrigated-tip and cryoballoon catheter group (ir-
rigated-tip vs. cryoballoon: 7.4% vs. 4.3%; p=0.4).

In animal models ablation with the cryoballoon
has been shown to reduce thrombus formation
compared to RF energy, probably by producing a
more homogenous lesion and by keeping the en-
dothelium intact.***> A systematic review of cryo-
balloon ablation by Andrade et al. reported a sim-
ilar incidence of thromboembolic complications
of 0.57%, including periprocedural stroke, tran-
sient ischemic attack, or myocardial infarction.”
Of note, the reported myocardial infarctions were
related to air embolism because of bubbles inside
the sheath. All of the reported periprocedural
myocardial infarctions resolved during the pro-
cedure without long-term sequelae.” The larger
outer diameter of the sheath used for cryoballoon
ablation compared to sheaths routinely used dur-
ing RFA might be more prone to air embolism,
and thus flushing of the sheath before transsep-
tal puncture and continuous flushing during the
procedure is recommended.

Based on the currently available evidence, cryo-
balloon ablation compares favourably to RF abla-
tion with regards to the risk of systemic embolism
associated with AF ablation procedures.

Limitations of Cryoballoon

Balloon based ablation systems are of limited
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flexibility. In patients with additional arrhyth-
mias, such as typical isthmus-dependent atrial
flutter or persistent AF, who may require linear
or focal lesions, we do not use the cryoballoon.
Because of this, a relevant number of patients
are not considered for cryoballoon ablation at
our institution.’® Of note, the cryoballoon is
only approved for ablation of paroxysmal AF in
the United States.

Complete PVI depends on adequate tissue con-
tact and individual anatomical variants, for
example the presence of a common trunk can
make cryoballoon ablation challenging in some
patients. A typical PV branching pattern based
on the Venice Chart definition® (2 left and 2
right PVs) was found to be present in 40% of
AF patients only.* 31% of patients presented
with a common left trunk with an average val-
ue of maximal diameter of 33 mm in those with
paroxysmal AF. Cryoballoon ablation with the
large balloon would inevitably result in energy
application deep in the PV in such cases, which
should be avoided. An alternative approach
would be to ablate at different arcs of the pe-
riphery at an antral level of a common trunk.
However, this technique is not successful in
our experience. Thus, although pre-procedur-
al imaging of the LA and PVs is not required
for cryoballoon ablation, we routinely perform
magnetic resonance imaging or computer to-
mography in order to obtain anatomical infor-
mation before the procedure and have recently
started not to consider patients for cryoballoon
ablation if relevant anatomical variants are
found on pre-procedural imaging. In addition,
if PVI cannot be achieved with the cryoballoon,
additional costs are generated with the inevi-
table use of an additional catheter. We use an ir-
rigated tip RF catheter for creating such “touch-
up” lesions.

Another limitation is that circumferential tis-
sue contact is demonstrated by contrast injec-
tion into the PV, which may result in the use
of a considerable amount of contrast medium,
making this technique problematic in patients
with decreased renal function. Alternative mo-
dalities to demonstrate adequate tissue con-
tact, such as assessment of the pressure curve
obtained at the tip of the catheter or colour
Doppler during transoesophageal echocardiog-

raphy to document PV occlusion have not been
widely adopted.**

Conclusions

To achieve acute PVI during cryoballoon ablation,
complete occlusion of the PV with the balloon and
thus good balloon-tissue contact is important. This
can be confirmed by contrast injection into the PV.
Although the position of the temperature probe in
the back of the balloon provides only a rough es-
timate of tissue temperatures, a rapid temperature
decrease and minimal temperatures < -50 °C are
indicative for a good tissue contact. In case of PV
occlusion failure, special techniques, such as the
pull-down maneuver may help to achieve com-
plete PV occlusion during the freezing cycle. If the
temperature decrease is insufficient, abortion of
the freezing cycle should be considered.

Modifications of the current balloon cooling and of
temperature measurement technology in order to
lower balloon temperature and to obtain real tis-
sue temperature during the freezing cycle might
improve the acute success rate of this technique.

In conclusion, the cryoballoon is a novel technolo-
gy for PVI and is mainly suitable for patients with
paroxysmal AF. However, randomized compari-
sons to radiofrequency catheter ablation are lack-

ing.
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