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Abstract
Background: With the recent reports of success, there is now increasing use of cryoablation as a standalone, minimally invasive procedure to treat various cardiac 
arrhythmias. With increased use, a need for new devices and treatment strategies to deliver improved outcomes has emerged. In this study we investigated the 
performance of a new super critical nitrogen (SCN) epicardial cryoprobe for the targeted ablation of cardiac tissue. We hypothesized that the SCN technology would 
enable the rapid, effective delivery of ultra-cold temperatures thereby enabling more effective ablation. 

Methods: Assessment included calorimetry, isotherm distribution, repeatability and ablation capacity in a heat loaded ex vivo tissue model.

Results: The SCN device repeatedly generated >2 cm diameter freeze zones in <2 minutes. Calorimetric assessment revealed cooling power >325 W. Isothermal 
profiling revealed penetration of the -20°C, -30°C and -40°C isotherms to a diameter of 2.2 cm, 2.1 cm and 1.9 cm in a 2.3 cm ice ball following a 3 minute freeze 
resulting in ~90% of the frozen volume below -20°C, 80% below -30°C and >65% below -40°C. Tissue studies revealed the generation of a full thickness (5-10 mm) 
cryogenic lesion within 1 min with an opposite (transmural) surface temperature of <-60°C under a circulating 37°C heat load. 

Conclusions: These studies suggest that the SCN epicardial cryoprobe may provide for rapid, effective, controllable freezing of targeted tissue. The ablative power 
also offers the potential of improved safety via a reduction in procedural time compared to current devices potentially opening new avenues for cryoablation to treat 
other cardiac arrhythmogenic disorders.
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Introduction
Hospitalization of patients with atrial fibrillation (AF) has 

increased several fold in recent years, currently impacting an estimated 
2.5 million adults in the US [1]. This increase is influenced by a more 
sedentary lifestyle coupled with an aging population that has survived 
other medical conditions [2]. Current estimates suggest that by 2050, 
15 million Americans will suffer from AF [3]. Congestive heart failure 
remains the leading cause of hospitalization in patients over 65 and 
results in the largest Medicare expenditure [4]. AF is the most common 
arrhythmia in patients and is a major cause of congestive heart failure 
[5]. For instance, AF is present in 10-15% of patients with congestive 
heart failure and is highly prevalent in functional class IV patients [6,7]. 
AF also causes stroke and is a predictor of mortality [4]. Patients with 
AF have a two-fold increase in risk of death and a four-fold risk of 
thromboembolic stroke [8]. 

Pharmacological control of AF has been comprehensively reviewed 
[4,8-10]. The foundation of the AF pharmacologic treatment involves 
either cardioversion and rhythm control or a rate control approach 
combined with anticoagulant therapy. Several studies including 
AFFIRM (Atrial Fibrillation Follow-up Investigation of Rhythm 
Management) have evaluated these strategies, concluding that 

lower mortality and increased efficacy is associated with rate control 
paradigms [8]. A variety of drugs are used to treat AF including 
amiodarone derivatives, atrium selective channel blockers and gap 
junction modulators. While other agents are being tested, they all 
have a degree of toxicity and limited effectiveness which has led to the 
development of devices designed to generate a set of lesions to prevent 
arrhythmias [9,11-15]. Studies comparing ablation to pharmacological 
intervention suggest that ablation may provide a more effective 
means for maintenance of normal sinus rhythm. Novak [9] reviewed 
six trials (over 1000 patients) and reported that in patients with 
primarily paroxysmal AF who failed at least one antiarrhythmia drug, 
80% remained AF free following ablation. The use of radiofrequency 
ablation (RFA) is currently common practice in treating arrhythmia 
[16], yet a number of complications are associated with RFA, including 
tissue burning/charring/popping, micro bubble formation, tamponade, 
pulmonary vein stenosis, and phrenic nerve and esophageal damage. 
There is also a high degree of recurrence and pain associated with RF 
therapy. Cryoablation has been shown to be a viable and safer alternative 
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to RFA for the treatment of AF [13]. Data from direct comparisons 
between the two are limited [11]. Ablation to treat AF, however, seems 
to be reasonably safe with a lower complications rate [17]. 

Cryoablation is an effective minimally invasive alternative to 
cardiac surgery and RFA offering patients a quicker recovery and 
reduced side effects [18,19]. Numerous studies and reviews have 
been published detailing various cryosurgical devices and procedures 
to apply freezing temperatures to a target tissue [20-40]. Continuing 
improvements to cryoablation device design and their application may 
further increase its utilization for the treatment of multiple disease states 
[40-43]. AF can be managed using cryoablation via both epicardial and 
endocardial based approaches. Cox, et al. [44,45] have used surgical 
incisions combined with cryoablation of the coronary sinus to ensure 
interruption of conduction across the posterior-inferior portion of the 
left atrium. Gaita and associates [46] have success fully treated AF by 
linear cryoablation of the tissue between the four pulmonary veins and 
the mitral annulus [47]. 

With reports on the success of cryoablation for AF treatment, there is 
now increased interest in using cryoablation as a standalone, minimally 
invasive procedure to treat all variants of cardiac arrhythmias. Cardiac 
cryosurgery requires modified freezing dosimetry, which varies with 
the type of lesion under treatment. The primary targets are the modified 
myocytes constituting the conduction system. In these applications, 
the probe is cooled to -70° to -80°C for two to four minutes, which 
generally is sufficient to ablate the cardiac tissue [48-52]. The tissue 
temperature at the site of the aberrant myocytes will be in the range of 
-20 to -30°C. Linear lesions or point lesions, depending on the structure 
of the probe, are produced. Ventricular lesions require deeper freezing.

Knowledge of the expected performance of a cryosurgical probe is 
critical to obtain optimal outcomes [53-55]. With good contact with 
the tissue to insure efficient heat transfer, a probe temperature of about 
-80°C, cooled by pressurized argon or nitrous oxide, takes ~5 minutes 
to freeze tissues to a depth of about 0.5 cm. The duration of each freeze 
depends on the target site tissue thickness and vascularity. Transmural 
lesions are not easy to produce, and numerous studies have shown the 
limitations of today’s cryodevices to achieve the necessary thermal 
penetration through cardiac tissue, especially when applied in a fully 
beating non-occluded blood flow scenario [52,56,57].

In practice, today’s cryoablation devices yield similar cooling 
power at the cryoprobe tip attaining surface temperatures of ~-80°C 
under thermal loads [58]. When applied in a epicardial cardiac tissue 
ablation procedure (Cryomaze or other), this thermal limitation results 
in lengthy periods necessary to generate a single, sometimes uncertain, 
transmural lesion (3-5 minutes per site) with differential efficacy based 
on tissue thickness. These limitations necessitate multiple overlapping 
and lengthy applications to generate a contiguous lesion, while still 
retaining uncertainty as to the delivery of an “ablative dose”. This creates 
a less-than-optimal treatment paradigm, thereby limiting utilization 
of cryoablation for the treatment of various cardiac arrhythmias 
[39,59,60]. As such, there is a compelling need for a cryoablative device 
capable of rapidly creating transmural lesions with full control of the 
freezing process. 

In order to overcome these challenges, we have developed a new 
cryoablation device, which utilizes Supercritical Nitrogen (SCN), and 
a series of cryoprobes for the epicardial surgical freezing of cardiac 
tissue. Studies have shown that SCN offers the ability to overcome the 
limitations of current Joule-Tompson (JT) based cryoablation devices 
by delivering greater work capacity via its liquid-like heat extraction 

properties which are more effective than gas [61-64]. This enhanced 
heat extraction capacity offers the potential to deliver ultra-cold freeze 
temperatures deep into tissue under high heat load conditions, such 
as those experienced when utilizing cryoablation in cardiac ablation 
settings. In effect, this technology may provide a platform enabling a 
precise, minimally invasive treatment path for cardiac cryoablation. 
Given the increased utilization of cryoablation for the treatment of 
cardiac arrhythmias coupled with the importance of an understanding 
of cryoprobe performance for optimal application, a series of ex vivo 
studies were conducted to characterize the performance of the SCN 
epicardial cardiac cryoprobe. Our results demonstrate that the SCN 
system provides the rapid delivery of ultra-cold temperatures deep into 
tissue under high heat loads, supporting its potential application for the 
treatment of various cardiac arrhythmias.

Methods
Super critical nitrogen system and cryoprobes

All tests were performed using the prototype SCN cryoablation 
device with a start cryogen pressure of 1300 psi±100 psi. Two epicardial 
cryoprobe designs were evaluated. The epicardial surgical cryoprobe 
designs included 2 mm×100 mm smooth tip ablation segment (freeze 
zone) (HRS1) and a 3.4 mm×100 mm corrugated tip ablation segment 
(HRS2) at the distal end of the probe. The cryoprobes were connected 
to the SCN cryoconsole via a 3 m umbilical. For analysis, the cryoprobe 
was positioned in the respective test fixtures containing medium and 
then activated for a freeze time of 2 or 3 minutes (assay dependent- see 
details of specific testing below).

Calorimetry assessment

Calorimetry testing was conducted using a 30 mm t-style magnetic 
stir-bar placed into the bottom of a 20 oz double walled foam insulated 
vessel. The insulated vessel was filled with 454 mL of water and a ~20 
mm thick polystyrene lid was placed on top. The setup was placed on a 
magnetic stir plate and the speed was set to the highest setting in which 
the stir-bar maintained uniform spinning (setting 8 out of 11). The 
cryoprobe ablation zone was placed through a tight-fitting hole in the 
lid with the distal end 20 mm from the bottom of the vessel (to ensure 
that the entire freeze zone was submerged but did not contact the stir 
bar or the vessel wall). A 21 ga (0.032 inch) type-T thermocouple needle 
was inserted through the lid into the water to monitor the temperature 
change (Figure 1). A 2 min freeze procedure was performed and the 
starting and ending water temperatures were recorded.

Cooling power was determined using standard calorimetry 
calculations.
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Where P=Cooling power, Q=Heat energy, mw=Mass of water, 
sw=Specific heat of water (4.186 J/g∙°C), T=Temperature, and t=Time 
(length of freeze procedure).

Freeze zone size and thermal profile assessment

Ice ball diameters: Partially Submerged Ablation Segment: An 
acrylic testing fixture (105 mm×125 mm×55 mm) was filled with room 
temperature (20±2°C) water, and the cryoprobe was laid horizontally 
on the surface (Figure 2). The probe height was adjusted such that 
half of the ablation segment probe (1 mm for HRS-1 and 1.7 mm for 
HRS-2) was submerged, and a 2 min freeze was performed. Following 
the freeze procedure, ice ball diameter was measured at the midpoint 
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of the freeze zone [53] The thermocouples and mandrill were situated 
such that temperature recordings were taken at 1 mm, 6 mm, 11 mm 
13.5 mm and 16 mm extending radially from the cryoprobe surface. 
Temperatures were recorded at a rate of 1/sec, and all tests were run 
for 3 min. 

Freeze repeatability testing: For assessment of cryoprobe freeze 
repeatability, the cryoprobe was placed into a warm water bath and 
activated for 4 consecutive 15 or 30 second freezes with a 30 second 
thaw cycle between each freeze. As with thermal profile testing, probe 
surface temperature was monitored via a type t-thermocouple placed 
within the freeze chamber of the cryoprobe ablation segment. 

Ex vivo tissue analogue testing

Ex vivo epicardial tissue model testing consisted of two setups, 
the first allowing for visualization of the iceball formation on the 
transmural surface of the tissue following a freeze procedure and the 
second allowing for thermal profiling of the tissue surface proximal 
and distal (transmural) to the cryoprobe. 

Freeze zone transmurality visualization: For freeze zone 
visualization, a section of floral foam (phenolic foam), approximately 
110 mm (L)×50 mm (W)×15 mm (D), was placed into a circulating 
37°C water bath on a mesh platform and the foam height was adjusted 
such that the top of the foam was even with the water surface. A section 
of bovine skeletal muscle, approximately 100 mm (L)×45 mm (W)×4.5 
– 5 mm (D), was then placed on top of the foam. The SCN cardiac 
cryoprobes were then laid atop the tissue section and a 2 min freeze was 
performed (Figure 4a). The water in the fixture was maintained at 37°C 
and was circulated at a rate of 4.5 L/min using a rotary pump during 
the freeze procedure. Immediately following the freeze, the floral foam 
was removed from the bath and the non-frozen portion was gently 

of the ablation segment. The time to first ice was also recorded. Fully 
Submerged Ablation Segment: Cryoprobes were placed vertically into 
the center of an acrylic testing fixture (51 mm×51 mm×200 mm) 
filled with room temperature (20±2°C) water to a level ~10 mm above 
the proximal end of the freeze zone (Figure 3). A 2 min freeze was 
performed, and the ice ball diameter was measured at three locations: 
the distal end (15 mm from tip), the middle (50 mm from the tip), and 
the proximal end (85 mm from the tip).

Thermal profile of freeze zone: Cryoprobe Surface Temperature: 
Cryoprobe external surface temperature assessment consisted of 10, 
36 ga type-T thermocouples affixed in a straight line to the cryoprobe 
surface every 10 mm starting 5 mm from the distal end using fine cotton 
thread. The cryoprobe and thermocouple array was placed horizontally 
into an acrylic testing fixture (105 mm×125 mm×55 mm) filled with 
room temperature (20±2°C) water. The probe was adjusted such that 
half of the probe (1 mm for HRS-1 and 1.7 mm for HRS-2 and catheter) 
was submerged, and all of the thermocouples were at the bottom of 
the probe (submerged in the water) (Figure 2). A 3 min freeze was 
performed, and temperatures were recorded at a rate of 1/sec. Thermal 
Profiles of Ice Balls: The cryoprobe ablation segment was placed into the 
center of an acrylic testing fixture (51 mm×51 mm×200 mm) filled with 
room temperature (20±2°C) ultrasound gel to a level ~10 mm above 
the proximal end of the probe freeze zone (Figure 3). A thermocouple 
mandrill consisting of 5, 36 ga type-T thermocouples soldered to a 
22XT (0.7 mm OD) stainless steel tube was then placed at the midpoint 

Figure 1. Illustration of the calorimetry testing fixture. The setup is designed to prevent ice 
formation on the probe surface during a freeze and allows for assessment of temperature 
change of water during a given freeze run. Time and temperature data are then utilized to 
calculate the cooling power of a given cryoprobe. 

Figure 3. Image of the fully submerged isothermal profile assessment fixture. The fixture 
contains a water or ultrasound gel medium and a mandrel with thermocouples affixed at 
5 pre-set distances allowing for real-time recording of a freeze run and determination of 
isotherm location at any point during a given freeze.

Figure 2. Illustration of the partially submerged cryocatheter testing setup. The fixture 
allows for visualization of iceball formation and measurement of overall freeze zone size 
during and following a given freeze interval. The thermocouple positioned on the exterior 
surface allows for assessment of probe surface temperature under various heat loads. 
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removed. The remaining foam (indicating the extent of the freeze 
zone) was allowed to dry prior to recording freeze zone measurements 
(Figure 4b)

Epicardial analog thermal assessment: Assessment of the thermal 
profile within the tissue during the freeze interval was assessed using 
a similar setup to that of the freeze zone visualization. Specifically, an 
acrylic fixture (175 mm×140 mm×90 mm) with a suspended, vinyl 
polyester mesh platform (130 mm×90 mm) was filled with 37±2°C 
water to a level ~1 mm above the mesh platform. The mesh platform 
contained a series of 5, type-T thermocouples integrated on the 
upper surface starting at the center and extending in a straight line 
perpendicular to the length. Thermocouples were positioned at 0 mm, 
5 mm, 7.5 mm, 10 mm, and 15 mm from the center of the mesh (Figure 
5). A section of bovine skeletal muscle, ~100 mm×45 mm×4.5 – 5 mm, 
was placed on top of the mesh platform and the cryoprobe was then 
laid atop the tissue. The entire test fixture was placed on a scale and a 
standard downward probe tissue contact force of 50 g was applied by 
pressing the cryoprobe down on the tissue section using a vertical vice. 
Two, 190 g weights connected by polypropylene monofilament line 
were also draped across the distal end of the cryoprobe and the acrylic 
box to ensure consistent contact between the probe and the tissue 
which applied an additional force of 40 g, yielding a total probe/tissue 
surface contact force of ~90 g. Once the setup was assembled, the water 
in the fixture was then maintained at 37°C and was circulated at a rate 
of 4.5 L/min using a rotary pump during the 3 min freeze procedure. 
A second series of tissue studies was also conducted using a 1 cm thick 
section of porcine muscle (~100 mm×45 mm×10 mm). 

Data analysis

For calorimetry, iceball, thermal profile assessment and ex vivo 
tissue analog studies, a minimum of 3 repeats per probe were conducted. 
Following experimentation, data were combined and averaged (±SD) 

to determine mean iceball size, temperature location and ablation 
zone produced. Statistical significance was determined using single 
factor ANOVA where noted. Freeze zone size: Following the freeze/
thaw episode, iceball diameter was measured using digital calipers at 
the center point of the cryoprobe freeze zone. Thermal Profiles: Real 
time recordings of the thermal profiles were collected using an Omega 
TempScan system and were converted to graphical format using 
Microsoft Excel and analyzed to determine isotherm spread during the 
freeze intervals. All temperatures were recorded at a rate of 1/sec. 

Results
Calorimetry testing 

Evaluation of the epicardial cryoprobes cooling power was 
conducted using the calorimetry testing setup. Initial testing was 
conducted using a starting water temperature of 35°C. However, 
it was found that due to the increased cooling capacity of the SCN 
cryoprobe, this was not able to prevent ice formation on the surface 
of the cryoprobe regardless of the level of stirring of the water bath. 
Prevention of ice formation along the freeze zone during calorimetry 
testing is important, as ice along the probe shaft has an insulative 
effect, decreasing heat extraction capacity thereby yielding suppressed 
readings. As such, the water temperature was increased until minimal 
visual ice was apparent on the probe surface during the test run. This 
resulted in a final starting bath temperature of 85°C. Once the bath 
temperature was determined, calorimetric assessment of the cryoprobe 
was conducted (Table 1). Assessment of the 2 mm smooth surface 
HRS1- epicardial cryoprobe (2 mm×100 mm ablation segment) 
revealed an average decrease in temperature of 31°C (±2.7) during a 2 
min freeze run, yielding an average cooling power of 327.7 W (±29.2). 
Assessment of the 3.4 mm diameter corrugated HRS-2 epicardial 
cryoprobe (3.4 mm×100 mm ablation segment) yielded an average 
decrease in temperature of 35.4°C (±1.6) yielding an average cooling 
power of 373.4 W (±17.2). The 14% increase in cooling power observed 
with HRS-2 vs. HRS-1 was attributed to the larger cryoprobe diameter 
(3.4 mm vs. 2.0 mm) and cooling surface configuration (corrugated vs. 
smooth), providing an increase in cooling surface area for the HRS-2 
cryoprobe, yielding an increased cooling power. 

Freeze zone size and thermal profile assessment

Freeze zone size: Evaluation of freeze zone (iceball) size was 
conducted using two heat load scenarios, partial and full cryoprobe 
freeze zone submersion. These paradigms were designed to evaluate 
the relative impact of increased heat load on cryoprobe performance. 
Analysis of time to initial ice formation (visualization of ice on the 
ablation segment) revealed no substantial difference between the partial 
and fully submerged protocol with the cryoprobe achieving initial 
ice formation in less than 3 seconds following activation (Table 2). 
Assessment of freeze zone size also revealed the attainment of a similar 
diameter which was consistent along the length of the cryoprobe freeze 
segment. Specifically, an average iceball diameter of ~2.0 cm along the 
entire length was attained following a 2-minute freeze in both settings 
(Table 2). 

Thermal profile of freeze zone: Following establishment of 
freeze zone size, analysis of the thermal profile within the iceball was 
conducted. This included assessment of ablation segment surface 
temperature along the entire surface of the cryoprobe as well as 
monitoring temperature distribution outward from the probe surface. 
Analysis of cryoprobe surface temperatures recorded at 5 mm intervals 
along the probe freeze segment revealed the attainment of a consistent 

Figure 4. Illustration of the ex vivo heat loaded iceball transmurality analysis setup. A) 
Schematic of ex vivo heat load epicardial tissue model setup. The setup allows for analysis 
of the freeze zone formation within the tissue and foam following a freeze as well as the 
impact of a heat load on freeze formation. B) Photograph of the freeze zone created by 
the HRS1 cryoprobe in the floral foam on the opposite (transmural) surface of the tissue 
following a 2-minute freeze.

Figure 5. Illustration of the heat loaded ex vivo tissue isotherm assessment setup. A) Cross 
sectional schematic of the apparatus illustrating the probe and thermal sensors radiating 
perpendicular from the probe surface on the transmural (opposite) surface of the cardiac 
tissue section. The fixture allows for real-time assessment of thermal profiles within the 
tissue both on the proximal and transmural surface of the tissue section. B) Schematic 
illustration of the weighting setup utilized to provide a constant 90 g of down force on the 
cryoprobe during testing. C) Photographs of freeze zone created by the SCN cryoprobe 
during a freeze procedure in the ex vivo heat load model. Time lapse photos illustrate the 
frozen tissue area (white tissue) created around the cryoprobe following 1 and 2 minutes 
of freezing. 
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Probe
Water Temperature (°C)

Watts
Start End ∆T

HRS-1 85.1 54.1 31.0 327.7
HRS-2 86.4 51.0 35.4 373.5

Table 1. Assessment of cooling Power for SCN epicardial cardiac cryoprobes following a 
2 min freeze

Probe 
Submersion Probe (Dia) Time to 

Ice (sec)
Ice Ball Dia. (cm)

Tip Middle Base
Partial HRS1 (2 mm) 2.0 1.90 1.96 2.01

HRS2 (3.4 mm) 1.5 1.92 2.13 2.13
Full HRS1 (2 mm) 1.7 2.08 2.06 1.90

HRS2 (3.4 mm) 1.3 2.27 2.26 2.14

Table 2. Ice kinetics of a partially and fully submerged cryoprobe following a 2 min freeze

average temperature of -140°C on the external probe surface when 
assessed using both the partial and full submersion water bath models 
(Table 3). Importantly, a probe surface temperature of -100°C was 
attained within 13 (±2) seconds of probe activation along the entire 
surface of both probe types.

For determination of isothermal distribution from the probe 
surface, temperatures were recorded in real time at 1 sec intervals on the 
probe surface, 1, 6, 11, 13.5 and 16 mm radially from the probe during 
a 3 min freeze (Figure 6). Following completion of the freeze, the depth 
of penetration of the -20°C, -30°C and -40°C critical isotherms was 
determined (Table 4). Analysis of the isothermal distribution within 
the frozen mass revealed that the -20°C isotherm extended 1.1 cm from 
the cryoprobe surface (diameter=2.2 cm), the -30°C isotherm extended 
1.05 cm (dia=2.1 cm), and the -40°C isotherm extended 0.95 cm from 
the surface (dia=1.9 cm) following a 3 min freeze interval (Table 4). 
Volumetric analyses for the frozen region, assuming a cylindrical 
shape, following a 2 min or 3 min freeze interval revealed a total frozen 
mass of 31.4 cm3 and 42.6 cm3 for HRS1 and 38.1 cm3 and 46.0 cm3 

for HRS2, respectively. Calculating the volume of ice contained at or 
below each critical isotherm revealed that for HRS1, 92% (39.4 cm3) of 
the total frozen volume was below -20°C, 84% (35.8 cm3) below -30°C 
and 73% (31.1 cm3) below -40°C. Similar results were found with the 
corrugated HRS2 cryoprobe where isotherm volume analysis revealed 
that 93% (42.8 cm3) was below -20°C, 79% (36.2 cm3) below -30°C and 
63% (28.9 cm3) below -40°C.

Freeze repeatability testing: One critical aspect of device 
performance for application in a cardiac setting is that of quick and 
consistent application of freeze ablation. To test the utility of the SCN 
cryoprobes under this scenario, a repeat freeze challenge model was 
applied. To this end, the cryoprobe was placed into a heated water 
bath (30°C) and cryogen flow was cycled for 4 consecutive freezes 
of 30 seconds with a 30 second pause between each freeze. Probe 
surface temperature was monitored throughout the cycling process. 
Additionally, time to nadir temperature and the ability to return to 
starting temperature within the thaw window was also monitored 
(Figure 7). Cycling analysis revealed that the epicardial SCN cryoprobe 
was able to rapidly and repeatedly achieve a nadir probe surface 
temperature of below -100°C (±2°C) within 10 (±2) seconds and < 
-140°C (±3) in 20 (±4) seconds following the initial freeze and was able 
to return to starting temperature (thermal rebound) following ending 
of cryogen flow within 15 (±2) seconds. Importantly, upon stopping 
of cryogen flow, the probe started warming in <2 seconds, warming to 
above -20°C within 7 (±1) seconds demonstrating, rapid and repeatable 
on/off control of freezing. 

Ex vivo tissue analogue testing

Endocardial analog testing: With establishment of the freeze zone 
dimensions following a 2 min and 3 min freeze in a partial heat load 
model, two heat loaded tissue models were utilized to assess cryoprobe 
performance under full heat load. The first model was used to visualize 
transmural freeze lesion creation. To this end, a 4.8 mm (±0.1) thick 
slice of bovine cardiac tissue was placed on top of a section of floral 
foam which was submerged in a circulating (4.5 L/min) 37°C water 
bath. The cryoprobe was placed on top of the tissue surface and a total 
probe/tissue surface contact force of ~90 g was applied (Figure 4) 
Following a 2 minute freeze interval, the iceball diameter at the probe/
tissue interface was measured and then the tissue was removed and the 
frozen floral foam was extracted from the non-frozen foam, allowed 
to dry and then the foam cast of the transmural iceball was measured 
at three locations along the probe surface (Figure 4b). These analyses 

Figure 6. Real-time monitoring of the isothermal profile generated by the SCN cryoprobe 
at the center of the ablation segment during a 3-minute freezing protocol. Temperatures of 
the mid-point of the freeze zone were monitored at fixed points radiating from the HRS-2 
cryoprobe surface in real –time at 1 second intervals during a 3-minute freeze procedure. 
Temperatures were found to drop quickly near the probe surface and more gradually the 
further from the probe surface. Thermal profile assessment revealed a final penetration 
of the -20°C, -30°C and -40°C isotherms to reach diameter of 2.2 cm, 2.1 cm and 1.9 
cm, respectively, on average. Analysis of the thermal profiles revealed that approximately 
90% and 65% of the frozen mass was encompassed by the -20°C and -40°C isotherms, 
respectively, for the two cryoprobe designs. 

Figure 7. Thermal profiles of the SCN cryoprobe during repeated 30 sec freeze cycling. 
The HRS1 cryoprobe (2.0 mm x 100 mm) freeze zone was placed into a warm water bath 
and repeatedly activated for 30 sec freeze intervals with a 30 sec thaw between each of the 
4 cycles. The cryoprobe (entire freeze zone submerged) yielded a thermal profile of ice 
formation in <5 sec and achieved a temperature of below -125°C (±4°C) within 10 sec.
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demonstrated the ability of both cryoprobe configurations (HRS1=2 
mm smooth surface and HRS2=3.4 mm corrugated surface) to create 
an iceball on the opposite surface of the tissue in the circulating heat 
loaded model (Table 5).

Following establishment of opposite surface iceball creation, 
studies were conducted to determine the temperature profile attained 
within the tissue on both the adjacent and opposite surfaces of the 
tissue during a freeze protocol. In this model, the opposite surface of 
the tissue was directly exposed to the circulating bath heat load (37°C 
water circulating at 4.5 L/min). For this assessment, a mesh platform 
containing an array of thermocouples radiating perpendicular to the 
ablation segment position was placed within the circulating bath, the 
tissue placed on top of the mesh platform and then the cryoprobe 
placed on the upper surface of the tissue with 90 g of down force 
applied to the probe. This setup allowed for thermal profile monitoring 
on the opposite tissue surface which was directly in the flow of the 
heated circulating bath throughout the freeze process (Figure 8) 
Analysis revealed the creation of a uniform 1.9 (±0.1) cm diameter 
freeze zone on the opposite/transmural surface (endocardial surface 
equivalent) of a 4.5 mm thick tissue section along the entire probe 
freeze length following a 3 min freeze under full heat load with the 
opposite (transmural) tissue directly in the heated circulating flow 
path using either of the SCN cryoprobes. Analyses of the thermal 
profile of the opposite/ transmural (endocardial) surface revealed that 
a temperature of 0°C was achieved in ~15 sec, -20°C in ~20 sec, and 
-30°C within 30 sec directly below the probe tissue interface (Table 6) 
The nadir transmural tissue surface temperature recorded was between 
-60°C and -55°C (±2°C) for both probe configurations under the full 
circulation heat load. The thermal spread of the ablation zone revealed 
the temperature 5 mm perpendicular to the center line of the freeze 
zone on the opposite (transmural) tissue surface when the transmural 
0 mm position (directly below the ablation segment in the flow path) 
reached -30°C, was 30°C for HRS1 and 14°C for the larger HRS2 
cryoprobe. These data suggested that the SCN cryoprobe was able to 
deliver a precise ablative thermal dose of -30°C across a 5 mm tissue 

segment under full heat load in ~30 sec while resulting in minimal 
unwanted destructive thermal spread within the tissue. 

Discussion
Ablative devices typically undergo extensive bench and ex vivo 

testing and characterization with the majority of published studies 
detailing animal models or clinical studies and focus on acute, mid and 
long term clinical outcome. While important, outcome is dictated by 
device performance, tissue thickness, tissue contact, final temperature 

Probe Type Time to Ice 
(sec)

Nadir External Surface Temp. (°C) (location measured from distal end of probe)
5 mm 15 mm 25 mm 35 mm 45 mm 55 mm 65 mm 75 mm 85 mm 95 mm

HRS1 1.5 -140.0 -140.4 -143.1 -143.1 -140.0 -137.3 -139.7 -143.9 -145.5 -145.8
HRS2 1.3 -112.0 -141.6 -138.4 -141.3 -137.4 -134.7 -137.2 -139.2 -144.7 -139.4

Table 3. Thermal profile of a partially submerged cryoprobe

Probe
Type

Probe Freeze 
Zone (mm) Time to Ice (sec) Time to -100°C 

(sec)
Ice Ball Dia. (cm) Isotherm Dia. at 3 min (cm)

2 min 3 min -20°C -30°C -40°C
HRS1 2.0 x 100 mm 2.0 10 2.00 2.33 2.24 2.14 1.99
HRS2 3.4 x 100 mm 2.0 12 2.20 2.42 2.34 2.15 1.92

Table 4. Assessment of the penetration of critical isotherms of a fully submerged cryoprobe

Probe (dia) Tissue Thickness 
(mm)

Ice Ball Diameter 
(cm)

Foam Dimensions (cm)
Tip Middle Base

Width Depth Width Depth Width Depth
HRS1 (2.0 mm) 4.8 1.69 1.37 0.40 1.20 0.36 1.05 0.26
HRS2 (3.4 mm) 4.8 2.05 1.56 0.45 1.53 0.43 1.54 0.48

Table 5. Freeze zone created by the SCN epicardial cryoprobes in an epicardial tissue analog

Probe Type
Tissue 

Thickness 
(mm)

Time to Ice 
(sec)

Ice Ball Diameter (cm) Time to Transmural Temp. (sec) Nadir 
Transmural 
Temp. (°C)

Thermal 
Spread at 5 

mm (°C)Tip Middle Base 0 °C -20 °C -30 °C

HRS1 4.5 1.7 1.94 1.96 1.91 12.3 19.7 21.5 -60.5 30.7
HRS2 4.5 2.3 2.09 2.07 2.07 16.3 22.3 28.3 -54.7 14.2

Table 6. Thermal profile of the cryoprobe on the heat loaded circulating epicardial tissue analog

Figure 8. Real-time monitoring of the isothermal profile generated on the transmural 
tissue surface by the SCN cryoprobe in the heat load ex vivo bovine tissue model. During 
a 3 Minute Freezing Protocol. Temperatures of the mid-point of the freeze zone were 
monitored at fixed points radiating from the cryoprobe surface on the distal (endocardial) 
tissue surface. Temperatures were recorded in real –time at 1 second intervals during a 
3-minute freeze procedure. Temperatures on the distal surface (endocardial) decreased 
rapidly directly below the cryoprobe achieving <-30°C across the entire tissue thickness 
within 30 seconds and a nadir temperature of <-50°C on the distal surface despite being 
exposed to 37°C water circulating across the surface at a rate of 4.5L/min throughout the 
3 min freeze interval.
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attained throughout the tissue, time of application, time necessary to 
reach a given temperature and impact of heat load (blood flow), among 
others. To this end, most of published information pertaining to device 
performance is restricted to probe temperature (typically measured 
at some point within the cryogen flow path) and time of application. 
This is unfortunate, as it does not provide a body of comparative 
data for clinicians, researchers and engineers to draw upon to further 
understand device performance and thereby limits the ability for 
optimization of procedures and device design. Further, it makes 
comparison of current devices and the development of new devices 
challenging. As such, the use of ex vivo models to assess the performance 
characteristics of thermal ablation devices, such as cryoablation devices 
and probes, is important. Serving as a comparative standard, studies 
have also shown that the depth of penetration of the critical -20°C and 
-40°C isotherms is an important indicator of ablative success both 
ex vivo and in vitro (24,53-55,59,62,65,66) While serving as a good 
comparative standard, the model in which the isotherm penetration 
is assessed can significantly impact results. For example, at a given 
temperature, agarose and ultrasound gel models provide for more 
favorable isotherm penetration than water baths. Further, the volume 
of the assessment medium (heat load) also impacts outcome, especially 
with extended freeze times of 10 to 20 mins, as in the smaller volume 
fixtures, the entire apparatus can be cooled as no consistent external 
heat source is provided. Finally, in cardiac settings, flow vs static models 
can also yield highly differing results. It is important to understand the 
model utilized and recognize the benefits and limitations in order to 
frame the results. Several studies have shown that the distribution of 
the -20°C and -40°C critical isotherms is often restricted to the center 
of the frozen mass (closest to the cryoprobe), thereby comprising less 
than 35% and 20% of the frozen mass, respectively (53-55,58,61,67) 
The typical freeze times reported in these and other studies range 
from 5 to 10 minutes which are applied in multiple (repeat) freeze/
thaw scenarios. While limited, these data provide a reference point for 
comparison of modern technologies. One important conclusion from 
these studies is the need for the development of new devices which 
provide increased cryoablative capacity which in turn could improve 
outcome while reducing procedure time. A new cryoablation probe, 
which utilizes SCN, designed to deliver a rapid, controlled ultra-cold 
ablative dose to a target region has been developed. Due to the increased 
heat extraction capability of SCN compared to argon and nitrous oxide 
cryogens, SCN also offers the potential to deliver ablative doses deep 
into tissue while exposed to high heat loads, such as blood flow in a 
fully beating heart (58,61,62) In this study we utilized a series of ex 
vivo models to assess and characterize system performance. Further, 
these studies were also designed to describe a series of bench testing 
model systems which could potentially serve as reference standards for 
pre-clinical and clinical study development and protocol optimization.

In this study we examined the performance of a new SCN-
based epicardial cryoablation probe platform. Analysis of cryoprobe 
performance included calorimetry (ablative energy), freeze zone (ice 
ball) size under various heat loads, thermal profiling of the frozen 
mass in phantom models and the impact of high heat load (37°C 
water) circulating flow on lesion formation in an ex vivo tissue model. 
Calorimetric assessment demonstrated that the epicardial SCN 
cryoprobes yielded an average cooling power greater then 325 W. 
Cooling power (wattage) is not typically reported for cryoablation 
probes. However, available information suggests that current argon 
and nitrous oxide cryoprobes provide a range of 50 to 90 W of cooling 
power, depending on the probe type and configuration (i.e. needle vs. 
catheter vs. surgical probe) with the larger probe freeze zones providing 

a greater cooling power. Assessment of freeze zone formation revealed 
the formation of a ~2 cm diameter iceball in 2 minutes and 2.3 cm in 
3 mins with the epicardial SCN cryoprobe in both a partial and fully 
submerged water bath model (Tables 2 and 3, Figure 6). Isothermal 
profiling of the frozen mass created by the epicardial cryoprobes 
revealed penetration of the -20°C, -30°C and -40°C isotherms to a 
diameter of 2.2 cm, 2.1 cm and 1.9 cm in a 2.3 cm iceball following a 
3 minute freeze resulting in ~90% of the frozen volume below -20°C, 
80% below -30°C and >65% below -40°C for the various SCN epicardial 
cryoprobe configurations (Table 4). This significantly outperformed 
previous reports on an argon cryodevice which was reported to yield 
~35% and ~20% of the iceball being below -20°C and -40°C, respectively 
[53,61]. Other studies focusing on analysis of the -30°C isotherm have 
reported that an argon based cryoprobe produces ~25% of the frozen 
mass under -30°C under similar conditions [54,55]. In comparing the 
SCN cryoprobe data to the literature, our data suggest that the SCN 
cryoprobe creates a substantially colder frozen mass more rapidly in 
comparison to other cryoablation systems. Importantly, it was found 
that even under the extremely challenging ex vivo 37°C circulating 
flow epicardial tissue model, the SCN cryoprobes were able to generate 
lesions with the penetration of the critical -20°C and -30°C isotherms 
through the full thickness of the tissue model within 20 and 30 seconds, 
respectively (Table 6, Figure 8) and with precise control (Figure 7).

Conclusions
As the use of cryotherapy continues to grow for the treatment 

of cardiac arrhythmias, future improvements to device design are 
needed to achieve effective ablation in a minimally invasive, time 
efficient manner. In this study we investigated the application of a SCN 
cryoprobe for the epicardial cryoablation of cardiac tissue. The data 
presented herein suggests that the SCN epicardial cryoprobe provides 
for the rapid delivery of an effective cryoablative dose to the target 
tissue using the ex vivo models evaluated. The data demonstrate that the 
delivery of a “thermal dose” of -30°C [59,60-68] across tissue ranging 
from 5 mm to 1 cm in thickness under high (37°C) circulating heat 
loads in less than 2 minutes. Analysis of the thermal spread of the lethal 
temperatures during a 2-minute freeze was limited to within 5 mm of 
the probe surface thereby resulting in the creation of a defined linear 
ablation zone. While not described herein, preliminary in vivo studies 
currently under way further support these findings. These studies 
demonstrate that the SCN epicardial cryoprobe can rapidly create a 
precise linear transmural lesion resulting in electrical conduction block 
following freeze intervals of 30-90 seconds (tissue thickness dependent) 
in cardiac tissue in fully beating hearts (no bypass).

In conclusion, our findings suggest that the SCN system offers 
promise as a next generation cryoablation device for the epicardial 
based treatment of various cardiac arrhythmias. Our findings also 
suggest that the SCN technology may provide a path for the use of 
cryoablation in areas which have traditionally challenged cryoablation, 
such as for the treatment of ventricular tachyarrhythmias via a modified 
Cryomaze approach. While the results of this study are promising, 
given their investigational nature, the extent of conclusions which can 
be drawn is limited; however, the data does suggest that this technology 
holds promise and that continued assessment of the technology in vivo 
is warranted. 
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