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Supplemental Radiofrequency Ablation
After Acutely Unsuccessful Cryoballoon
Pulmonary Vein Isolation is Associated With
Increased Risk of Recurrent Atrial Fibrillation

Henry D. Huang, MD; Grzegorz Pietrasik, MD, PhD; Qurrat-ul-ain Abid, MD; Parikshit S. Sharma, MD, MPH;
Kousik Krishnan, MD; Timothy R. Larsen, DO; Richard G. Trohman, MD, MBA

BACKGROUND: Cryoballoon (CB) ablation is widely performed for pulmonary vein isolation (PVI) in patients with atrial fibrillation
(AF). Anatomic variations in patient pulmonary vein (PV) anatomy are believed to impact short- and long-term procedural suc-
cess of CB PVI.

METHODS AND RESULTS: We hypothesized that failure of initial PV isolation with a standard technique (ie, requiring >2 freeze
cycles per PV and/or radiofrequency ablation [RFA] to achieve PV isolation) during index CB PVI procedures would be as-
sociated with decreased freedom from AF. We examined a cohort of 177 consecutive patients with drug-refractory AF who
underwent CB PVI with a 28-mm balloon second-generation CB device. Mean follow-up time was 19+9 months. Forty-three
patients had AF recurrence after the 90-day blanking period after ablation. In 40 patients, acute isolation of one or more PVs
could not be achieved by CB ablation with the standard technique (single freeze with or without bonus freeze). To obtain
complete acute PVI, 15 patients received extra freeze applications, 20 required supplemental RFA, and 5 received both extra
freeze applications and supplemental RFA. Multivariate regression analysis revealed supplemental RFA use during index CB
PVI procedures was independently associated with a threefold increased risk of AF recurrence (adjusted hazard ratio, 3.01;
1.45-10.87; P=0.003).

CONCLUSIONS: Use of supplemental RFA during CB PVI procedures to assist with isolation of one or more PVs was indepen-
dently associated with increased risk of AF recurrence. Use of additional freezes to achieve PVI did not increase the risk for
recurrent AF.
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cardiac arrhythmia encountered in clinical prac-

tice and its prevalence is expected to increase
worldwide. Pulmonary vein isolation (PVI) has become
the cornerstone approach for treatment of patients with
drug-refractory symptomatic AF. The most commonly
performed percutaneous modalities for PVI in clinical
practice are radiofrequency ablation (RFA) using point-
by-point lesion delivery and cryoballoon (CB) ablation.
A significant advantage of CB PVI is the potential for

Atrial fibrillation (AF) is the most common sustained

nonselective “single-shot” circumferential pulmonary
vein (PV) antral isolation, resulting in reduced proce-
dure times and simplified operator learning curves.'
The standard technique (ST) for CB ablation gen-
erally includes delivery of up to two freeze applica-
tions (ie, single freeze with or without bonus freeze)
per PV.?2 Recent studies suggest that a single freeze
may be sufficient to achieve durable isolation of PVs
if time to PVI (TT-PVI) is short.34 Conversely, lon-
ger time to PV isolation with CB ablation has been
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CLINICAL PERSPECTIVE

What Is New?

e We identified 177 consecutive patients who un-
derwent cryoballoon pulmonary vein isolation
and examined whether delivery of at least one
bonus freeze per pulmonary vein or use of sup-
plemental radiofrequency ablation was associ-
ated with atrial fibrillation recurrence.

* In the cohort, we found additional ablation to
achieve pulmonary vein isolation was associ-
ated with lower freedom from atrial fibrillation;
use of supplemental radiofrequency ablation to
isolate at least one pulmonary vein after cryoa-
blation was independently associated with atrial
fibrillation recurrence.

e In a subset of patients, elliptical right inferior
pulmonary vein ostium shape identified by com-
puted tomography imaging and use of supple-
mental radiofrequency ablation were associated
with higher atrial fibrillation recurrence.

What Are the Clinical Implications?

e Preprocedure imaging may be useful for strati-
fying patients with difficult pulmonary vein anat-
omy when deciding on modality to use for atrial
fibrillation ablation.

e When the standard cryoballoon technique is
unsuccessful, additional freeze attempts after
balloon repositioning should be considered be-
fore using a supplemental radiofrequency abla-
tion approach.

e If supplemental radiofrequency ablation is
needed to assist with pulmonary vein isolation,
then a wide empiric lesion set may be preferred
over a focal ablation strategy targeting electro-
cardiograms given unclear demarcation be-
tween tissue destined for necrosis and tissue
with acute reversible injury after cryoballoon
ablation.

Nonstandard Abbreviations and Acronyms

AF atrial fibrillation

CB cryoballoon

PV pulmonary vein

PVI pulmonary vein isolation
RFA radiofrequency ablation

ST standard technique

independently correlated with occurrence of late PV
reconnection.® For some patients, isolation of all tar-
geted PVs can only be achieved after delivery of ad-
ditional freezes or supplemental radiofrequency (RF)
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energy delivery. This is occurs most often when PV
anatomy is unfavorable.5-8

We sought to determine whether the need for de-
livery of more than one bonus freeze per PV (ie, more
than two total freezes) or supplemental RF to achieve
acute PVI during index CB procedures would be
associated with increased long-term AF recurrence
postablation.

METHODS

The data supporting the findings of this study are avail-
able from the corresponding author upon reasonable
request.

Objective

We hypothesized that failure of initial PV isolation
with the ST (requiring more than one bonus freeze
per PV and/or RFA to achieve PV isolation) during
index CB PVI procedures would be associated with
decreased intermediate- and long-term freedom
from AF.

Study Population

The study population consisted of 177 consecutive pa-
tients at a large, urban tertiary center who underwent
CB PVI for 12-lead verified, symptomatic, and drug-
refractory paroxysmal or persistent AF. Patients who
had AF episodes that self-terminated within 7 days
were designated as having paroxysmal AF. Patients
with continuous episodes of AF >7 days were desig-
nated as having persistent AF. No patients with long-
standing persistent (>1 year of continuous AF) were
included in this study. All patients had at least 6 months
of follow-up after their index ablation procedures. The
study was approved by the institutional review board
of Rush University Medical Center. Informed consent
was not obtained due to the retrospective nature of the
study.

CB PVI procedures were performed by five ex-
perienced electrophysiologists. Written informed
consent was obtained and presence of left atrial
thrombus was excluded by transesophageal echo-
cardiography or computed tomography before each
procedure. All patients were therapeutically antico-
agulated with either warfarin to maintain an inter-
national normalized ratio of 2 to 3 or a direct oral
anticoagulant for at least 4 weeks before their index
procedure. Warfarin was not intentionally interrupted
before the procedure. The procedures were per-
formed if international normalized ratio was >2 and
<3.0. Direct oral anticoagulant medication was held
on the morning of the procedure. Antiarrhythmic
drugs were discontinued at least four half-lives be-
fore the index procedure.
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Ablation Procedure

Procedures were performed under general anesthe-
sia. After positioning a diagnostic decapolar catheter
for (pacing and recording) into the coronary sinus,
single transseptal access was obtained using an SL1
long sheath and Baylis transseptal needle system.
Intravenous heparin was administered at time of trans-
septal puncture followed by an infusion to maintain
activated clotting time of 300 to 400 seconds. All ab-
lation procedures were performed using a second-
generation 28-mm CB catheter (Arctic Front Advance;
Medtronic, St Paul, MN) inserted through a 12F steer-
able sheath (FlexCath Advance Steerable Sheath;
Medtronic).

The CB catheter was guided to each PV over a
circular inner lumen mapping catheter (Achieve;
Medtronic). Before delivery of each freeze, PV angi-
ography was performed to assess venous occlusion.
During freeze applications, attempts were made
to record TT-PVI. A single-freeze application (TT-
PVI+120 seconds) was applied to a PV if the TT-PVI
was <60 seconds. When the TT-PVI was >60 sec-
onds, a bonus freeze application of 120 seconds was
administered. If TT-PVI was not measurable due to
absence of PV recordings, an empiric 180-second
freeze application was delivered followed by a single
bonus freeze of 90-120 seconds. If PV isolation was
not obtained after delivery of two freeze applications,
then the CB catheter was repositioned and additional
bonus freezes were performed with the CB until PVI
was obtained.

In general, freeze applications were stopped when
the CB temperature fell below —65°C, and the bal-
loon was repositioned before the next freeze was
performed. Luminal esophageal temperature moni-
toring was performed during cryoablation and freeze
applications were stopped if temperature fell below
15°C. During cryoablation of the right PVs, a decap-
olar catheter was positioned in the superior vena
cava and high-output phrenic nerve stimulation was
performed while monitoring for loss of capture or at-
tenuation of diaphragmatic compound motor action
potential amplitude.

If isolation of all PVs could not be achieved de-
spite repositioning of the CB catheter or due to risk
of extracardiac injury, point-by-point RFA with an irri-
gated, force-sensing ablation catheter (Thermocool
Smarttouch SF or Thermacool Smarttouch, Biosense
Webster, Irving, CA) was employed to achieve acute
PVI at the operator’s discretion. Optimal location of RF
lesion delivery was guided by electrocardiographic in-
terpretation and activation mapping along the PV an-
trum using a three-dimensional mapping system (Carto
3; Biosense Webster) to identify gaps in conduction
block. Care was taken to avoid delivery of RFA energy
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applications within the tubular portion of any PV. The
goal of RFA was to target and abolish all remaining local
electrocardiograms on the PV antrum. Once electrical
isolation of the targeted PV was achieved with RFA,
lesion delivery was stopped without additional empiric
RFA unless acute PV reconnection was observed later
in the study.

Postprocedural Evaluation

Intracardiac echocardiography or transthoracic
echocardiography was performed immediately after
the procedure to exclude the presence of a pericar-
dial effusion. Patients were discharged the next day
provided that their clinical status was considered
stable. Oral anticoagulation was initiated in the even-
ing on the day of ablation, unless a pericardial effu-
sion was detected, and was continued uninterrupted
at least 3 months after the procedure. Previous anti-
arrhythmic drug treatment was also continued for at
least 3 months.

Study End Points

The procedural end points of the study were acute
isolation of all PVs and whether at least bonus freeze
or supplemental RFA was needed to achieve isolation
of one or more PV(s). The primary clinical end point
was freedom from an episode of AF after a 3-month
blanking period after the index ablation procedure.
The secondary end point was need for redo ablation
procedures.

Recurrence was defined as any symptomatic or
asymptomatic episode of AF lasting >30 seconds (re-
corded on 12-lead electrocardiogram or ambulatory
monitoring). Any recurrence taking place in the first
3 months after the index ablation procedure was clas-
sified as an early recurrence and any recurrence after
this period was a late recurrence. Very late recurrence
was indicated if first recurrent AF episode occurred
>2 years after index ablation.

Patients with AF recurrence after the blanking pe-
riod were offered the opportunity to undergo a redo
ablation procedure to evaluate the cause of recur-
rence. Preparatory steps were employed, similar to
those performed during the index procedure. A mul-
tipolar diagnostic catheter was used to evaluate the
status of isolation or reconnection of each PV.

Study Follow-Up

Follow-up started after the index PVI procedure.
Regular follow-up intervals consisted of outpatient
clinic visits at 1, 3, 6, and 12 months after the proce-
dure and included a detailed history for arrhythmia-
related symptoms (palpitations, chest discomfort,
fatigue, and dizziness), physical examination, 12-lead
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electrocardiogram, and 14-day ambulatory monitor-
ing. The need for further oral anticoagulation was eval-
uated on the month 3 visit based on the Congestive
heart failure, Hypertension, Age, Diabetes, previous
Stroke/transient ischemic attack (2 points); VASc
vascular disease, and sex category (CHA,DS,-VASC)
score.

Statistical Analysis

Baseline characteristics were compared using a
chi-square test for dichotomous variables. The two-
sample t test was used for normally distributed con-
tinuous variables, and a two-sample Wilcoxon rank
sum test was used for variables not normally distrib-
uted. The associations between clinical and proce-
dural covariates and the end point were examined
using Kaplan-Meier survival curves and the log-rank
statistic P value. The Cox proportional hazards re-
gression model was used to evaluate the independent
contribution of baseline clinical factors and proce-
dural covariates for the development of end points.
Stepwise elimination and backward selections were
used to select the most parsimonious set of predic-
tive variables.

Multivariate analysis was performed using the Cox
proportional hazards regression model. Stepwise se-
lection was used to identify clinical predictors, and
P>0.10 was used for removing a variable in construct-
ing the baseline clinical model. The variables evalu-
ated in the proportional hazard regression stepwise
selection model predicting end points included: age,
type of AF (paroxysmal vs persistent), female sex,
hypertension, type 2 diabetes mellitus and history of
ischemic heart disease. History of hypertension was
the only variable that made a significant contribution
to the model.

Stattistical analyses were performed using Minitab
version 14. A two-sided P<0.05 was considered statis-
tically significant.

RESULTS

A total of 177 consecutive patients who underwent a
first CB PVI procedure for symptomatic AF were in-
cluded in the study. The study population’s baseline
characteristics are detailed in Table 1. In our cohort,
patients with recurrence of AF after the blanking period
were more likely to have history of ischemic heart dis-
ease. Differences in age at the time of ablation, female
sex, type of AF (paroxysmal vs persistent), hyperten-
sion, diabetes mellitus, left ventricular ejection fraction,
history of obstructive sleep apnea, left atrial volume
index as determined by transthoracic echocardiog-
raphy, or use of antiarrhythmic medications were not
statistically significant predictors of recurrence.
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Table 1. Baseline and Procedure Characteristics of
Patients Without Recurrence of AF and Patients With
Recurrence of AF During Follow-Up

No Recurrence Recurrence
Variable (N=134) (N=43)
Age, y 62+11 63+10
Follow-up time 560+360 273+208
Male sex 83 (62%) 28 (65%)
Body mass index 32+8 31+7
Paroxysmal AF, n (%) 101 (75%) 28 (65%)
Hypertension 83 (62%) 33 (77%)
Type 2 DM, n (%) 21 (16%) 3 (7%)
Ischemic heart disease, n (%) 19 (14%) 13 (30%)
Stroke or TIA, n (%) 15 (11%) 4 (9%)
Obstructive sleep apnea 16 (12%) 2 (56%)
Baseline LVEF, % 55+11 54+14
Left atrial volume index, mL/m? 36+14 34+13
Antiarrhythmic drug, after 74 (55%) 26 (60%)
ablation, n (%)
B-Blocker, n (%) 102 (76%) 32 (74%)
Anticoagulant use, n (%) 134 (100%) 43 (100%)
Procedure time, minutes 9717 109+33
TT-PVI recorded 391 (72%) 109 (65%)
TT-PVI, seconds 49+14 54+17
Any additional ablation required 30 (22%) 21 (49%)
to achieve PVI, n (%)
Extra freeze applications used to 27 (20%) 11 (26%)
achieve PVI, n (%)
Supplemental RFA to achieve 5(3.7%) 11 (26%)
PVI, n (%)

AF indicates atrial fibrillation; DM, diabetes mellitus; LVEF, left ventricular
ejection fraction; PVI, pulmonary vein isolation; RFA, radiofrequency ablation;
TIA, transient ischemic attack; and TT, time to.

Procedural Outcomes
Complete acute PVI was achieved in 176 of 177 pa-
tients (99.4%) during the index ablation procedure.
Mean procedure time was longer in patients who had
recurrent AF (P=0.003). There was no statistical dif-
ference in TT-PVI between patients with and without
recurrent AF (P=0.09) (Table 1). Forty patients (22.6%)
had at least one PV that was not isolated after cryoa-
blation with the ST (single freeze with or without bonus
freeze). To obtain isolation of all PVs, 15 patients (8.4%)
required delivery of extra bonus freezes, 20 (11.3%) re-
quired supplemental RFA, and 5 required both more
than one bonus freeze and supplemental RFA. For de-
livery of supplemental RF, operators used irrigated con-
tact force catheters (Thermocool Smarttouch SF and
Thermocool Smarttouch) and a focal ablation approach
(number of RF lesions per PV: 2.7+1.1; lesion duration:
25.6+7.5 seconds; power setting: 26.8+5.5 Watts).
Table 2 shows, by PV location, the percentage
of time isolation was achieved using the standard
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Table 2. Method of Ablation Used for Acute Isolation by PV Location

Standard Technique Only

More Than 1 Bonus Freeze

Supplemental RFA

Left superior, n (%)

152/166 (91.6%)

11/166 (6.6%)

3/166 (1.8%)

Left inferior, n (%)

150/166 (90.3%)

10/166 (5.6%)

6/166 (2.4%)

Left common, n (%)

7/11 (63.6%)

3/11 (2.7%)

2/11 (18.1%)

Left middle, n (%)

3/3 (100%)

0/3 (0%)

0/3 (0%)

Right superior, n (%)

147/175 (80.5%)

20/175 (11.4%)

8/175 (4.6%)

Right inferior, n (%)

145/175 (82.9%)

21/175 (12.0%)

10175 (5.7%)

Right common, n (%)

2/2 (100%)

0/2 (0%)

0/2 (0%)

Right middle, n (%)

12/12 (100%)

0/12 (0%)

0/12 (0%)

PV indicates pulmonary vein; RFA radiofrequency ablation.

technique vs only after additional bonus freezes or
supplemental RFA. The right PVs more frequently re-
quired extra bonus freezes to achieve isolation than the
left PVs (11.7% vs 6.3%; P=0.01). The right inferior pul-
monary vein (RIPV) (17.7%) most commonly required
supplemental ablation (either cryoablation or RF) to as-
sist in achieving isolation among patients with normal
PV anatomy. Among patients with left common vein
variant PV anatomy, 18% required supplemental RF to
achieve isolation after CB ablation.

Clinical End Points for Study

During a mean follow-up of 560+268 days, there were
43 recurrences of AF after the 3-month blanking period.
All patients in the study had at least 6 months of follow-
up. For the overall cohort, freedom from AF was 76%
during the follow-up period. Freedom from AF was 83%
when PVI was achieved using only the ST as compared
with 59% when additional ablation (bonus freezes or
RFA) was needed to accomplish PVI. Cumulative risk
of AF recurrence was higher after index CB PVI pro-
cedures when there was deviation (additional bonus
freezes or RF application) from the ST (P=0.0001)
(Figure 1A). In the multivariate Cox regression model,

risk of AF recurrence was significantly lower when PV
was accomplished using the ST alone (hazard ratio
[HR], 0.34; 95% ClI, 0.18-0.66; P=0.02) (Table 3).

When specifically analyzed by mode of addi-
tional ablation, we found no significant difference
in cumulative risk of AF recurrence (P=0.08) or
need for redo ablation procedures (P=0.8) when
additional bonus freezes were required for PVI
vs standard technique alone (Figure 2A and 2B).
Conversely, patients who required supplemental
RFA of at least one PV during CB PVI procedures
had a significantly higher risk for AF recurrence
(P=0.0001) (Figure 2C and Table 4). In the multi-
variate Cox regression model, use of supplemental
RFA during index CB PVI was independently as-
sociated with threefold increased risk in recurrent
AF after the blanking period (Table 3). Four of the
20 patients (20%) who required supplemental RFA
during index CB PVI procedures underwent subse-
quent redo ablation procedures. Sites of acute re-
connection where focal RFA was performed during
index ablation procedures correlated highly with
successful locations of ablation for long-term PV
reconnection during redo procedures (Figure 3).

Additional ablation

Freedom from AF (%)
8

Freedom from AF (%)

Days From Ablation

00 100 p=00001
e Standard protocol p=0.0001 1 Non-RIPV
[ e,
e L L 1
% = o -
......... .

o 200 00 600 00 1000 1200 1400 0 200 400 500
Days From Ablation

P =0.02

Additional ablations to RIPV

Probability of repeat AF ablation procedure ()

Non-RIPV

0 1000 1200 100 o 200 0 &0 a0 1000 1200 1400
Days from Ablation

Figure 1.

Freedom from atrial fibrillation and probability of undergoing repeat (primary analysis).

A, Probability of long-term freedom from AF after cryoballoon ablation with the standard technique vs requiring additional ablation
of any modality (RFA, cryoablation, or both) to achieve acute PVI. B, Probability of freedom from AF when additional ablation was
required to achieve acute isolation of RIPV vs non-RIPV locations. C, Probability of undergoing repeat ablation procedure when
additional ablation was required to achieve acute isolation of RIPV vs non-RIPV vein locations. AF indicates atrial fibrillation; CB,
cryoballoon; PVI, pulmonary vein isolation; RFA, radiofrequency ablation; and RIPV, right inferior pulmonary vein.
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Table 3. Multivariate Cox Regression Models 1,2 and 3

Hazard

Ratios 95% ClI P Value

Model 1: Risk of deviation from standard cryoablation technique

Standard techniques (vs any 0.34
additional ablations)

0.18 t0 0.66 0.02

Model 2: Risk of any RFA (with or without additional cryoablation)

Any additional RFA (vs 2.92 1.45t0 5.87 0.003
additional cryoablation only
and standard technique)

Model 3: Risk of RFA only and additional cryoablation (with or without RFA)

Additional RFA only 3.01 1.45t0 10.87 0.003

Additional cryoablation and 240 | 0.53t010.87 0.3
RFA (vs additional cryoablation

only and standard technique)

Models adjusted for history of ischemic heart disease. RFA indicates
radiofrequency ablation.

Interestingly, we also found that patients who re-
quired additional ablation to achieve isolation of the
RIPV were at significantly increased risk of recurrent
AF (P=0.0001) and there was a greater need for redo

RFA During CB PVI Increases AF Recurrence Risk

ablation procedures (P=0.02) compared with patients
for whom additional ablation of only non-RIPVs was
required (Figure 1B and 1C).

There were no procedure-related deaths during the
study period. The most common procedure-related
complication was phrenic nerve palsy, but all 5 of these
patients had full recovery of phrenic nerve function by
6 weeks.

PV Anatomy on Contrast Tomography
Imaging

We performed a subanalysis of the 97 patients in
the study who had contrast computed tomogra-
phy imaging before their ablation procedures to
evaluate whether PV size parameters or PV shape
(circular vs elliptical [ie, noncircular] shape) was as-
sociated with AF recurrence or operator use of
supplemental RFA. Circularity index was calcu-
lated by short-axis dimension divided by long-axis
dimensions measured from a plane perpendicular
to the center line of the PV. Elliptical (noncircular)

A B
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L
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= ky :(-
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0 200 400 00 800 1000 1200 1400 Q 200 400 600 800 1000 1200 1400
Days from Ablation Days from ablation
Figure 2. Freedom from atrial fibrillation and probability of undergoing repeat ablation (subanalysis).

A, Probability of long-term freedom from AF after CB ablation with the standard technique vs extra bonus freezes to achieve acute PVI. B,
Probability of undergoing redo ablation procedure after CB ablation with the standard technique vs extra bonus freezes to achieve acute
PVI. C, Probability of long-term freedom from AF after CB ablation with the standard technique vs supplemental RFA to achieve acute
PVI. D, The probability of undergoing a redo ablation procedure after CB ablation with the standard technique vs supplemental RFA
to achieve acute PVI. AF indicates atrial fibrillation; CB, cryoballoon; PVI, pulmonary vein isolation; and RFA, radiofrequency ablation.
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Table 4. Baseline and Procedure Characteristics of
Patients Without Supplemental RF and With Supplemental
RF During Cryoablation Procedures

No Supplemental Supplemental
Variable RF (N=152) RF (N=25) P Value
Age, y 62+11 67+11 0.06
Follow-up time 495+351 4441355 0.5
AF recurrence 29 (19%) 14 (56%) 0.0001
Male sex 97 (64%) 14 (56%) 0.4
Body mass index 317 30+8 0.4
HTN, % 96 (63%) 19 (76%) 0.2
Paroxysmal 114 (75%) 15 (60%) 0.1
Type 2 DM, n (%) 20 (13%) 4 (16%) 0.7
Ischemic heart 25 (16%) 7 (28%) 0.2
disease, n (%)
Stroke or TIA, 16 (11%) 3 (12%) 0.8
n (%)
Obstructive sleep 16(11%) 2 (8%) 0.7
apnea
Baseline LVEF, % 54+11 54+11 0.9
Left atrial volume 35+14 39+13 0.1
index, mL/m?

AF indicates atrial fibrillation; DM, diabetes mellitus; LVEF, left ventricular
ejection fraction; PVI, pulmonary vein isolation; RFA, radiofrequency ablation;
TIA, transient ischemic attack; and TT, time to.

PV shape was defined as circularity index <0.7.
No significant differences in PV sizes were ob-
served between patients who had recurrent AF or
required additional ablation and the rest of the co-
hort, except for larger size of RIPV (2.2+0.4 vs 1.9+
0.5 cm; P=0.03) for patients in whom operators
chose to use supplemental RFA to assist with com-
pleting PVI. In the subanalysis, presence of elliptical
RIPV ostium shape and use of RFA on an elliptical-
shaped RIPV were associated with increased risk of
AF (Figure 4) In the multivariate Cox regression model
adjusted for history of ischemic heart disease, ellipti-
cal RIPV ostium shape (HR, 3.25; 95% Cl, 1.25-8.41;
P=0.02) and use of RFA on an elliptical-shaped RIPV
(HR, 5.74; 95% ClI, 2.05-16.23; P=0.001) were inde-
pendently associated with multifold increase in risk
of recurrent AF. An elliptical RIPV ostium shape was
associated with higher use of supplemental RFA than
circular RIPV shape (60.0% vs 33.3%; P=0.05), al-
though there was no significant interaction between
use of RF and elliptical RIPV shape when tested in
the Cox regression model, possibly due to the sam-
ple size (n=97).

DISCUSSION

This is the first study to examine whether deviation from
the standard CB ablation technique, a marker of chal-
lenging PV anatomy, has an impact on medium- and
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long-term outcomes after acutely successful CB PVI.
In our single-center experience, we found no signifi-
cant difference in risk of recurrent AF after index CB
ablation procedures when more than one bonus freeze
was required to achieve electrical isolation of all tar-
geted PVs. However, the use of focal RFA during CB
PVI procedures to achieve PVI was independently as-
sociated with recurrence of AF after the blanking pe-
riod, suggesting poor lesion durability and potentially
increased need for redo procedures when using this
method.

Percutaneous PVI has become the cornerstone
approach for treatment of patients with AF who have
failed management with antiarrhythmic drug (AAD)
therapy.® Regardless of ablation modality, the pri-
mary procedural objective of catheter PVI ablation
is to create cellular necrosis and a durable circum-
ferential line of conduction block between the atrial
tissue and the PV musculature, which is known to
harbor triggers for AF.'° To broaden adoption of cath-
eter ablation therapy for AF, the CB technique was
designed to be a single-step approach for PVI in-
tended to produce more homogeneous myocardial
energy delivery than point-by-point RFA and reduce
the total number of energy applications required to
achieve acute, durable PVI. The second-generation
cryoballoon (CB2; Artic Front Advance, Medtronic,
Minneapolis, MN) provides improved uniform cool-
ing on the distal hemisphere of its balloon compared
with the first-generation device (CB1; Artic Front,
Medtronic, Minneapolis, MN). In the Fire and Ice trial,’
safety and freedom from AF with CB PVI was shown
to be noninferior to RF PVI with comparatively shorter
procedure times. CB ablation has become widely
adopted as a preferred method for catheter PVI in
clinical practice.? Recent data also suggest that,
when short isolation time is achieved, only a single
application is likely to be necessary for CB ablation
to be clinically effective.34

Although techniques for CB ablation have been
refined with increased user experience,? anatomic
variables remain a significant obstacle to achieving
effective energy transfer during lesion delivery and
are predictive of long-term failure of CB PVI.”8 Several
studies have identified anatomic variants associated
with reduced success after CB PVI, including pres-
ence of a narrow ridge between the left superior pul-
monary vein and left atrial appendage, a sharp carina
between the left superior pulmonary vein and left
inferior pulmonary vein, perpendicular angulation be-
tween the axis of the RIPV and its ostium, and early
branching of the RIPV."®!" We found that difficulty
achieving RIPV isolation, in particular, was a predictor
of increased AF recurrence and need for redo ablation
procedures, even after eventual RIPV isolation during
the index procedure. In a subanalysis of 97 patients
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Figure 3. Locations of acute reconnections requiring supplemental radiofrequency ablation for PV isolation
during index cryoablation procedures and successful sites of radiofrequency ablation for chronic reconnection

in redo ablation procedures (n=4).

LIPV indicates left inferior pulmonary vein; LSPV, left superior pulmonary vein; RIPV, right inferior pulmonary vein;

and RSPV, right superior pulmonary vein.

with preprocedure computed tomography imaging,
presence of elliptical shape of the RIPV ostium was
associated with use of supplemental RFA and higher
risk of AF recurrence. These findings may suggest
that ostial PV shape (particularly for the right PVs) may
be an important anatomic consideration when decid-
ing on which ablation modality to use for PVI.

Due to the fixed balloon size of the CB catheter, bal-
loon/PV size mismatch is another challenge encoun-
tered during CB PVI, particularly for large ovoid PVs and
common ostium PV variants."" For these reasons, the
28-mm CB catheter is more frequently used in clinical
practice than the smaller balloon.? However, PV steno-
sis remains a concern, even with the CB2 device'” so
use of the “proximal seal” technique is recommended
to avoid inadvertent ablation deep within or inside the
tubular portion of large vessels. For PV ostia larger than
the 28-mm balloon, this technique involves a segmental
ablation approach, where balloon angulation is adjusted
before each subsequent freeze to the PV ostium.?
However, hemispheric balloon contact and convective
heating due to moving blood caused by an incomplete
seal may increase the chance of uneven or suboptimal
tissue injury after freeze applications, perhaps even in
multiple areas (Figure 5A). Also, due to the fluoroscopic
nature of lesion delivery and absence of electroanatomic
mapping correlation, the proximal segmental approach

J Am Heart Assoc. 2020;9:e015979. DOI: 10.1161/JAHA.120.015979

may be difficult for large PVs and targeting “gaps” on
the antrum of acutely reconnected PVs.

In this study we found that the need for extra bonus
freezes was not associated with increased AF recur-
rence. However, caution should still be applied toward
unnecessary delivery of freeze applications, as reports
have suggested a high number of freezes and total du-
ration of freeze time may be associated with increased
risk of complications, such as phrenic nerve injury and
damage to esophageal or bronchial tissues.'® Therefore,
minimizing the number of freeze cycles remains pru-
dent from a safety standpoint to reduce the chances
of thermal injury to adjacent extracardiac structures. In
situations where external injury is a concern during CB
ablation, or if patient-specific risk factors are present,'®
then a pragmatic decision must be made between con-
tinuing further freeze attempts, switching to a supple-
mental RFA approach to accomplish acute isolation, or
terminating the procedure without isolation of all PVs.

In our cohort, RFA was utilized in 11.3% of index CB
ablation procedures to complete PVI. These results are
consistent with the findings from other studies, which
reported use of supplemental focal RFA in 9%-32%
of cryo PVI procedures to achieve acute PVI.871516 |n
a study of 30 patients, Yasuoka et al'® reported focal
RFA was most commonly needed for isolation of RIPVs
and left inferior pulmonary veins with low take-offs
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Figure 4. Freedom from atrial fibrillation based on shape of pulmonary vein ostium.

A, Probability of long-term freedom from AF based on elliptical RIPV ostium shape (regardless of need
for additional ablation). B, Probability of long-term freedom from AF after RF to elliptically shaped RIPV
ostium. AF indicates atrial fibrillation; RF, radiofrequency; and RIPV, right inferior pulmonary vein.

(23.3% vs 6.7% in the superior veins, respectively) after
attempts at CB ablation were unsuccessful. A novel
finding of the current study is that use of supplemental
RFA (but not extra bonus freezes) was independently
associated with increased risk of late recurrence of AF
postablation. Although it is known that accomplishing
acute PVI does not necessarily correlate well with du-
rable circumferential necrosis,” these findings are nev-
ertheless surprising and suggest that the combination
of cryoablation and RF energy delivery may be less
clinically effective, or (less likely) that there was a de-
ficiency in the technique in which RFA was deployed.

J Am Heart Assoc. 2020;9:e015979. DOI: 10.1161/JAHA.120.015979

We postulate two plausible explanations for this
clinical observation. First, epicardial fibers are known
to connect the PV musculature to other parts of the left
atrial, muscle bundles within the ligament of Marshall,
Bachman'’s bundle, superior vena cava, right atrium,
and even between contiguous PVs. The presence of
epicardial fibers is believed to reduce the likelihood of
short- and long-term success during both PVI and left
atrial ablation.’®-2% In an animal model, it was demon-
strated that presence of epicardial fibers sometimes
prevented successful PVI, even with repeated freeze
applications targeting gaps identified by EAM. The
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Figure 5. Failure of circumferential pulmonary vein isolation due to inadequate tissue depth
during ablation.

A, Macroscopic findings at the left atrial-pulmonary vein junction. The pulmonary vein is
reconnected due to presence of a gap after ablation. Another segment with thin, nontransmural
lesion is visualized along the antrum. B, CB positioned on the PV ostium with optimum
contact and seal. C, Delivery of cryothermal energy during the freeze cycle fails to reach
subepicardial tissue and epicardial fibers due to thick myocardium or presence of epicardial
fibers insulated by surrounding adipose tissue in the epicardium. D, Gap in conduction
block after CB ablation due to absence of injury to epicardial fibers along the PV antrum.
CB indicates cryoballoon; LA, left atrium; and PV, pulmonary vein. Reproduced from Takami
et al?" with permission. Copyright 2014 American Heart Association, Inc.

authors postulated that failure of targeted endocar-  itself acting as a thermal sink preventing effective
dial cryoablation was likely due to the presence of  heat transfer and transmural lesion formation.?® Thus,
fat-insulating epicardial tissue or the coronary sinus it is plausible that, even with optimal positioning and

Figure 6. Addressing acute pulmonary vein reconnection due to balloon size mismatch with supplemental ablation.

CB ablation of a large ovoid-shaped PV using a segmental proximal ablation approach with the 28-mm second-generation CB catheter.
A, Balloon/PV size mismatch results in a gap between the equatorial surface of the CB and the inferior and posterior portions of the PV
antrum. B, Despite incomplete PV occlusion, delivery of cryothermal energy results in acute injury to most of the PV antrum except for
a small gap on the inferior portion of the PV. However, heat transfer from myocardial tissue to CB during freeze application is lessened
in areas not in contact with the balloon. C, Although there is a large area of acute injury after CB ablation, only the zones in direct
contact with the balloon go on to develop necrosis, whereas areas of acute injury nearby unablated myocardium sustain only reversible
injury. D, Repositioning of the CB inferiorly results in ablation of both the gap area and surrounding zone of reversible injury, resulting
in durable PV isolation. E, Focal approach: RF lesions are delivered targeting electrocardiograms on the PV antrum. Once electrical
isolation of the target PV is achieved with RF ablation, no further lesions are delivered. F, Tissue in the zone of acute reversible injury
that was missed during focal RFA goes on to recover and form chronic reconnection between the PV and left atrium. G, Wide lesion
set approach. Rather than stopping ablation after electrical isolation of the PV is achieved by targeting electrocardiograms on the PV
antrum, additional empiric RFA is continued until a semicircumferential or circumferential lesion set is created along the PV antrum
to ensure that tissue in the zone of acute reversible injury is adequately ablated. H, RFA using the wide lesion set approach results in
circumferential scar around the PV antrum. CB indicates cryoballoon; PV, pulmonary vein; and RFA, radiofrequency ablation.
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seal, cryoinjury may be insufficient to create the nec-
essary depth of necrosis for long-term lesion durabil-
ity (Figure 5A through 5C). Further, it is plausible that
edema created from preceding CB ablation attempts

RFA During CB PVI Increases AF Recurrence Risk

may reduce the effectiveness of subsequent lesions
(either cryoablation or RF) and could also result in in-
sufficient lesion depth to reach thick tissue or epicar-
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Another potential reason for reduced clinical effi-
cacy observed in the RFA group may have been the
ablation strategy employed by operators during the use
of supplemental RFA to achieve PVI. To create a ho-
mogeneous lesion during cryoablation, circumferential
balloon contact and seal is needed, otherwise ablation
may lead only to reversible injury in some areas rather
than intended necrosis and scar formation, potentially
leading to long-term PV reconnection and clinical re-
currence of AF (Figure 6A through 6C). In the current
study, operators performed focal RF ablation to gaps
identified after cryoablation by targeting discernible
electrocardiograms along the PV antrum during lesion
delivery (Figure 6E). Once PVI was achieved (as as-
sessed by disappearance of PV electrocardiograms
and demonstration of bidirectional electrical block),
additional empiric ablation to extend the lesion set
along the PV antrum was not performed unless there
was further evidence of acute reconnection during the
procedure. However, given the inability to distinguish
between areas destined to develop irreversible necro-
sis from those with reversible injury after cryoablation,
this focal RFA approach may have been insufficient to
prevent late PV reconnection (Figure 4F). Conversely,
when repositioning the CB and subsequent freeze
attempts led to successful isolation, durable PVI may
have been more likely because of the wide arc of ab-
lation created by hemispheric balloon contact with the
PV antrum (Figure 6D). Therefore, a surer approach for
supplemental RFA when needed during CB PVI may
be to empirically create a wider lesion set than neces-
sary to simply achieve acute PVI, or consider deploying
a partial or full circumferential lesion set around the tar-
get PV if the location of the gap is uncertain or multiple
gaps are suspected (Figure 6G and 6H).

Although this study has confirmed that a single-
modality approach is preferred for CB PVI, RFA is
sometimes needed when PV anatomy is unfavorable,
risk of injury to extracardiac structures is unacceptably
high with CB ablation, and is more ideal than leaving
intact electrical conduction of one or more PVs. In our
cohort, overall freedom from AF was 76% after index
CB PVI ablation procedures, commensurate with clin-
ical outcomes of other studies.'"*'® Given supplemen-
tal RFA is sometimes required due to unfavorable PV
anatomy or for procedural safety,®"1%'6 the findings
of this study suggest that a revised supplemental RF
ablation strategy may be needed to improve overall
clinical efficacy and lesion durability for this subset of
patients undergoing CB PVI.

CONCLUSIONS

Use of a supplemental RFA to achieve electrical isola-
tion of one or more PVs after attempted CB ablation

J Am Heart Assoc. 2020;9:e015979. DOI: 10.1161/JAHA.120.015979
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was independently associated with increased risk of AF
recurrence despite accomplishing complete acute PVI.
The use of extra bonus freezes to accomplish PVI was
not associated with increased risk of AF recurrence.

STUDY LIMITATIONS

First, this was a moderate-sized study, and therefore our
novel findings should be validated in a larger prospective
cohort. Although this study was observational, the abla-
tion protocol was consistent through the study period and
the operators were blinded to the study aim and concept.
Therefore, there is little treatment or selection bias in the
main results of the study. Ablation was performed using
the most contemporary technology for both modalities,
including the second-generation cryoballoon device dur-
ing CB ablation and contact force-sensing ablation cath-
eters when RF ablation was employed.
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