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Abstract

Background: Pulmonary vein isolation by means of cryoballoon is a well-es-
tablished way of treatment of atrial fibrillation. The aim of the study was to
compare the acute cryoballoon biophysical parameters attained during energy
applications to the individual pulmonary vein during sinus rhythm versus atrial
fibrillation. Methods: 100 Patients who underwent their first-time PVI using
second-generation cryoballoon for symptomatic and drug-refractory AF, be-
tween the beginning of March to end of August 2016, were initially screened.
61 patients with paroxysmal AF were included in the present study. 39 patients
with persistent AF were excluded. No pre-procedural anatomical imaging was
reported. Results: A total of 61 patients (male 80%, age 59.3 + 13.4 years)
were included in the present analysis. A total of 243 pulmonary veins were
isolated with an average of 1.87 * 1.14 cryo energy applications per individual
vein. During cryo application, there were no significant differences between
applications delivered during sinus rhythm or ongoing AF in the rate of tem-
perature drop at 5 and 30 s, rate of warming at 5 s after freezing stop or achieved
balloon nadir temperature. The same also was observed for both the balloon
cooling rate and warming times. Conclusions: The present analysis shows no
impact of the patient baseline rhythm at the time of energy application upon
the acute balloon biophysical parameters in patients with normal sinus rhythm
and those with ongoing atrial fibrillation using the second-generation cryo-
balloon.
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Biophysical Parameters

1. Introduction

Pulmonary Vein Isolation (PVI) has become an established interventional ther-
apy for atrial fibrillation with wide-area circumferential PVI using radiofrequency
current now considered to be the cornerstone [1]. The standard of care point-by-
point ablation using Radiofrequency (RF) current is technically complex, demand-
ing and dependent on Electroanatomical Mapping System (EAM) reconstruction
of the left atrium and pulmonary veins [2]. With expanding patient population re-
ferred for AF catheter ablation, increasing demands for a more straightforward abla-
tion technique with less associated complications exist. Second-generation cryoba-
lloon (Arctic Front Advance™, Medtronic®), since its FDA approval in 2012, has be-
come a widely attractive option for single-shot isolation of pulmonary veins guid-
ed by only fluoroscopy.

Multiple factors influence the effectiveness of catheter-based cryotherapy. Among
the most important factors are: tip contact with the tissue, tip temperature and
freezing duration where longer freeze times will cause more tissue damage. With
the rapid drop of temperature, water cannot leave the cell fast enough, therefore,
ice forms within the cell. Intracellular ice destroys the internal cellular structure,
resulting in the cell death [3]. Little is known about the actual thermal behav-
ior of the cryoballoon during energy application and the impact of the patient
rhythm during treatment on the temperature curve recorded by the CryoCon-
sole.

Patients undergoing balloon cryoablation represent a heterogenous group of
patients regarding their background risk factors and their hemodynamic state at
the time of ablation as the heart rate and rhythm, most of those parameters may
greatly impact the procedural outcomes. To perform the procedure during sinus
rhythm or ongoing atrial fibrillation remains at the operator’s discretion. In a re-
cently published study [4], Mugnai et al analyzed the difference in temperature
behavior between patients in sinus rhythm and those in ongoing atrial fibrilla-
tion during cryoballon ablation in 323 patients. They have observed significantly
more rapid freezing and lower nadir temperatures during ongoing AF in all pul-
monary veins except for RIPV applications which did not differ between sinus rhy-
thm and AF.

It is a common finding for some patients to develop atrial fibrillation during the
procedure and revert back to sinus rhythm either spontaneously or promoted by
the cryoablation itself. We thought that energy application during atrial fibrilla-
tion could be more effective in terms of the obtained biophysical parameters and
consequently the durability of vein isolation. The aim of the present study was to
compare the acutely attained biophysical parameters between applications delivered

during sinus rhythm and those during continuous atrial fibrillation, and analyze the
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impact of the rhythm itself.

2. Methods

Study population

We retrospectively screened 100 patients who underwent their first cryoballoon
ablation at Monzino Cardiac Center between the beginning of March 2016 to the
end of August 2016 and have available recorded biophysical parameters during
the procedure. 61 patients had highly symptomatic drug-refractory ECG-docu-
mented paroxysmal AF were included in the present study. 39 patients who had
persistent AF were excluded from the study.

Exclusion criteria includes;

Presence of LA or LAA thrombus, uncontrolled heart failure, any contraindi-
cations to general anesthesia, LA diameter > 55 mm.

Pre-procedural preparation

For each patient, the CHA,DS,-VASc was calculated. To rule out the presence
of Left Atrial (LA) and LAA thrombi, all patients underwent Two Dimensional
(2D) Transoesophageal Echocardiography (TEE) the day before the procedure,
along with a transthoracic echocardiogram for the assessment of LA dimension,
Left Ventricular Ejection Fraction (LVEF), and valvular function. Class IC anti-
arrhythmic drugs were discontinued prior to ablation. Procedures were performed
either with continued oral anticoagulation using warfarin and therapeutic INR
(2.0 to 3.0) or NOAC:s.

Pulmonary vein isolation procedure

All PVI procedures were performed by experienced operators beyond the learn-
ing curve. All patients included have a paroxysmal pattern of the arrhythmia. Ab-
lation done during sinus rhythm or ongoing AF. For the whole applications, we
did not observe sinus rhythm restoration during ablation, in this case the patient
was electrically cardioverted at the end of the procedure. Briefly, all procedures
were carried out in conscious sedation using propofol infusion. Invasive moni-
toring of the blood pressure via left radial artery. A deflectable decapolar cathe-
ter was inserted through right femoral vein and positioned into the coronary si-
nus to guide the transseptal puncture and to pace the left atrium during treatment
of the left PVs and was subsequently moved to the superior vena cava where it
was used to stimulate the right phrenic nerve during treatment of the right PVs.
A single transseptal puncture was performed using a needle system (BRK, St. Jude
Medical, St. Paul, MN, USA) and a standard transseptal sheath (SLO 8F or 8.5F,
St. Jude Medical, St. Paul, MN, USA), subsequently exchanged with a steerable
15F sheath (FlexCath Advance®, 15F, Medtronic®, Inc., Minneapolis, MN, USA).
Before transseptal puncture, heparin was administered intravenously as bolus
(10,000 U) followed by a continuous infusion (1000 U/hr) reaching ACT level >
350 sec. The FlexCath was continuously irrigated with heparinized saline (2 mL/hr).
An esophageal temperature probe was used in all patients (Esotherm Plus, FIAB,

or Circa probe) to monitor intraesophageal temperature. The probe was adjusted
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during the procedure to stay as close as possible to the ablation catheter. We used
second generation 28-mm balloon for the whole study patients. Cryotherapy was
interrupted if the endoluminal esophageal temperature dropped below 18°C. The
ablation protocol consisted in: single 180 seconds application in case of time-to-PVI
within 40 seconds; if the isolation occurred later or was unavailable, the pulse
was prolonged to 240 seconds; a bonus application was delivered in case of very
late isolation (Ze., > 60 seconds) or unsatisfactory temperature nadir (ie, > —40°).
Complete occlusion was confirmed before energy application by selective PV con-
trast injection via the balloon tip and attaining contrast retention. In cases of dif-
ficulty obtaining complete venous occlusion with the balloon especially with small
inferior leak, a “pull down” maneuver as well as other changes of the balloon orien-
tation within the PV ostia was used to aid venous occlusion [5]. The angle between
the ipsilateral pulmonary veins as well as the presence of common vein did not
affect the balloon occlusion or the attained temperature. We did not observe the
presence of accessory vein in any of our patients. After treatment of all PV, exit
block was confirmed with high-output pacing (12 V, 2.9 ms) using the Achieve®
mapping catheter (Medtronic®, Inc., Minneapolis, MN, USA) in sinus rhythm (AF
patients were electrically cardioverted at the end of the procedure then exit block
was confirmed. “Far field” capture and sensing were ruled out using differential
pacing maneuvers. Any residual conduction into the PVs was treated by further
cryotherapy applications. Successful PVI was confirmed when all PV potentials were
abolished or were dissociated at least 20 minutes after the last cryotherapy ap-
plication to that vein.

Recorded temperature parameters

The biophysical data obtained from the CryoConsole (the data from the first
energy application to the vein) were further processed using special software pro-
gram (Matlab®) to get the following biophysical measurements (Table 1 and Fig-
ure 1).

We chose the rate of temperature drop at 5 seconds because the initial part of
the curve is steep and it is easy to measure the rate of drop. Cooling rate is cal-
culated according to the equation: temperature drop at 60 seconds—tempe-
rature drop at 30 seconds/60-30 and expressed in “C per second. Interval thaw-
ing time [6] is the time needed for the balloon to thaw/rewarm, measured in
seconds at 0 (iTT0), 15 (iT'T15) seconds and 20 seconds (tTT). The +15°C upper
limit was selected because this is the temperature level at which the balloon is
stretched by the operator, which removes it from direct contact with the vein
[7].

Post-procedural care and management

Transthoracic echo was done immediately after the procedure to rule out per-
icardial effusion. The patients then monitored by continuous ECG recording in the
first day. Anticoagulation (whether VKA or NOACs) was restarted the evening of
the same day and continued for at least 3 months. The patient discharged the day

after the procedure after chest X-ray examination. Antiarrhythmic drugs continued
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Table 1. The measured biophysical parameters.

Parameter
Tarops
Taropso

Cooling rate

Nadir balloon
temperature

Rus
iTTO
iTT15

tTT

Definition

The rate of temperature drop at 5 seconds form starting application.
The rate of temperature drop at 30 seconds.

The rate of temperature drop per second (*C/s).

The lowest attained temperature during an individual application
Q).

Rate of warming at 5 seconds after application stopped.
Interval thaw time at 0°C.
Interval thaw time at 15°C.

Total thawing time.

Tarops, rate of temperature drop at 5 seconds of application; Taropso, rate of temperature

drop at 30 seconds; Rws, rate of warming at 5 seconds after the application has been sto-
pped; iTTO, interval thaw time at 0°C; iTT15, interval thaw time at 15°C; tTT, total

thaw time.

60—

50+

Temperature ["C]

|
0 50 100

| ! |
150 200 250
Time [sec]

1, Tarops or rate of temperature drop at 5 seconds of application; 2, Taropso OF rate of temperature drop at 30 seconds; 3, cooling rate;
4, Nadir temperature; 5, Rws or rate of warming at 5 seconds after the application has been stopped; 6, iTTO or interval thaw time
at 0°C; 7, iTT15 or interval thaw time at 15°C; 8, tTT or total thaw time.

Figure 1. An example of temperature curve recorded by the CryoConsole showing the temperature parameters versus time.

for the blanking period (first 3 months), after that it could be stopped or contin-

ued according to the follow up and preference of the electrophysiologist.

Statistical analysis

This was an observational, retrospective, single-centre study. Patients’ clinical

characteristics are reported as descriptive statistics. Continuous variables with
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normal distribution are reported as mean * standard deviation. Categorical var-
iables are expressed as percentage. A P-value of <0.05 was considered statisti-
cally significant. All statistical tests were performed using SPSS for Windows 17.0
(SPSS, Chicago, IL, USA).

Ethical approval and consent to participate:

The study was performed according to ethical principles for medical research
involving human subjects established by the Declaration of Helsinki protecting
the privacy of all participants and their personal information. For this retrospec-
tive analysis of clinical data, the institutional Review Board waived the need for

written informed consent form the patient.

3. Results

General characteristics (Table 2)

A total of 61 patients [49 male (80%), with mean age 59.3 + 13.4 years and
mean BMI 26.2], all with drug-refractory paroxysmal Atrial Fibrillation (AF), were
included in the present retrospective analysis. The mean left atrial diameter and
LVEF were 40.9 + 7.1 mm, 58.6% + 13.2% respectively. The baseline clinical char-
acteristics are reported in Table 2. No patient had persistent AF and the mean
CHA,DS,-VASc score was 1.2 = 1.1.

Procedural parameters

Procedural parameters are reported in Table 3. A total of 243 pulmnonary veins
were isolated by second generation 28 mm cryoballoons (Arctic Front Advance TM,

Medtronic Inc). Complete vein occlusion was obtained in all as verified by contrast

Table 2. Baseline characteristics of the study subjects (n 61).

Age (years)
Male gender (n, %)

Paroxysmal AF (n, %)

59.3 + 13.4
49 (80%)
61 (100%)

Duration of AF, months (mean + SD) 20+ 12
Heart rate, BPM (mean + SD) 66 £ 15
Mean BMI (kg/m?) 26.2
Arterial hypertension (n, %) 19 (31%)
Diabetes mellitus (n, %) 2 (3%)
CAD (n, %) 2 (3%)
Heart failure (n, %) 1 (1%)
CHA:2DS;-VASc score (mean + SD) 1.2+ 1.1
Number of previous failed AAD (mean + SD) 1.3+£0.9
Left atrial diameter mm (mean + SD) 409 +7.1
Left ventricular ejection fraction, % (mean + SD) 58.6 +13.2

AF, atrial fibrillation; BPM, beats per minute; BMI, body mass index; CAD, coronary ar-
tery disease; AAD, anti-arrhythmic drugs.
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injection form the balloon tip. Acute isolation of all pulmonary veins was achieved
and confirmed by disappearance of all recorded pulmonary vein potentials and
exit block while pacing at high output from the achieve catheter. No complica-
tions reported during or after the procedure.

Biophysical (temperature) parameters during sinus rhythm and AF

During cryo application, there were no significant difference in the rate of
temperature drop at 5 s (Tarops Was —4.62°C/s £ 0.79°C/s, —4.61°C/s + 0.83°C/s p
=0.93), at 30 s (Tdrop30 was —0.73°C/s = 0.3°C/s, —0.8°C/s £ 0.31°C/s, p=0.11)
and rate of warming at 5 s (Rw5 was 7.6°C/s £ 1.6°C/s, 7.3°C/s + 2.1°C/s, p =
0.24) between SR and AF applications respectively. The attained nadir balloon
temperatures were not different between both groups (-44.6°C £ 7.1°C for SR
applications, —44.5°C + 7.8°C For AF applications, p = 0.93). The same was also
observed for both of the balloon cooling rate (-0.3°C/s + 0.1°C/s for SR applica-
tions vs —0.3°C/s + 0.1°C/s for AF applications, p = 0.92) and warming times
(iTTO, iTT15 and tTT were 8.2 £ 4.3 5, 34.5 £ 16.6 s, p = 0.37; 42.4 + 18.9 5, 8.9
+5.8s,p=098 34.5 £ 21.2 5, 42.1 £ 23.7 5, p = 0.89) for SR and AF applica-

tions, respectively. Table 4 shows no significant differences between sinus rhythm

Table 3. Procedural parameters.

Procedure time, min (mean + SD) 62.3 £23.0
fluoroscopy time, min (mean * SD) 15.8+7.2
PVs isolated (n) 243
Number of applications/vein (mean * SD) 1.87 £ 1.14
Complications (n)

Pericardial effusion 0

Acute PNP 0

Vascular events 0

PVs, pulmonary veins; PNP, phrenic nerve paralysis.

Table 4. Comparison of the biophysical parameters in sinus rhythm and AF applications.

Sinus rhythm Atrial fibrillation

applications (n = 338) applications (n = 102) P-value
Nadir temperature (°C) -446+7.1 -445+7.38 0.93
iTTO (s) 82+43 8.9+5.8 0.37
iTT15 (s) 34.5+16.6 34.5+21.2 0.98
tTT(s) 42.4+18.9 42.1 +£23.7 0.89
Cooling rate (°C/s) —-0.27 £ 0.09 -0.27 £ 0.10 0.92
Tarops (°C/s) —4.62 +0.79 —4.61 + 0.83 0.93
Tarpzo (°C/s) -0.73 £ 0.30 —0.80 + 0.31 0.11
Rus (*C/s) 76+ 1.6 73+2.1 0.24

iTTO, interval thaw time at 0°C; iTT15, interval thaw time at 15°C; tTT, total thaw time;
Tarops, rate of temperature drop at 5 seconds of application; Taropso, rate of temperature drop
at 30 seconds; Rs, rate of warming at 5 seconds after the application has been stopped.
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and AF applications regarding the measured temperature parameters.

4. Discussion

To our knowledge, what is unique to the present study is paying particular atten-
tion to the patient rhythm at every individual application rather than the rhythm
at the procedure commencement. Some applications were delivered in sinus
rhythm while other during ongoing AF, both could happen in the same patient.
Our aim was to understand the effect of the patient rhythm at time of energy de-
livery on the observed temperature changes. In our study, we did not report any
significant difference in the attained cryoballoon biophysical parameters, either
freezing or warming, between sinus rhythm and atrial fibrillation applications.

The most settled predictor for durable Pulmonary Vein Isolation (PVI) is to
acquire complete vein occlusion on fluoroscopy. Complete PV occlusion by sta-
ble tissue-balloon contact reduces surrounding blood flow, resulting in lower cryo-
balloon temperatures and more effective lesion delivery by creating a homoge-
nous distribution of the freezing. Siklédy, C.H. et a/ studied the role of intrapro-
cedural TEE with color Doppler to confirm PV occlusion in 30 patients undergo-
ing cryoballoon-based PVI, where a cryoballoon was placed at the antrum of
each PV aiming for complete PV occlusion as documented by color Doppler, and
they concluded that color Doppler documented PV occlusion during cryoballoon
ablation can predict effective electrical isolation [8]. Failure to achieve such oc-
clusion results in ineffective CBA. A more recent trial [6] revealed that a time to
PVI less than or equal to 60 seconds and interval thawing time at zero (iTT0) of mo-
re than or equal to 10 seconds are powerful predictors of pulmonary vein isola-
tion durability.

The proper contact of the balloon with the pulmonary venous antrum and
consequently the accomplished temperature changes could be modulated by the
underlying risk factors, heart rate and rhythm by virtue of changing the pressure
and flow inside the left atrium with its subsidiary effect on pulmonary vein
antegrade flow. For instance, in patients with heart failure who have depressed
left ventricular function, there is increase in left atrial pressure with reduction
in pulmonary vein forward flow. The same changes may also be observed in pa-
tients with atrial fibrillation via deranged atrial contractility and relaxation and in-
creased atrial pressure. Those changes could result theoretically during cryoabla-
tion in more stable pulmonary vein-balloon contact by dint of reduced mechanical
movement of the atrium as well as the forward pulmonary vein flow. The latter
will result also in less warming effect by the returning blood flow back to the at-
rium.

Tachycardia also can have similar effects on pulmonary blood flow. This was
highlightened in a study by Chun ef a/ [9] investigating the effects of Rapid Right
Ventricular Pacing (RVRP) on the cryoballoon temperature kinetics in a group
of paroxysmal atrial fibrillation patients, the authors divided the patients into 2

groups according to whether right ventricular rapid pacing was performed during
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cryoablation or not. They observed that right ventricular rapid pacing significantly
accelerates cryoballoon cooling during the initial phase of a freeze suggesting im-
proved cryothermal lesion formation.

In our trial the mean heart rate of all patients was within the normal limits
(ie, 60 - 90 bpm) both during atrial fibrillation and sinus rhythm, therefore this
could partly explains our results (Table 2).

But, does AF duration matter? In other words, how much time the patient should
spend in atrial fibrillation in order to significantly impact his pulmonary vein flow
dynamics?

Previous trials, albeit few, on the effect of atrial fibrillation on pulmonary vein
flow pattern gave inconsistent results. Ting-Hsing Chao et al [10], published an
elegant prospective and controlled study comparing the Left Superior Pulmonary
Vein (LSPV) flow pattern measured by Doppler TEE in patients with non-rheu-
matic AF persisting > 30 days with volunteers who were in sinus rhythm. Both
groups were well matched regarding the demographic characteristics, comorbid-
ities, heart rate and echocardiographic data. They found a significant reduction
in systolic forward pulmonary vein flow (reduction of mean systolic peak veloc-
ity and time velocity integral due to lost atrial relaxation) and absent atrial reversal
(due to lost atrial contractile function) in atrial fibrillation patients compared to
sinus rhythm counterparts. These changes could be translated into low forward
pulmonary flow with the resultant less convective warming of the balloon-tissue
contact as well as more mechanical stability of the balloon at tissue interface and
eventual more tissue cooling. Noteworthy in this trial was that atrial fibrillation du-
ration in all patients was persisting more than 30 days.

Castello ef al [11] reported that peak Systolic Forward Flow (SFF) velocities in
patients with AF were not significantly reduced, as compared to those in sinus
rhythm, whereas peak Diastolic Forward Flow (DFF) velocities were significantly
higher in AF. The authors suggest that ventricular contraction may be more im-
portant than atrial contraction and relaxation in generating the systolic phase of
pulmonary venous flow. In contrast, Ren et al [12], indicated that the systolic
pulmonary vein flow parameters are significantly reduced in AF patients com-
pared to sinus rhythm individuals. In the present study, we did not include Dop-
pler data for assessment of pulmonary venous flow, this could to some extent af-
fect our results.

Furthermore, does the effect of atrial fibrillation on LA and pulmonary veins
differ with the pattern or with progression of the arrhythmia?

We know that atrial fibrillation is a pathophysiological process of ongoing struc-
tural remodeling, and so over time the arrhythmia can be self-sustaining and be-
came chronic. The remodeling process not only affects the left atrium, but also the
pulmonary veins. With respect to the PV/LA diameter ratio, there has been a con-
troversy, ie., this ratio in patients with AF tended to be greater than that of pa-
tients without AF (Knackstedt et a/ 2003), whereas this ratio was the same among
the patient groups of paroxysmal AF, permanent AF and sinus rhythm (Tsao et a/,
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2001). These discrepant results may be attributed in part to the different imaging
modalities and AF patients’ enrollment [13].

We might speculate that with more disease progression and ongoing structur-
al remodeling, there may be more increase in PV-LA ratio which make the LA-PV
junction more compliant and enable the operator to position the balloon further
distally obtaining rapid freezing and lower temperature during cryo application.
This may need further research in the future. We did not assess the pulmonary
vein anatomy in our study and this again could affect our results.

The findings of our study did not indicate any significant difference between
sinus rhythm and atrial fibrillation regarding the temperature parameters attained
by cryoballoon therapy. Our patient population encompasses only paroxysmal atrial
fibrillation patients with no marked dilatation of the left atrium or depressed left
ventricular systolic function. Furthermore, in our patient population the mean
heart rate was within the normal range. Therefore, all these factors may explain
the different results observed in our study compared to previously published stu-
dy [4].

5. Study Limitations

Firstly, our study design is a retrospective comparison of the temperature be-
havior between patients with sinus rhythm and those with ongoing atrial fibrilla-
tion at the time of individual cryo application. So it does not support the pro-
spective validation of any study data. Secondly, we included a homogenous group
of paroxysmal atrial fibrillation patients and not consecutive patients referred
for cryoablation which would otherwise include also persistent AF patients.
Thirdly, it is a single center study with low patient number and no pre-procedural
left atrial and pulmonary vein anatomical imaging. Fourthly, we collect our tem-
perature data from the CryoConsole which, as known, depend on a thermistor
positioned in the proximal part of the balloon, so our temperature parameters
are an approximation of the real tissue temperature. Lastly, there was limited
information regarding per-person or per-procedure characteristics. For exam-
ple, there was a lack of data on the number of attempts on each vein, degree
of occlusion, or the number of discontinuation or reposition during applica-

tions.

6. Conclusion

The present analysis focuses on the patient rhythm at cryo application and shows
no impact of the patient baseline rhythm at the time of energy application upon
the attained balloon biophysical parameters in patients with normal sinus rhythm
and those with ongoing atrial fibrillation using the second-generation Cryoba-

lloon.
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Abbreviations

PVI = Pulmonary vein isolation;

BMI = Body mass index;

LVEF = Left ventricular ejection fraction;

Tarops = Rate of temperature drop at 5 s of application;

Taropso = Rate of temperature drop at 30 s of application;

Rys = Rate of warming at 5 s after freezing stops;

iTTO = Interval thawing time at 0°/C (time from the end of cooling to reach
0°/C);

iTT15 = Interval thawing time at 15°/C (time from the end of cooling to reach

15°/C);

tTT = Total warming time (time from the end of cooling to reach 20°/C);

AF = Atrial fibrillation;

SR = Sinus rhythm.
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