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Introduction

Cryoballoon and radiofrequency have emerged as the two
most frequently used approaches for catheter ablation of
atrial fibrillation (AF). Some centres have adopted cryobal-
loon (CB) ablation as their universal ablation modality for the
index AF ablation procedure, citing shorter procedural times
and a shorter learning curve. Other operators still prefer the
more “flexible” tool of radiofrequency ablation (RFA) as their
“universal strategy”.

Fundamentally, the cryoballoon was designed in two sizes to
achieve one goal: isolation of the pulmonary veins. The question
can be asked—does a two-size balloon adequately accommo-
date for the heterogeneity in patient characteristics, cardiac
substrate, and specific left atrial and pulmonary vein anatomy
that we observe in our AF patient population? It is quite feasible
that careful evaluation of such factors may “select” the optimal
technology for ablation in individual patients and potentially
improve outcomes, in terms of efficiency, efficacy or safety. To
date, the approach of individualised patient selection for mode
of AF ablation has not been systemically studied.

Randomised Controlled Trials of
Cryoballoon Versus
Radiofrequency Ablation

The seminal Fire and Ice study [1], a randomised trial of over
700 patients with drug-refractory paroxysmal atrial fibrilla-
tion to CB or RFA, is often used to justify the non-inferiority
of either approach. Indeed, clinical efficacy and safety out-
comes were similar between the two groups, albeit with a

higher incidence of transient phrenic nerve palsy (PNP) in
the CB arm. Procedural duration and left atrial dwell time
were shorter in the CB group, whilst fluoroscopy time was
shorter with RFA. Closer examination of the patient charac-
teristics reveals that the patients were relatively young (mean
age being 60 yrs) and most had structurally normal hearts
(mean left atrial diameter was 40 mm). In addition, specific
patient groups were excluded, such as those with prosthetic
valves, previous left atrial ablation or surgery, New York
Heart Association (NYHA) class III/IV heart failure, ejection
fraction <35%, left atrial diameter >55 mm, right pulmonary
vein diameter >26 mm, or hypertrophic cardiomyopathy.
Freeze AF [2], a smaller randomised trial comparing CB
and RFA, reported similar efficacy and safety outcomes,
and it used similar exclusion criteria. It is, therefore, possible
that CB or RFA may be associated with better clinical out-
comes in patient populations not well represented by these
randomised trials (Figure 1).

The remainder of this review will highlight patient char-
acteristics, cardiac substrate, and specific left atrial and pul-
monary vein anatomy which have the potential to influence
the modality of ablation (summarised in Table 1).

Non-Pulmonary Vein Substrate

The presence of non-PV triggers in initiating AF may limit the
efficacy of CB ablation. The therapeutic value of targeting non-
PV triggers routinely, however, is still controversial. Santangeli
etal. [3] rigorously evaluated the frequency of focal AF triggers
in over 2,000 patients, and found that non-pulmonary vein
triggers were only elicited in ~11% of patients. Interestingly,
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Figure 1 Example of an AF substrate where cryoballoon ablation may not be suitable.

A 45-year-old female with drug-refractory long-standing persistent AF and hypertrophic cardiomyopathy. The left atrium
was severely dilated (297 mL) on pre-procedural CT imaging, as seen in the superior view (A) and postero-anterior view (B).
Review of ECGs over the previous 12 months revealed AF (C), as well as two types of atrial flutter (D, E). This is an extreme
example of a patient in whom radiofrequency ablation would likely be favourable.

Abbreviations: CT, computed tomography; ECG, electrocardiograph; AF, atrial fibrillation.

this proportion appeared unchanged whether AF was parox-
ysmal, persistent or long-standing persistentin duration. Their
results support current recommendations for PV isolation
(PVI) as the cornerstone of catheter ablation for AF. However,
the frequency of non-pulmonary vein triggers may be higher in
certain populations. For example, studies of patients with
Asian ethnicity have consistently shown an increased preva-
lence of non-PV triggers, of up to 20-35% [4,5], with the most
common non-PV trigger site being the superior vena cava
(SVQO). Outside of Asian populations, a single study has sug-
gested empirical SVC isolation using RFA, in addition to PVI,
may reduce paroxysmal AF recurrence [6]. Other factors asso-
ciated with non-PV triggers include female gender [4,5], youn-
ger age [5], persistent AF [5], or left atrial enlargement (the
latter specifically for posterior left atrial triggers) [4]. Recur-
rence of AF may be significantly reduced with ablation of non-
PV triggers in such populations [4,5,7]. Zhao et al. [8] also
demonstrated 69% of their patients with impaired ejection
fraction (EF<35%) had non-PV triggers, with reduced
recurrence of AF if these were ablated.

Cryoballoon has been applied to non-PV substrates. Small
series or case reports have reported the feasibility of ablation
of the SVC, left and right atrial appendages or left atrial
substrate using the cryoballoon [9-14] (Figure 2). However,
it is important to acknowledge that the cryoballoon was

never designed to address such substrates, and neither
long-term efficacy or complications have been adequately
characterised with such ““off-label use”.

Similarly, cryoballoon was not designed for linear ablation
of macro-reentrant arrhythmias. As an example, concomitant
cavo-tricuspid isthmus ablation was performed in 19% of
patients in the Freeze AF study despite exclusion of patients
with prior surgery/ablation, severely enlarged atria, or sig-
nificant left ventricular dysfunction. Radiofrequency abla-
tion may have intuitive advantages, in patients with
documented atrial flutter (in addition to atrial fibrillation),
or in those with atrial substrates prone to macro-reentry such
as prior ablation, or surgery.

Duration and Type of Atrial
Fibrillation

Ablation outcomes in persistent AF are known to be less
favourable than in paroxysmal AF [15]. Although additional
substrate ablation (such as linear ablation, ablation of com-
plex fractionated atrial electrograms (CFAEs), and/or rotors)
in persistent AF may improve outcomes, this assumption
was called into question by the Substrate and Trigger Abla-
tion for Reduction of Atrial Fibrillation (STAR AF II) study
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Table1 Potential factors influencing choice of ablation

modality.

Factor

Significant structural heart
disease (eg. severe systolic
dysfunction, severe left atrial
dilatation, HCM, previous
atrial surgery or ablation).
Suspected non-PV AF
substrate

Documented flutter/AT on
ECG

Potential non-PV trigger

Long-standing persistent AF

Anatomical challenges
LCPV

RMPV and rare variants
Early branching or sharp
angulation of PV

Sharp ridge left PVs/LAA

Very large vein (>26 mm)

Oval or funnel-shaped vein

Evidence/implications

® Excluded from major CB
PVI trials

® May have more non-PV
substrates for AF

® Consider RFA, or hybrid
approach

e Asian ethnicity, female

® Reduced ejection fraction
e Severe left atrial dilatation
e Evidence for CB PVI
lacking

e Evidence for benefit of
additional substrate ablation
(with RFA) lacking

e Conflicting evidence
regarding efficacy with CB
PVI

® More venous ablation and
increased recurrence if long
trunk (>10-20 mm)

e Evidence lacking

® May impair alignment,
occlusion and effective
ablation

® May impair alignment,
occlusion and effective
ablation

e Increased risk of PNP, PV
stenosis, particularly on right
side

e Reduced antral ablation

e Reduced antral ablation,
possibly increased recurrence
of AF

Abbreviations: HCM, hypertrophic cardiomyopathy; CB, cryoballoon;

PVI, pulmonary vein isolation; PV, pulmonary vein; AF, atrial fibrillation;

AT, atrial tachycardia; RFA, radiofrequency ablation; LCPV, left common

pulmonary vein; RMPV, right middle pulmonary vein; LAA, left atrial

appendage; PNP, phrenic nerve palsy.

[15]. In this randomised trial, no additional benefit (at the
index procedure) was seen by adding linear ablation or
targeting of CFAEs to antral PVI with RFA for persistent
AF. These results may not necessarily be applicable to CB
however, which may deliver a more ostial (rather than antral)
ablation, compared to RFA [16,17], especially in the setting of
large calibre funnel shaped PVs or left common PVs.

Limited non-randomised data suggests similar short to
mid-term outcomes in persistent AF when comparing the
second-generation CB (CB2) with RFA [18-20]. In a pro-
pensity-matched study of 118 patients undergoing either
CB PVI only or RFA PVI plus substrate ablation for per-
sistent AF, Boveda et al. [21] did not find any difference in
outcomes between groups. The literature was summarised
in a systematic review and meta-analysis by Voskoboinik
et al. [22], analysing 14 studies of PVI only for persistent
AF, with 45% of patients receiving RFA and 55% CB2.
Long-term outcomes were similar between ablation strat-
egies, with 67% single procedure freedom from arrhythmia
at 12 months and a 0.9% persistent PNP rate in the CB
group. Importantly, the overall prevalence of structural
heart disease in these studies was low, and few patients
had severe left ventricular systolic dysfunction or severe
left atrial dilatation. In addition, only a minority had long-
standing persistent AF. Currently, evidence for CB PVI in
long-standing persistent AF is lacking. Some operators
have reported the use of the CB to successfully ablate
CFAEs or create linear lesions (roof or mitral lines)
[10,23], suggesting that additional substrate ablation is
technically feasible. More recently, a randomised trial of
390 persistent AF patients suggested CB posterior wall
isolation in addition to PVIreduced arrhythmia recurrence
compared to CB PVI alone [24]. Notably, a mean of 13.7 CB
applications was required to isolate the posterior wall,
“touch-up” RFA was required in nearly one third and
significant oesophageal cooling was observed in several
cases. For now, such use of the CB remains ““off-label” with
insufficient data to support mainstream adoption, and
RFA remains the modality of choice for ablation beyond
the pulmonary veins.

In redo ablation procedures, RFA is preferable to CBA
because it addresses focal pulmonary vein reconnections
as well as allowing additional non-PV trigger or substrate
ablation when it is required.

Variations in Pulmonary Vein
Anatomy

Adequate contact between the cryoballoon and the PV
antrum is critical to ensure transfer of heat energy and
effective lesion formation. A mismatch between the PV
and the two-size CB, due to variations in size, shape or
configuration of pulmonary veins, may theoretically impede
ablation efficacy; and, extreme variations in such factors may
favour the flexibility of RFA (Figure 3).

Nevertheless, CB users may be reassured that the original
“’single big balloon” study [25] did not mandate screening of
PV anatomy for inclusion. In addition, large randomised
trials [1,2,26] did not exclude PV anatomical variants, except
for large right sided veins in the “Fire and Ice” trial. Acute
isolation of anomalous PV variants was successfully
achieved by CB in nearly all cases in the “Fire and Ice” trial
(28/28 left common PVs and 12/13 right middle PVs).



514

B.M. Moore, RW. Sy

Figure 2 “Off-label” superior vena cava (SVC) isolation using cryoballoon.

A 74-year-old male with drug-refractory paroxysmal AF. Cryoballoon ablation successfully isolated all 4 pulmonary veins,
with AF subsequently organising into atrial tachycardia. The circular mapping catheter was placed in the SVC (A), where a
rapidly firing focus was identified (B). The SVC was successfully isolated using cryoballoon (C), with tachycardia
termination during ablation. AF recurred at 6 months, with reconnection of the SVC; this was then isolated using radio-

frequency energy (D — antero-posterior and left lateral views).

Abbreviations: AF, atrial fibrillation; SVC, superior vena cava; CS, coronary sinus; RAA, right atrial appendage.

However, the results have been more heterogeneous in the
wider literature examining the impact of PV anatomy on
CBA efficacy.

Anomalous Pulmonary Vein Anatomy

Magnetic resonance imaging (MRI) and computed tomogra-
phy (CT) imaging studies examining PV anatomy have estab-
lished that anomalous anatomy is common; a “normal” four
PV ostia configuration may be present in only 50-70% of
patients [27-29]. A left common PV (LCPV) is seen in 9-17%
of patients and a right middle PV (RMPV) in 13-29% of
patients [27,29-32]. Less commonly, a left supernumerary
vein may be present in up to 2% and a right common ostium
in 0.5-2%.

The mean diameter of LCPVs may range from 26 to 31 mm
[27,33], potentially providing a challenge to satisfactory CB
occlusion and the delivery of effective antral ablation, even
with the 28 mm balloon. Indeed, early experience with the

first-generation CB (CB1) found increased rates of AF recur-
rence with LCPVs [34], particularly in those patients with a
long common trunk (>20 mm) prior to branching. Results
with the more conformable CB2, however, have been more
optimistic, with several studies showing similar long-term
freedom from atrial arrhythmia in the setting of normal PV
anatomy or a LCPV [35-37]. Variably, isolation can be
achieved with either a single antral freeze, or sequential
freezes with the spiral catheter in upper and lower branches
[35,36]. Recording PV potentials may be more challenging
with distal positioning of the recording catheter. No
increased risk of clinically significant PV stenosis was
detected in these studies. However, it is notable that Shigeta
et al. [38] recently reported an increased risk of AF recurrence
with CB2 in LCPVs, defining LCPV as a trunk >10 mm.
Recurrence only occurred in those with a more distal
(venous) ablation, rather than antral ablation. In the four
patients who underwent a repeat ablation, the distal LCPV
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Figure 3 Example of rare anomalous PV variant — common inferior pulmonary vein ostium.

A 60-year-old male with drug-refractory persistent AF and tachycardia-mediated cardiomyopathy. The preoperative CT
revealed a common inferior pulmonary vein ostium, seen in the postero-anterior (A) and superior (B) views. Maximal
dimension of the common os was 38 mm (C). All pulmonary veins were successfully isolated using radiofrequency energy.
Abbreviations: AF, atrial fibrillation; CT, computed tomography.

remained isolated, prompting the authors to hypothesise that
the lack of antral ablation was causative of AF recurrence.

Patients with a RMPV have been historically excluded from
older CB studies [39], and some operators remain reluctant to
use CB in these typically small diameter veins. Technically,
overlapping ablations of the right superior and inferior veins
may be sufficient to isolate a small RMPV. Data specific to
RMPVs is scarce; although no increased risk of AF recurrence
was seen with CB1[35,40], a small study of CB2 ablations found
increased AF recurrence in this group [41].

Pulmonary Vein Branching, Angulation,
Size and Shape

Early branching of a pulmonary vein has been defined as
branching within 5 mm of the PV ostium; this may be present
(in at least one vein) in up to 40% of patients [27]. If the early
PV branch is directed with an acute angle relative to the main
PV trunk, optimal alignment of the CB with the ostium may
be impaired. Knecht et al. [40], using CB1, found that early

branching of the right inferior PV was particularly associated
with increased failure of isolation. A study of early PV
reconnections in CB PVI (with adenosine challenge at 30
mins post-isolation) supported this observation, as early
branching of right sided veins was associated with reconnec-
tion [42]. Sharp angulation of the main PV trunk, relative to
the frontal plane of the atrium, may similarly impair optimal
alignment and therefore occlusion with the CB. Sharp angu-
lation in CB1 studies was predictive of conduction recovery,
particularly at the inferior aspect of the inferior veins [39,43].
CB1 studies have also reported increased recurrence in
patients with a sharply angled ridge between the left PVs
and the left atrial appendage, or a sharp carina between the
left PVs [40,43].

A very large vein may potentially increase the risk of PNP
and PV stenosis, whilst reducing antral ablation and render-
ing the recording of PV potentials technically difficult. In Fire
and Ice [1], right sided veins >26 mm were excluded for these
reasons. Mansour et al. observed that 14% of patients had at
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least one vein with a maximal ostial diameter exceeding
25 mm, and 30% of patients had >10 mm variability between
PVs[27].Indeed, all cases of PNP in Chun et al.’s [25] original
CB study occurred when the PV to CB ratio exceeded 0.93.
The smaller 23 mm CB has been associated with an increased
risk of PNP in several studies [44,45], although a signal
towards more permanent PNP with the larger 28 mm balloon
should be noted with caution [46,47]. With respect to reduced
antral ablation, limited data with CB has reported an
increased AF recurrence with a large right superior PV
[41] or large left inferior PV [48].

Not only size but shape of PVs may impact cryoablation
efficacy. Increased ovality of PVs (quantified by the ratio of
maximal to minimal diameters of the vein) has been shown
to impede occlusion and lead to unfavourable outcomes
[39,49]. Funnel-shaped veins, although not studied system-
ically, may potentially have the same effect. These were
defined as a 60% decrease in diameter over 10 mm by
Mansour et al. [27], and were present in at least one vein
in 47% of patients.

Ganglionic Plexus Ablation

The ganglionic plexi, located at the antral aspect of the PV
ostia, may play a role in the pathogenesis of AF via cardiac
parasympathetic innervation [50]. Some have argued that
CB potentially modulates these plexi (the concept of
“bystander ablation”), moreso than RFA [51,52]. Intra-
procedural vagal reactions to cryoablation, requiring
atropine or temporary pacing, were associated with reduced
AF recurrence in a study by Yorgun et al.’s [51]. Conversely,
the reproducibility of vagal reactions with ““bonus” cryoap-
plications prompted Peyrol et al. [53] to suggest that the
phenomenon may reflect autonomic stimulation, rather
than modulation or denervation. The effect on the auto-
nomic nervous system appears to be temporary, as assessed
by analysis of heart rate variability with gradual recovery by
3 months post CB ablation [52].

Cryoballoon Design
Enhancements

The first-generation CB produced a band of maximal cooling
immediately distal to the equator of the balloon. Eccentric
positioning of the CB1 in a PV could, therefore, result in
suboptimal alignment of this band with the PV antrum. The
second-generation balloon redesigned the position and
number of refrigerant injector ports, to produce more
homogeneous cooling of the distal hemisphere; thereby
alignment was less critical to achieve isolation [54]. New
CB designs have already been described in small series
[55]. These enhancements may further improve the flexibility
and conformability of the cryoballoon, such that it can more
reliably accommodate PV anatomical variants and non-PV
substrates.

Conclusions

The question of individualised patient selection for cryobal-
loon or radiofrequency ablation of AF has not been systemi-
cally studied. The results of recent randomised trials such as
“Fire and Ice” and ““Freeze AF” suggests that CBA and RFA
may deliver equivalent efficiency, efficacy and safety in the
majority of patients undergoing ablation for AF. However,
these trials excluded certain types of structural heart disease
or PV anatomical variants. Cryoablation may be less favour-
able when a non-PV substrate is documented or suspected
(for example, significant structural heart disease, specific
ethnicity or potentially long-standing persistent AF). Cryoa-
blation may also be less favourable when anatomical chal-
lenges are detected on pre-procedural imaging, such as
anomalous PV anatomy, large, angulated or ovoid veins.
Future research should aim to address the potential benefit
of patient selection for mode of AF ablation in these sub-
groups. From a practical perspective, it is important for
contemporary electrophysiology Fellowship programs to
continue training in both modalities of ablation.
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