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Abstract

The association between circulatory dynamics changes during cryoballoon applications and a successful pulmonary vein
isolation (PVI) is unknown. Seventy atrial fibrillation patients who underwent PVI with 28-mm second-generation cryob-
alloons and single 3-min freezes were included. Intra-procedural parameters including circulatory dynamics changes dur-
ing cryoapplications, were compared between 113 successful applications (30 left superior PVs[LSPVs], 30 left inferior
PVSs[LIPVs], 25 right superior PVS[RSPVs], and 28 right inferior PVsS[RIPVs]) and 47 failed applications (10 LSPVs, 9
LIPVs, 8 RSPVs, and 20 RIPVs). In all individual PVs, lower nadir balloon temperatures (MinTemps) and longer thawing
times (ThawTimes) significantly predicted a successful PVI. In addition, greater systolic blood pressure drops following
releasing the PV occlusion (SBP-drops) significantly predicted a successful right PV PVI, and longer elapse times during
SBP-drops significantly predicted a successful RIPV PVI. Composite parameters incorporating MinTemps and ThawTimes,
SBP-drops, and ThawTimes showed the highest area under the curve to predict a successful left PV (0.876 for LSPVs, 0.851
for LIPVs) and right PV (0.927 for RSPVs, 0.980 for RIPVs) PVI, respectively. If the ThawTime (>30 s) and SBP-drop
(£—21 mmHg) cutoff values were achieved for the RIPVs, the positive predictive value was 100%. In contrast, if both criteria
were not achieved for the RIPVs, the negative predictive value was 100%. In the second-generation cryoballoon PVI, the
MinTemp and ThawTime were significantly associated with acute success for all four PVs. In addition, SBP-drops further
improved the accuracy of predicting a successful right PV PVI, especially of the RIPV.
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Introduction mid-term outcome after the CB-PVI when compared to RF-
PVI [5].

Pulmonary vein isolation (PVI) is a fundamental cura- One of the vital factors for a successful CB-PVI is the

tive therapy for paroxysmal atrial fibrillation (AF) [1, 2].
Although radiofrequency (RF) catheter ablation have been
established as a standard procedure, the cryoballoon (CB)
technology is becoming a major alternative thanks to a
less-complicated technique, shorter procedure time, and
higher durability of the PVI than RF-PVI [3-6]. There have
been multiple studies reporting the non-inferiority of the
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complete occlusion of the entire ostium of the PV, and freez-
ing with a complete occlusion results in a significant impact
on the balloon temperature and circulatory parameters [7-9].
In brief, the nadir balloon temperature is lower with success-
ful than failed freezes [7, 8]. The blood pressure (BP) rises
during freezing and sharply drops after releasing the PV
occlusion during completely occluded cryoapplications [9].
This is presumably because freezing of atrial tissue might
result in a BP elevation, and the peripheral circulation of
dammed chilled blood in the distal PV might cause a sharp
BP drop [9]. However, those intra-procedural parameters
significantly differ among the 4 individual PVs due to the
different PV anatomies and CB position during the appli-
cations. The purpose of the present study was to explore
the intra-procedural parameters, including the circulatory
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dynamics changes during the cryoapplication, predicting a
successful CB-PVI of all 4 individual PVs.

Methods
Study population

We retrospectively enrolled 70 AF patients who under-
went CB-PVI using second-generation CBs (Arctic Front
Advance, Medtronic, Minneapolis, MN) in our institute
between March and December 2016. The CB-PVI was
performed with a single 3-min freeze strategy using exclu-
sively 28-mm CBs. To calculate the optimal cutoff values
for a successful CB-PVI, the study included 113 successful
applications in 32 patients in whom all 4 PVs were suc-
cessfully isolated by a single application (group A), and
47 failed applications in 38 patients who had at least one
failed freezing (group B). Cryoapplications that were dis-
continued before 180 s were excluded from the analysis.
All the patients gave written informed consent prior to the
procedure. The study protocol was approved by the hospi-
tal’s institutional review board. The study complied with the
Declaration of Helsinki.

Ablation procedure

All antiarrhythmic drugs were discontinued for at least five
half-lives prior to the procedure. The surface electrocar-
diogram, bipolar intracardiac electrograms, and femoral
intra-arterial BP were continuously monitored and stored
on a computer-based digital recording system (LabSystem
PRO, Bard Electrophysiology, Lowell, MA). The bipolar
electrograms were filtered from 30 to 500 Hz. The proce-
dure was performed under moderate sedation obtained with
dexmedetomidine. A 100 IU/kg body weight of heparin was
administered immediately following the venous access, and
heparinized saline was additionally infused to maintain the
activated clotting times at 300-350 s. A single transseptal
puncture was performed using an RF needle (Baylis Medi-
cal., Montreal, QC) and 8-Fr long sheath (SLO, AF Divi-
sion, SJM, Minneapolis, MN). The transseptal sheath was
exchanged over a guidewire for a 15-Fr steerable sheath
(Flexcath Advance, Medtronic). A 20-mm circular map-
ping catheter (Lasso, Biosense-Webster, Diamond Bar, CA)
was used for mapping all PVs before and after the cryoab-
lation to confirm an electrical isolation. A spiral mapping
catheter (Achieve, Medtronic) was used to advance the CB
into the PV for support and mapping the PV potentials. Fol-
lowing sealing at the PV antrum, a complete occlusion was
confirmed by injecting contrast medium. This was followed
by a freeze cycle of 180 s. No additional applications were
performed after the isolation. Touch-up radiofrequency
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ablation was applied in cases with residual PV potentials
after a maximum of 3 cryoapplications. To avoid bilateral
phrenic nerve injury, all CB applications were applied under
diaphragmatic electromyography monitoring [10]. When
the balloon nadir temperatures exceeded — 60 °C or phrenic
nerve injury was suspected, the application was interrupted
[11]. As the standard deflation technique, the intraballoon
shaft was manually straightened when the intraballoon tem-
perature reached 15 °C to rewrap the balloon prior to the
balloon deflation. The procedural endpoint was defined as
an electrical PVI.

Evaluation of the circulatory dynamics

The changes in the circulatory parameters were evaluated
by comparing the systolic BP (SBP) at specific time points:
(1) the beginning and the end of the 3-min freezing phase
(Ty min and T3 :)), (2) at a balloon temperature of 15 °C
during the thawing phase (75 ), and (3) at the nadir of the
BP after balloon deflation (7,,4;,)- An interval thaw time at
15 °C was selected since that was generally the CB tem-
perature limit at which the balloon was manually stretched
by the operator on termination of the cryoballoon applica-
tion. The nadir balloon temperature (MinTemp), rise in the
SBP from T} i, 10 T3 pin (SBP-rise), drop in the SBP after
the 75 ¢ to T,,4ir (SBP-drop), and elapsed time from 75 ;.
to T5.c (ThawTime) and 75 oc to T4, (DropTime) were
compared between the successful and failed freezes (Fig. 1).
The parameters were also compared between the successful
cryoapplications during AF and sinus rhythm. All the analy-
ses were performed individually in the 4 PVs, including the
left superior (LSPVs), left inferior (LIPVs), right superior
(RSPVs), and right inferior PVs (RIPVs).

Statistics

All statistical analyses were performed using R version
3.4.1 software [12]. The continuous variables are reported
as mean values + standard deviations and were compared
using a Student’s ¢ test. Differences between proportions
were compared using Fisher’s exact tests. Differences in
the mean values between three or more groups were evalu-
ated by a Welch’s ANOVA. The changes in the circulatory
parameters and intra-PV analyses of each predictor were
compared by a paired ¢ test. A receiver-operator character-
istics (ROC) curve of each parameter was calculated to quan-
tify the area under the curve (AUC). The ROC curves were
exclusively calculated for the parameters that significantly
differed between the successful and failed freezes. As for the
composite predictors incorporating multiple parameters, the
AUC of the ROC curve was also calculated. The numbers
of the pretest probability of an acute success for all 4 PVs
were quoted from the previous report [7]. All p values were
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Fig. 1 Transition of the SBP (°C) (mmHg)
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during the freezing and thawing
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the SBP-drop 100
. 90
MinTemp
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freezing
two-sided, and statistical significance was established at a Table 1 Patient characteristics
p<0.05. Group A Group B p value
Patients, n 32 38

Results Female (%) 11 (34.4) 15 (38.5) 0.807

BMI (kg/m?) 24.6+3.6 23.7+4.1 0.331
Procedural results Height (cm) 164.8+£9.9 163.7+£9.3 0.636

Weight (kg) 67.2+13.5 63.4+11.9 0.215
The patient characteristics are shown in Table 1. In group LAD (mm) 37.2+5.2 37.4+6.6 0.908
A, among a total of 128 successful CB applications, 15 LAV (ml) 44.0£124 451175 0.758
were interrupted during the 3-min freeze. The remaining LVDd (mm) 45.1+4.1 44.4+£5.1 0.546
113 applications (30 LSPVs, 30 LIPVs, 25 RSPVs, and 28 LVEF (%) 67.3+£6.3 67.0+6.9 0.832
RIPVs) in which a 3-min freeze was applied were further ~ PVs,n 113 47
analyzed. In group B, a total of 47 failed freezes (10 LSPVs, Freezing during 23 (20.4) 17 (36.2) 0.045
9 LIPVs, 8 RSPVs, 20 RIPVs) were analyzed. AF, n (%)

Analyzed PVs, n (%)
Nadir balloon temperature and thawing time LS 30(26.5) 10@21.3)

LI 30 (26.5) 9(19.1)
In group A, the mean MinTemp was —52.1 +5.4 °C, which RS 25 (22.1) 8(17.0)
RI 28 (24.8) 20 (42.6)

significantly differed among the 4 PVs (p <0.001) (Table 2).
In group B, the mean MinTemp was —44.0+6.0 °C, and
it was similar among the 4 PVs (p=0.251). The mean
MinTemp was significantly lower in group A than group B
(p <0.0001), and the results were consistent for the 4 indi-
vidual PVs. The AUCs of the ROC curves and best cutoff
values are noted in Table 3.

As for the time course, both the ThawTime (40.6+11.8
vs. 23.4+9.8 s, p<0.001) and DropTime (21.5+7.5 vs.
15.7+9.2 s, p<0.001) were significantly longer in group
A than group B. The ThawTime significantly differed
among the 4 PVs both in group A (p <0.001) and group B

AF atrial fibrillation, BMI body mass index, LAD left atrial diameter,
LAV left atrial volume, LI left inferior, LS left superior, LVDd dias-
tolic left ventricular diameter, LVEF left ventricular ejection fraction,
PV pulmonary vein, RI right inferior, RS right superior

(p=0.013). The DropTime significantly differed among the
4 PVs in group B (p=0.042) but not in group A (p =0.060).
The difference in the ThawTime between group A and group
B was still significant for all 4 PVs (Table 2). The AUC of
the ThawTime is shown in Table 3. In contrast, the differ-
ence in the DropTime between group A and group B was
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Table 2 Comparison of the

! PVI LSPV LIPV RSPV RIPV
in-procedural parameters
between successful and failed MinTemp Success —522+46 —479+38 —553+—44 —-53.8+58
freezes ) Failure —45.8+3.7 —43.0+7.9 —46.4+6.0 —425+5.8
p value <0.001 0.015 <0.001 <0.001
SBP-drop Success —46.7+22.4 —-39.4+17.8 —43.5+20.5 —46.9+14.8
(mmHg) Failure —-39.7+26.8 -30.9+12.1 —-255+137 -183+127
p value 0.420 0.188 0.023 <0.001
ThawTime Success 44.1+13.3 33.8+8.5 48.2+9.2 37.5+10.3
(secs) Failure 29.2+6.7 23.1+129 263+13.6 19.4+6.1
p value 0.002 0.006 <0.001 <0.001
DropTime Success 233+8.2 19.8+5.3 19.6+10.3 23.0+4.9
(secs) Failure 20.6+13.0 17.9+6.7 17.4+83 11.6+7.0
p value 0.445 0.387 0.576 <0.001

DropTime elapsed time during SBP-drop, LIPV left inferior PV, LSPV left superior PV, MinTemp nadir
in-balloon temperature, RIPV right inferior PV, RSPV right superior PV, SBP-drop drop of systolic blood
pressure after releasing PV occlusion, ThawTime thawing time

Table 3 Predictors of a

o PV Predictor AUC BCO Sensitivity Specificity PPV NPV
successful cryoapplication

LSPV MinTemp (°C) 0.873 <-49 0.700 0.900 0.968 0.413

ThawTime (secs) 0.833 >37 0.655 0.900 0.965 0.380

LIPV MinTemp (°C) 0.780 <-43 0.933 0.778 0.941 0.755

ThawTime (s) 0.828 >28 0.897 0.778 0.938 0.668

RSPV MinTemp (°C) 0.908 <-53 0.840 0.875 0.989 0.292

SBP-drop (mmHg) 0.755 <-37 0.640 0.875 0.986 0.155

ThawTime (s) 0.906 >35 1.000 0.875 0.991 1.000

RIPV MinTemp (°C) 0.914 <-48 0.857 0.800 0.931 0.639

SBP-drop (mmHg) 0.931 <-22 1.000 0.750 0.927 1.000

ThawTime (s) 0.941 >26 0.926 0.850 0.951 0.784

DropTime (s) 0.910 >17 0.893 0.800 0.934 0.702

AUC area under the receiver-operating characteristic curve, BCO best cutoff value, LIPV left inferior PV,
LSPV left superior PV, NPV negative predictive value, PPV positive predictive value, RIPV right inferior

PV, RSPV right superior PV

significant only for the RIPVs (Table 2), and the AUC was
0.910 (Table 3).

Circulatory dynamics during the freezing
and thawing phases

The SBP significantly increased during the 3-min freeze
phase from 138.7 +28.8 to 148.0 +28.3 mmHg in group A
(<0.001) and from 144.9 +33.0 to 152.0+31.2 mmHg
in group B (p <0.001). The magnitude of the SBP rise
differed among the 4 PVs in group A (11.5+18.7 in the
LSPV, 14.5+13.0 in the LIPV, 6.3 +11.0 in the RSPV,
and 3.8 £ 12.6 in the RIPV, p=0.013) but not in group B
(p=0.132). The magnitude of the SBP rise was similar
between group A and group B (9.2+14.7 vs. 7.1 +13.6,
p=0.403).
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After the balloon temperature reached 15 °C, the SBP sig-

nificantly dropped from 136.4 +26.8 to 94.6 +18.5 mmHg
in group A (p<0.001) and from 138.1 +27.7 to
102.2 +27.9 mmHg in group B (p <0.001). The magnitude
of the SBP-drop was significantly greater in group A than
group B (—44.1+19.1 vs. —26.5+19.4, p<0.001). The
difference was significant for the right PVs but not the left
PVs (Table 2). The AUC of the SBP-drop for a successful
CB-PVI of the RSPVs and RIPVs was 0.755 and 0.931,
respectively (Table 3).

Impact of the rhythm on the procedural parameters
The MinTemp did not significantly differ during sinus

rhythm and AF in the LSPVs (—52.5+4.6 vs. —=51.0+4.5,
p=0.481), LIPVs (—48.4+3.9vs. —45.7+2.9,p=0.119),
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and RIPVs (=53.2+5.7 vs. =55.3+6.1, p=0.427),
but significantly differed in the RSPVs (—56.2+3.1 vs.
—50.5+7.2, p=0.013). The ThawTime did not significantly
differ in the LSPVs (43.7+13.8 vs. 45.5+12.2, p=0.778),
LIPVs (33.9+9.1 vs. 33.0+4.8, p=0.830), RSPVs
(48.6+9.8 vs.45.3+1.2, p=0.574), and RIPVs (36.1 +10.3
vs. 42.1+9.7, p=0.212). The DropTime did not significantly
differ in the LSPVs (24.7+7.8 vs. 17.7+8.0, p=0.060),
LIPVs (19.5+4.5 vs. 20.8 +8.3, p=0.591), RSPVs
(19.9+6.9vs. 18.5+22.9, p=0.814), and RIPVs (22.3+4.9
vs. 25.1+4.7, p=0.191). The SBP-drop did not significantly
differ in the LSPVs (—48.9+23.5 vs. 38.0+16.1, p=0.296),
LIPVs (—42.5+18.1 vs. —27.3+10.3, p=0.062), RSPVs
(=45.3+20.6 vs. —34.0+19.9, p=0.324), and RIPVs
(—48.0+13.4vs. —43.6+19.3, p=0.500).

Comparison of the parameters predicting
a successful PVI

Table 3 summarizes the significant predictors and their best
cutoff values with the sensitivities, specificities, positive
predictive values (PPVs), and negative predictive values
(NPVs). The MinTemp and ThawTime were both signifi-
cant predictors for all PVs. These 2 parameters were sig-
nificantly correlated (R=—-0.715, p<0.001), while the
per-PV analyses still remained significant for the LSPVs
(R=-0.755, p<0.001), LIPVs (R=-0.638, p<0.001),
RSPVs (R=-0.768, p<0.001), and RIPVs (R=-0.815,
p <0.001). The AUC of each significant parameter was
statistically similar for each PV (LSPV: p=0.339, LIPV:
p=0.578, RSPV: p=0.100, RIPV: p=0.324).

For the individual PVs, we tried to build a composite
predictor incorporating 2 different factors. In the univari-
ate analysis for the left PVs, only the MinTemp and Thaw-
Time were significant predictors. For the LSPVs and LIPVs,
the AUC of the composite predictor was 0.876 and 0.851,
respectively, which was not significantly better than the
univariate models. As for the RSPVs, we calculated the
composite predictors including any 2 of the MinTemp,
ThawTime, and SBP-drop. The AUC of the composite pre-
dictor calculated from the MinTemp + ThawTime, MinT-
emp + SBP-drop, and ThawTime + SBP-drop was 0.917,
0.915, and 0.927, respectively.

As for the RIPVs, the AUC of the 4 parameters was
equivalent over 0.9. The correlation coefficients between
every 2 factors as well as the AUC of the composite pre-
dictors for the RIPVs are shown in Fig. 2. The highest cor-
relation was observed between the MinTemp and Thaw-
Time. The lowest correlation was between the MinTemp
and DropTime. As for the ROC curve analyses, the highest
AUC was obtained from the combination of the SBP-drop
and ThawTime, while the lowest was the combination of
the SBP-drop and DropTime. If the cutoff values of the

R=-0.815
MinTemp === P<0.0001 M=) ThawTime
AUC=0.950
1 R=-0.477
P=0.0006
R=0.490 AUC=0.968 R=0.569
P=0.0004 P<0.0001
AUC=0.971 R=-0.517 AUC=0.959
P=0.0002
1 AUC=0.980 1

R=-0.665
SBP-Arop e p<0.0001
AUC=0.938

P DropTime

Fig.2 Correlation coefficient and AUC of the composite predictors
incorporating every two parameters during freezes of the RIPVs. The
highest and lowest correlations were observed with the combination
of the MinTemp/ThawTime and MinTemp/DropTime, respectively.
The highest and the lowest AUCs were obtained from the ThawTime/
SBP-drop and SBP-drop/DropTime, respectively. AUC: area under
the receiver operating characteristics curve, R: correlation coefficient.
The other abbreviations are the same as in Fig. 1
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Fig.3 Overlay of the best cutoff values of the ThawTime and SBP-
drop on a scattered plot of all freezes for the RIPVs. If both the crite-
ria were achieved, all freezes were found to be successful. If both the
criteria were not achieved, all freezes turned out to be failures

ThawTime (>30 s) and SBP-drop (< —21 mmHg) were
achieved for the RIPVs, the positive predictive value was
100%. In contrast, if both the criteria were not achieved,
the negative predictive value was 100% (Fig. 3).
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Discussion

To the best of our knowledge, this is the first report to
explore the parameters, including the circulatory dynam-
ics changes predicting a successful PVI in each individual
PV, in the CB-PVI. We found that (1) both the MinTemp
and ThawTime were significant parameters predicting a
successful PVI of all 4 PVs, and (2) the SBP-drop was a
significant parameter predicting a successful PVI of the
right PVs, and a composite parameter incorporating the
ThawTime and SBP-drop improved the diagnostic accu-
racy for the right PVs, especially the RIPV.

Predictors of a successful PVI

When analyzing all PVs altogether, the MinTemp and
ThawTime are already known to be predictors of success-
ful cryoapplications for both the 1st-generation [13] and
2nd-generation CB ablation [7, 8]. Our study confirmed
the results in an analysis of the 4 individual PVs, and also
there was a strong correlation between the MinTemp and
ThawTime. Moreover, we revealed that the magnitude of
the SBP-drop could be an additional predictor of a suc-
cessful freeze of the right PVs. A previous study showed
a gradual rise in the SBP during the freezing phase and
a recovery of the elevated SBP during the initial thawing
phase followed by a sharp drop of the SBP after releasing
the PV occlusion [9]. The present study clarified that the
magnitude of the SBP rise was similar between a success-
ful and failed application, while the magnitude of the SBP
drop was more evident in a successful application. That
was because a sharp SBP drop is provoked by peripheral
circulation of dammed chilled blood [9], and the amount
might be greater in a complete occlusion than an incom-
plete occlusion.

Although the magnitude of the SBP-drop was greater
for successful than failed freezes of all 4 PVs, the utility of
the SBP-drop for predicting a successful freeze was most
prominent for the RIPV. We speculated that the great-
est number of failed applications in the RIPV ablation
increased the statistical power to prove the difference. For
the left PVs, it might also be possible that inter-PV con-
nections had an influence on the study results. The differ-
ence might also be explained by the (1) different anatomi-
cal location and surrounding tissue in each PV, which lead
to a different atrial tissue distensibility and tissue contact
area when the PVs were occluded, (2) different alignment
from the trans-septal hole to each PV, which lead to a dif-
ferent balloon pushability and anatomical distortion, (3)
different PV size and ostial area, which lead to a differ-
ent amount of dammed blood, and (4) different occlusion
technique (a complete occlusion is required in the LSPV,
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but a small amount of contrast leakage is acceptable in
the RSPV). In the RIPV ablation, the combination of the
SBP-drop and ThawTime showed the highest AUC for pre-
dicting a successful application. Generally, RIPVs are the
most challenging target among the 4 PVs during the CB-
PVI due to the anatomical factors such as the proximity
of the ostium to the interatrial septum, and frequent early
branching with large oval ostia. Furthermore, the capabil-
ity of real-time PV potential monitoring is the lowest for
the RIPVs due to the short PV sleeve and procedural dif-
ficulty. Therefore, the knowledge of the factors predicting
a successful RIPV application seems to be particularly
important and useful.

Limitations

First, this study was a single center, retrospective study con-
cerning the outcome in the acute phase. Further investiga-
tion is needed to evaluate the durability of the PVI in the
mid-term or long term. Second, the number of subjects was
limited. Third, the operators cannot control the ThawTime
and SBP-drop during freezing; however, that information
might aid in evaluating the electrical isolation of the RIPV
especially when solely using an Achieve mapping catheter.
Fourth, the balloon temperature is not the tissue temperature
and it is a measurement of the return gas temperature, which
is influenced by several factors including the balloon—tissue
contact area and collateral blood flow. Fifth, the BP might
be influenced by the sedation level and alternation of the
autonomic nervous system. However, we previously reported
that the administration of atropine did not have an impact
on the BP change, suggesting that the impact of the auto-
nomic nervous system on the change in the BP seemed to
be limited [9].

Conclusions

In the second-generation CB-PVI, the longer thawing time
and lower nadir in-balloon temperature significantly pre-
dicted a successful application for all 4 individual PVs.
In addition, a greater magnitude of the SBP drop follow-
ing releasing the PV occlusion significantly predicted a
successful application for the right PVs, and a composite
parameter incorporating the SBP drop and thawing time
showed the highest accuracy in predicting a successful
RIPV ablation.
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