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Abstract
Background: Occlusion of pulmonary veins is essgfitr PV isolation using the Cryo balloon.
Currently occlusion is arbitrarily determined usihgproscopy and contrast media. This study
aimed to create an objective measure without itdizxcessive fluoroscopy and no contrast
media.
Objective: Ensure PV occlusion without fluorosc@my contrast dye.
Methods: In 4 in vivo hearts 113 PV occlusions wested with a 50% cold dye saline mix at
4°C. Occlusions were rated “Good”, “Fair”, and “Pbby dye dissipation seen via fluoroscopy
and correlated to temperature profiles recordedwoantly. Using these temperature profiles
and no dye, cryoablations were placed in 12 addtibearts (56 unique veins, 126 occlusions).
Two 180 sec cryo applications were placed per watin occlusion testing in-between. PV
isolation was defined by EP mapping, gross pathoérgl histology after4 weeks recovery.
Results (dye): With “Good”, “Fair” and “Poor” theaximal post injection PV temp dropped
(AT) by 6.2+4.2, 5.1+3.7, and 2.4+2.0°C. At 5 sectpaslir temperature of injection
temperature recovered 18+14%, 36+23, 50+33%. Qerbaw time to 0° C was 11.5+4.8,
8.5%2.1, 4.3+1.3 sec. Success rate for PVI was 90@&nd 0%.
Results (no dyeAT: 7.7+4.4, 5.845.0, and 3.4+2.3°C, % recovery aeb: 15+12, 31+23,
45+30%, Thaw time to 0°C: 11.9+4.8, 10.5+5.2, 6.8+&=c, Success rate was 97, 91 and 10%.
Conclusion: PV occlusion profile determination us#fC cold saline injection is an effective
approach to define the occlusion grade. Qualityustens correlate strongly with PVI success.
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Introduction

A fundamental requirement of achieving a durablémpnary vein isolation (PVI) using the
Cryoballoon technology is pulmonary vein (PV) ositun prior to the initiation of the freeze
cycle! Occlusion is defined as pressing the anterioriaestof the balloon against the
circumferential base of a vein, to obstruct blodowf from this vein. A proper (“good”)
occlusion results in complete blood obstructionfc@inferential and pulmonary vein (PV)
isolation (PVI). A improper (“poor”) occlusion rel¢si in blood flow over a section of the
Cryoballoon preventing circumferential ablation tbk PV. These segmentally ablated veins
require balloon repositioning and additional aloliasi to achieve total isolation, thus increasing
procedure time and the possibility of complicatiohise expected result of undetected segmental
ablations is PVI failure and increased likelihoddA& recurrence.

Currently, to determine the degree of occlusiore @y injected into the vein via the balloon
catheter central lumen. This is done while thedwmalis inflated and positioned to occlude the
vein. This subjective approach, while being deeraedeptable, still requires both dye and
fluoroscopy? Fluoroscopy and contrast dye, however, can be fo&rfor patients. Contrast
media, in particular, can be difficult to manage patients suffering from renal dysfunction. A
reduction of both fluoroscopy and contrast dyegsiihble.

In this investigation, we report an objective teigue that replaces the need for fluoroscopy and
dye injection. This technique aims to define propeclusion, which translates into successful,
circumferential ablation of veinls® A prototype based on the Arctic Front Advance ®aftmon
catheter design (Medtronic, Minneapolis, MN) wastiamented with a temperature sensor ring
placed on the shaft just distal to the balloon rmtesurface (Figure 1). We hypothesized that if

the PV is properly occluded, injecting 5cc of 4°@dcsaline via the balloon central lumen will



result in marked temperature drop and slow rewagroboviating the need for both radio-opaque

dye and fluoroscopy.

Methods

All procedures were performed in compliance with &American Heart Association’s guidelines
for animal research and approved by the Animal Camamittee of the University of Illinois at
Chicago. Canines (30-35 kg) underwent anesthedigction with intravenous propofol (0.5
mg/kg) and maintenance with inhaled isoflurane L% % via endotracheal intubation. Intra-
arterial blood pressure and esophageal tempenatoméoring were performed throughout the
entire experimental protocol and core temperatwag maintained at 38.0+1.3°C using a heating
blanket.

A 20-pole deflectable catheter was inserted ingoetkternal jugular vein and positioned in the
high right atrium extending into the coronary sinus

Using fluoroscopic and transesophageal echocarmpbir guidance, trans-septal puncture was
performed and a 14F deflectable delivery sheatbdas the Flexcath design (Medtronic,
Minneapolis, MN) was inserted into the left atrigibf\). Prior to insertion of the Cryoballoon,
the chamber anatomy, PV orifices, and LA voltag@snaere generated using a 20-pole
deflectable catheter and the EnSite NavX 3D (SteMedical, St. Paul, MN) navigation
system. A 0.035” guide wire was advanced into #ngdted vein and a 23 or 28mm Cryoballoon
was inserted and positioned to engage the PV. @hedn size was selected based on the PV
orifice sizer

In this animal model, the 23mm balloon was suffiti#r most veins, but a 28mm balloon was

necessary for the right superior vein. The invesitog consisted of two phases. In phase one,



the occlusion was assessed using 5cc of a 50%atipe/snix chilled to 4°C injected into the
targeted PV. For each injection, both the contlgstand saline solutions were chilled separately
to 4°C and mixed just prior to the procedure. Tie/shline mix was then chilled in an ice bath
throughout the procedur&.he dye dissipation time and the temperature fitwerdistal ring
thermocouple were recorded simultaneously. Inatthel13 test occlusion runs were defined

by dye dissipation rate. “Good” occlusion was defilby dye stasis and full vein opacification
above the balloon, with slow dye dissipation r&tge persisted for in a range from 26-194
seconds with a mean of 67+45 seconds. This wasiatst with minimal change to visible
density of dye during this period. “Fair” occlusiaas defined by full vein opacification by dye
that proceeds to dissipate post injection. This eedied as dye persistence in range between 7-
33 seconds with a mean of 19+8.2. There was visiske of dye density over this period. “Poor”
occlusion was defined by visible dye injection tlaes not achieve vein opacification and
dissipates rapidly post injection. Dye persistenes in a range from 0—8 seconds with a mean

of 5+2. This was associated with rapid loss ofblesdye density immediately upon injection.

Distal temperatures were measured alongside tliedya/saline injection runs. Based on the
profiles acquired in the first phase, the qualityh® occlusion was assessed based on the
temperature profile only in the second phase. V&v€l?) in vivo hearts had 126 test occlusions
performed with 5cc 4°C saline injection only (ncedy fluoroscopy). In all hearts, each PV
ostia underwent two 180 second freeze cycles tbat wssociated with “Good”, “Fair”, or

“Poor” occlusions.

The data parameters consisted of dye dissipatioa (%), the lowest temperature post injection
(°C), the change in temperature from baselif€], and the percent recovery of the temperature

5 and 10 seconds post the nadir temperature (%1iRat®d and 10 sec). The ring electrode



temperature data from each occlusion and cryo egipin was correlated with the internal
Cryoballoon temperature parameters that were wsaddlyze the quality of the freeze cycle.
These parameters were: internal temperature at@&hds of freeze, the nadir temperature
achieved, and the thaw time to 0°C. After 4 wedk®oovery PV isolation was defined by EP

mapping, gross pathology with tetrazolium stairg kistology using trichrome staining.

Statistics

Analysis of variance was used to determine whetiere were significant differences between
mean values obtained from recordings for eachebtitlusions. If the overall test for a variable
was significant, comparisons were performed ustogléht’s t-tests. All data are expressed as
mean + standard deviation. A 2-tailed p valug@D5 was deemed significant

The predictive capability of each occlusion leas,defined by the cold saline injection, was
validated by the electrical mapping and histopatbichl analysis of the PVs ostia as well as the

intra-balloon freeze characteristics.



Results

With “Good” occlusion, post injection of 4°C 50%eidgaline or only cold saline, the average
ring thermocouple temperature decreased by 6.2€Adth dye and 7.7+4.4°C without dye,
followed by a slow rewarming phase of 18+14% antl1P86 at 5 seconds and 36+23% and
30£17% rewarming rate at 10 seconds. The “Fairlusion with cold dye/saline or only cold
saline injection the temperature decreased 5.1€3ant 5.8+5°C. The rewarming rate was
36+26% with dye and 31+23% without dye after 5 sglsoand 58+24% and 48+26% rewarming
rate at 10 seconds. The “Poor” occlusion with abld/saline or only cold saline injection
decreased by 2.4+2°C and 3.4+2.3°C and rapidlyaened at a rate of 50+33% and 45+30%
after 5 seconds and 70+25% and 61+28% rewarmiegatalO seconds. There are no significant
differences between dye and no dye values. Howéwebpoth dye and no dye, post injection
temperature decrease and percent recovery at b0aselconds were significantly different
between the three occlusion levels (Table 1, Fg@reand 3). The temperature recovery curves
post injection as shown in Figure 2 and 3 and grafgantly different between each of the

occlusion levels.

During the freeze cycle and thaw period the diffiees in internal balloon/console temperature
profiles between each occlusion level shows sigaiifi discrimination between the “Good” vs.
“Poor” and “Fair” vs. “Poor” with marginal discrimation capacities between “Good” and
“Fair” (Figure 4 and Table 1). The success ratthefring electrode temperature profile for
predicting PVI post injection of 4°C 50% dye/salmreonly cold saline cold respectively, was
100% (17/17 PV’s) and 97% (38/39 PV’s) for “Goodttusion, and 82% (9/11 PV’s) and 91%
(10/11 PV’s) for “Fair” occlusion. The ablation gotne with “poor” occlusion for post injection

of 4°C 50% dye/saline or only cold saline was 0923(PV'’s) and 10% (3/30 PV'’s).



Post ablation tissue electrograms amplitude, Petredal activity, and conduction were absent
(voltages 0k0.5 mV) in all “Good” occlusions and 10/11 of theafir” occlusions, but 27/30

PVs ablated with poor occlusion retained electradivity post cryo application.

An example of the differences in gross pathology @ histology due to variable occlusion is
shown in Figure 5. These occlusions were donedrs#ime animal. The minimal temperature
drop and rapid recovery demonstrating “Poor” odolnsersus the marked temperature drop and
slow recovery associated with the “Good” occlugesahown in Panel C. The tetrazolium
stained PV tissue and the trichrome stain histoigyonstrating a partial ablated orifice and a
large gap of surviving tissues due to the partalusion (panel A). In contrast the “good”
occlusion resulted in circumferential lesion with surviving PV sleeve myocardium (panel B).
The internal balloon temperature corroborates teeaplation “Good” and “Poor” occlusions
(Panel D and E). No safety issues were encounteitbdhis technique.

Discussion

The aim of this investigation was to determine wabethe temperature profile of a thermocouple
placed in front of the balloon and exposed to 5¢& ¢apid cold saline infusion can discriminate
between “Good”, “Fair”, and “Poor” PV occlusionss Aoted with the dye injection, a “Good”
PV occlusion result in dye stasis and prolongeddigsipation that was associated with a
temperature drop of 6.2+4.2°C and a slow tempesatwarming of 18+14% at 5 seconds. In
contrast the poor occlusions the temperature datloy only 2.4+2°C and rapid rewarming of
50+£33% at 5 sec. Similar results were documeniéidanm injection of 5cc 4°C cold saline
without the use of fluoroscopy. Validation of ocgsilon level defined by the cold saline injection
was further confirmed by the internal balloon/cdagemperature profile during freezing. More

impotently the “good” occlusions resulted in 97%I&Vfair” occlusion 91% PVI while “poor”



occlusions resulted in only 10% PVI. Althoughsitvery unlikely that “poor” occlusion would
result in circumferential PV lesion the buildupiod during the freeze can in some cases seal the
gap and lead to circumferential lesion formation.

In previous investigations, the direct pressure itooing from the Cryoballoon central lumen
was also found to be useful in detecting PV ocolusr his technique, however, is subjected to
pressure waveform variations and changes assodidtied\F and phrenic pacing.

As with the pressure monitoring, temperature mamgpfrom a thermocouple placed at the nose
of the balloon is an effective approach to deflme PV occlusion. This is accomplished by using
only chilled 4°C cold saline that is injected ithe targeted PV in the same manner as contrast
dye. This approach allows quantification of thelosion and greatly reduces the use of contrast
dye and fluoroscopic exposure. Achieving a moresistent PV occlusion using this method will
likely result in an increase of single ablation@gs and reduce the need for repeat freezes. By
extension this will also decrease the possibilftgxdra-cardiac damage, such as phrenic nerve
palsy or the formation of atrio-esophageal fistula.

Furthermore, this technology could be adapted tmtjiate the efficacy of the occlusion within
the Cryo console system. This would allow the cmsmalert the operator whether the PV
occlusion is “Good” or “Poor” and whether cryo-dida should be initiated. The lowest
temperature drop post cold saline injection and#te of rewarming recorded from the distal
ring thermistor allows for a high degree of disdriation and confidence in the occlusion

quality.

In clinical studies that resulted in successful RWé internal temperature during the freeze cycle
achieved a nadir 6f-48°C and mean internal temperatures-@0 °C at 60 set Another study

found that successful pulmonary vein isolation associated with thaw durations to 0°C of



14.8+10 seconds. Veins that reconnected had thaatidns to 0°C of 7+2 secon8dhese
clinical results are similar to our own. The faduo reach the internal balloon temperature
profile associated with unsuccessful PVl is a testifPoor” PV occlusion. Providing the
operator with quantitative assessment of the PVus@n may eliminate ineffective cryo-
applications and more importantly may improve oates and eliminate the use of dye and

fluoroscopy.

Limitations

The study is a proof of concept performed in amahimodel. Human clinical trials will be
needed. The injection of the cold saline will regLgaline reservoir maintained at constant
temperature (we have accomplished this need by rsingethe saline bag in a bucket of ice
cubes and water) and a closed system with the ppate air trap and safety measures to prevent
any air from being injected directly into the heart

Small, but notable differences between mixed dyiessand saline-only injections are noted in
the table. The dye/saline mixture is more visc@ssiiting in a slower injection rate. The slower

injection rate is likely the reason for the warmadir temperatures and slightly faster recovery.

Conclusion

The prototype Arctic Front Advance Cryoballoon edén was instrumented with a temperature
sensor ring placed just distal from the ballooreaant surface. The temperature profile recorded
from the thermocouple exposed to 5cc 4°C rapid salthe infusion can discriminate “Good”,
“Fair”, and “Poor” PV occlusions. The lowest temgieire drop post cold saline injection and the

rate of rewarming recorded from the distal ringthecouple allow high degree of



discrimination and confidence regarding the ocdugjuality. Quality occlusions correlate
strongly with PV isolation success. In this stu@pod” rated occlusions resulted in 100% and
97% success rate for PVI with and without dye, eeipely. “Fair” rated occlusions resulted in
82% and 91% success rate for PVI with and withget despectively and only 10% PVI was
documented with “poor” occlusions. This is theftfirssestigations of this simple concept and
will lead to a significant reduction for the neendl @lye and fluoroscopy. This assessment of pre-
ablation occlusion positively correlates to ablatsuccess reducing the dependency on post
ablation indicators such as thaw times. This wWiballow for greater confidence when aiming
for single cryo-application in each vein. Furthersy the potential for the technology to be
adapted to quantitate the efficacy of the occlusiwaugh the Cryoconsole system is clear. This
could make the CryoConsole capable of alertingofberator whether the PV occlusion is

“Good”, “Fair”, or “Poor” and whether cryo-applicah should be initiated.
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Figure Legends
Figure 1: A 28mm Cryoballoon Arctic Front Advanagped with a conductive distal ring

attached to a thermocouple.

Figure 2: Distinct temperature profiles describadthe three occlusion levels post injection of
5cc 4°C 50% dye/saline (left panel) and 4°C colthsanly (right panel). After reaching the
lowest temperature post injection the averageafitecovery during “Good”, “Fair”, and “Poor”

occlusions is tracked for 10 seconds.
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Figure 3: The rate of temperature recovery durmegiO seconds post cold saline injection.
“Good” occlusion is defined by the slowest recoveg fastest recovery defines the “Poor”

occlusion, and intermediate recovery defines tireofaclusion.

Figure 4: The internal balloon temperature as @®by the console at different stages of the
cryo-ablation and thaw with “Good”, “Fair”, and “Bd PV occlusion. The mean and standard
deviation temperature data after 30 and 60 sectrentbwest temperature achieved during the
freeze cycle is shown on panel A. The thaw timenftbe nadir temperature to 0 and 15°C and

balloon deflation is shown in panel B.

Figure 5: An example of the differences in groshplagy, ring electrode thermocouple
temperature and inner balloon/console temperatseqold saline injection during “Poor” and
“Good” occlusion (in the same animal). A lesionuléag from a poor injection is shown in
panel A. The PV tetrazolium stained tissue andribkrome stain histology demonstrate a
partially ablated orifice and a large gap of sumvtissues due to the partial occlusion. In
contrast a “Good” occlusion resulted in circumfei@resion with no surviving PV sleeve
myocardium in Panel B. The minimal temperature drog rapid recovery demonstrating “Poor”
occlusion versus the marked temperature drop awdrgcovery with the “Good” occlusion is
shown in Panel C. The internal balloon temperatunck console thaw times corroborate the pre-

ablation “Good” and “Poor” occlusions (panel D dadespectively).
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Table 1 : Occlusion Parameters

Saline Injection “Good” “Good” “Fair” “Fair” “Poor” “Poor”
Parameters Dye No Dye Dye No Dye Dye No Dye
Dye Dissipati
ve lssipation 67 45 N/A 198 N/A 6+3 N/A
Duration
No. of test
0- Of tes N=33 N=74 N=46 N=22 N=34 N=30
occlusions
37.3%1.2 37.7+t1.4 37.7+1.0 37.3£1.7 37.810.7 37.5£1.5
Baseline °C
_I_NS tNS §NS tNS §NS _'_NS 1.|NS 1.|NS 'I'NS
31.0+4.2 29.9+4.2 32.7+4.0 31.5+4.9 35.4+2.0 34.1+2.6
Min °C
NS gNs §# S g NS 1]# 11» +
6.214.2 7.7t4.4 5.1+3.7 5.8%5.0 2.4+2.0 3.4+2.3
A°C
+# ¢ §* +* gk NS q* 1]# +
18+14 15+12 36123 31+23 50+33 45130
% Return at 5 sec
NS xRk Fr o Grex NS q0* 1]“ NS
Internal Temp @ -55+9 -55+9 -49+9 -51+10 -37+3 406
60 sec NS g ' grxx NS qrE* g NS
Internal Temp -62+8 -60+9 -51%5 -55+11 -41+6 44 + 6
Nadir NS g gH** + §H* NS q** q** NS
11.51+4.8 11.9+4.8 8.5+2.1 10.5+5.2 43+1.3 6.0+2.8
Thaw Time to 0°C
NS g grx| NS g + q* qrE* +
Success Rate %
100% (17/17) | 97% (38/39) | 82% (9/11) | 91% (10/11) 0% (0/23) 10% (3/30)

(No. of PVI/No. of PVs)

t= Dye vs None at Same Occlusion Rating, ¥ = Good vs. Fair, § = Good vs. Poor, 9 = Fair vs Poor

***=p<0.0001, ** = p<0.001, * = p<0.01, # = p<0.05, NS = not significant
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FIGURE 1: Cryoballoon
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FIGURE 2: Occlusion Profile Post Cold Saline Injection
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FIGURE 3: Percent rewarming rate after cold saline injection
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Ablation Console Thaw Times by Occlusion
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FIGURE 4: Console Data by Occlusion Type

ing Temperatures by Occlu

‘C @ 60 sec

\
§
:
§
-

Ablation Console Freez

|~

9
-]
[To]
(]
(@]
]
(8}
(]
(70

= p<0.001, * = p<0.01, # = p<0.05, NS = not significant

***=p<0.0001, **
Dye N number; Good=33, Fair=46, Poor=34 : No Dye N number; Good=74, Fair=22, Poor=30



FIGURE 5: An example of Poor vs. Good occlusion
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