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Abstract:With the growing adoption of cryotherapeutic procedures to treat a wide array of disease states, comes an increased need 

for a deeper understanding of the responses of cells and tissues to freezing insults, as well as the technologies and clinical 

techniques underpinning the freeze procedure. Freezing parameters, such as the extent of ice growth and the distribution of 

isotherms within the freeze volume, have typically been analyzed with phantom gel models (acellular hydrogels), while the 

response of cells and tissues to freezing have been studied in animal models or in vitro cell monolayers. Results show an ablative 

zone with a diameter of 3.00 cm and volume of 18.85 cm3 in the pTEM samples, and 3.50 cm and 25.65 cm3 in the rTEM samples. 

These volumes correlate to 60.4 % (pTEM) and 78.9 % (rTEM) of the total frozen volume and indicate a critical temperature of -30 

°C for the prostate cancer cells and -20 °C for the renal cancer cells, results supported by clinical reports. The ablative data also 

indicates the ring of incomplete cell death in the freeze zone periphery was 0.43 cm and 0.22 cm wide for the pTEMs and rTEMs 

respectively. The data presented in this study demonstrate that the TEM culture model is able to provide a reliable, cost effective, 

and repeatable test platform for the assessment of cryosurgical technologies and techniques. Furthermore, the SCN cryosurgical 

system demonstrated the ability to generate large ablative volumes under physiological heat loads in half the typical freeze duration 

(5/5/5 min vs. 10/5/10 min) of current technologies. Together, the TEM model and SCN system provide useful tools in the study 

and application of cryotherapeutic procedures. 
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Introduction 

Cryoablative therapies rely on the precise placement of a 

cryoprobe and the circulation of a cryogen to extract thermal 

energy and generate freezing temperatures within the targeted 

tissue. As heat is removed, a thermal gradient is generated in 

which the distance from the cryoprobe surface is predictive of 

the relative cooling rate and nadir temperature experienced by 

the tissue: as the distance from the cryoprobe increases, 

cooling rates decrease, and temperatures increase. The 

destruction of the cells and tissues targeted during a 

cryoablative procedure is a result of numerous mechanisms 

including the formation of intracellular and extracellular ice, 

the accumulation of osmotic and oxidative stress, the initiation 

of apoptotic and other pro-death biochemical signaling 

cascades, and through the vascular stasis and immunological 

responses that occur in situ [1-5]. The growth in the use of 

cryoablative therapies has been driven by several factors. 

Technological advancements such as planning software and 

intraoperative ultrasound that guide cryoprobe placement and 

track the advancing ice front; fine gauge thermocouple needles 

that accurately monitor tissue temperatures; devices that can 

warm and protect adjacent, non-targeted tissues; and multi-

probe cryosurgical devices able to sculpt the cryolesion, have 

made cryoablative therapies more consistent and effective [6]. 

In addition to technological improvements, a growing 

understanding of the molecular responses of the cells and 

tissues to freezing insults has made the field more translational 

and evidence based [7-10], and the publication of long term 
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guideline published by the American Urological Association 

(AUA) on prostate cryosurgery have provided confidence and 

standardization to clinical applications [11-15]. Despite these 

advancements, however, several issues affecting the 

successful application of cryotherapies persist. Chief among 

these is management of the freeze zone periphery. During a 

cryosurgical procedure, the circulating cryogen within the 

cryoprobe extracts heat energy from the surrounding tissue 

and, as temperatures drop, ice begins to form. Under 

intraoperative ultrasound, the outer edge of the ice front 

appears hyperechoic and is readily observable as it grows 

outward from the cryoprobe surface. Yet, the extent of cell 

death is located some distance behind this hyperechoic rim, 

and is determined by a number of factors including the tissue 

or cell type being targeted, the cooling rate, the nadir 

temperature produced in the tissue, the duration of tissue 

exposure to cryogenic temperatures, the thawing rate, and the 

number of freeze/thaw cycles [2, 16-18]. Within the periphery 

of the freeze zone, between the lethal isotherm, defined as the 

temperature below which cell death is ensured, and the edge of 

the iceball, lies a volume of partial tissue destruction. 

Clinically, it is vital that none of the targeted tissue lie within 

this zone, as it increases the risk for disease recurrence. 

Management of the freeze zone periphery, therefore, is of 

critical importance to cryoablative efficacy. To ensure that the 

entire volume of the targeted tissue is destroyed, a positive 

freeze margin (typically 1 cm) is created in which the freeze 

zone is extended beyond the outer edge of the targeted 

volume. This ensures that the entirety of the targeted tissue 

achieves temperatures at, or below, the critical 

isotherm(typically between -30 °C and -40 °C) [19].Given the 

geometry of the freeze zone, however, the volume of this 

positive freeze margin can often equal or exceed the volume 

of the targeted tissue, resulting in the partial destruction of a 

large amount of the surrounding, healthy tissue. Efforts to 

reduce this non- targeted death have focused on the 

development of adjunctive agents and combinatorial treatment 

modalities to sensitize cells to freezing insults, thus raising the 

temperature of the critical isotherm and reducing the size of 

the positive freeze margin needed to ensure total tissue 

ablation. Another method to reduce the extent of the freeze 

margin and improve cryotherapeutic efficacy is by employing 

a colder, more efficient cryogen. Current cryosurgical devices 

can be characterized by the type of cryogen employed. The 

most common, and current industry standard, utilizes a gas 

(typically argon or nitrous oxide) undergoing Joule-Thomson 

(JT) cooling. These JT devices can use small diameter probes 

that generate freezing temperatures near instantaneously, but 

due to the gaseous cryogen’s low thermal conductivity, they 

often require large numbers of probes and/or extended freeze 

times. In contrast, cryosurgical devices employing a 

constituent of liquified air (typically liquid nitrogen or carbon 

dioxide) offer superior heat extraction, but due to the boiling 

and subsequent expansion of the liquid cryogen the 

cryoprobes are typically larger and slower acting.In an attempt 

to achieve the speed and miniaturization of JT systems, yet 

maintain the cooling capacity of liquid systems, we have 

recently developed a novel cryosurgical platform utilizing 

supercritical nitrogen (SCN) as the cryogen. In this study we 

have set out to quantify the performance of this system by 

employing a novel, 3-dimensional (3D) tissue engineered 

culture model (TEM) [20, 21]. By using the TEMs in 

conjunction with thermocouple arrays and fluorescent 

microscopy, we were able to determine the size, thermal 

profile, and lethality of the freeze zone generated by the SCN 

cryosurgical system. Bridging the gap between phantom gel 

models (acellular hydrogels such as ultrasound gel or agarose) 

and animal models, the TEMs allowed for a reliable and cost-

effective test platform for the development and assessment of 

cryosurgical devices and techniques. 

Materials and Methods 

Cell Cultures 

Human prostate (PC-3) and renal (786-O) cancer cells were 

obtained from the ATCC (Rockville, MD) and were 

maintained at 37°C, 5% CO2/95% air in RPMI-1640 culture 

medium (Caisson Laboratories Inc., Logan City, UT) fortified 

with 10% fetal bovine serum (Atlanta Biologics Inc., Atlanta, 

GA) and 1% penicillin/streptomycin (Corning, Inc. Corning 

NY).Cells were cultured in 75cm2 t-flasks with media 

replenishment every three days. Rat tail type I collagen 
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solution (BD Bioscience, Bedford, MA) was used to form 

0.2% w/v gel matrices as per manufacturer’s directions. For 

the pTEMs (PC-3 cells at 0.85-1.2 x 106 cells/mL for PC-3) 

and rTEMs (786-O cells at 0.65-0.8 x 106 cells/mL), cells 

were suspended directly in the collagen solution prior to 

solidification in 60 mm diameter x 3mm polyurethane ring 

fixtures as per Robilotto et al. [20, 21] and Baust et al [22]. 

The TEMs were cultured for 24 hr prior to use and all 

experiments were performed on cells between passages 5 and 

20. 

Freezing Protocol 

Setup of the TEM assessment model has been previously 

reported [20]. Briefly, prior to freezing, the individual TEMs 

were layered on top of each other to create a 60 mm diameter 

x 60 mm tall TEM stack. The stack was then submerged in a 

warm bath of RPMI- 1640 culture media atop a heating pad 

and stir table (Figure 4.1). A single cryoneedle and an array of 

type-T thermocouples used to monitor temperatures at 7.5 

mm, 10.5 mm, 13 mm, 16 mm, and 19 mm extending radially 

from the cryoprobe surface were then inserted through the 

center of the TEM stack. The cryoprobe and thermocouples 

were positioned vertically such that the center point of the 

probe freeze zone and the recording point of the 

thermocouples were aligned with the center of the TEM stack. 

The entire setup was then held until the TEM stack and the 

media bath equilibrated at 32 °C ± 2 °C. Using the SCN 

cryosurgical system and a 2.0 mm x 40.0 mm (rTEM) or a 1.8 

mm x 30.0 mm (pTEM) cryoneedle, a 5/5/5 min 

freeze/thaw/freeze procedure was performed, and 

thermocouple temperatures were recorded using an Omega 

TempScan at 10 sec intervals throughout the entirety of the 

freeze cycle. Following the freeze procedure, the TEM stack 

was allowed to thaw in the circulating media bath for 30 min. 

Once thawed, the TEM stack was disassembled and individual 

TEM layers were returned to culture. 

TEM Assessment 

For each TEM layer, the diameter of the freeze zone at the end 

of the 1st and 2nd freeze interval was measured using calipers. 

TEM layers were then bisected through the center point 

yielding replicate samples for analysis at 1 hr and 24 hr post-

thaw. Viability assessment was performed using the 

fluorescent probes Calcein AM and Propidium Iodide (Cal/PI; 

Invitrogen, Carlsbad, CA). Briefly, culture medium was 

decanted, and 2 mL of phosphate buffered saline + 10 L Cal 

and 8 L PI was added. Samples were incubated at 37 °C in 

the dark for 60 min. Fluorescent was visualized using a Zeiss 

Axiovert 200 fluorescent microscope under a 10X 

magnification with the AxioVision 4 software (Carl Zeiss, 

Germany). Panoramic digital images were recorded starting at 

the iceballcenter (probe surface) and extended across the 

freeze region into the non-frozen periphery. Following 

acquisition, a 5000 µm (5 mm) scale bar and reference mark at 

a radius of 15 mm (represent a 3 cm diameter) was auto-

imprinted onto each of the images using the AxioVision 

software to enable direct image comparison. 

Data Analysis 

For iceball size and thermal profile assessments, a minimum 

of 8 repeats were conducted. For ablation zone imaging 

studies, a minimum of four TEM repeats per cancer cell type 

(prostate PC-3 and renal 786-O) were conducted. Volumes of 

the freeze and ablation zones were calculated based on their 

diameter in the TEM layer corresponding to the midpoint of 

the cryoneedle freeze zone (2.0 cm from needle tip for rTEMs, 

1.5 cm for pTEMs)),  and  used  the  equation  for  the volume 

of a  prolate ellipsoid (𝑉 = 4⁄3 𝜋𝑟1𝑟2, where r1 is half the 

freeze zone length and r2 is the freeze, or ablation, radius). For 

the freeze zone size, following the freeze/thaw episode, iceball 

diameters and radii were measured using digital calipers at the 

center point of the cryoprobe freeze zone. Thermal Profiles, 

real time recordings of the freeze zone temperatures, were 

collected using the Omega TempScan system and were 

converted to graphical format using Microsoft Excel and 

analyzed to determine isotherm spread during the 1st and 2nd 

freeze intervals. For the ablation zone, fluorescent images 

were taken of the TEM layer at the center point of the 

cryoprobe freeze zone, and distances were measured using the 

AxioVision software (PI positive/ Calcein negative region). 

Results 

Freeze Zone Analysis 

The size of the freeze zone generated by the SCN cryosurgical 
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system was assessed by inserting the cryoprobe into the center 

of the TEM stack, performing a 5/5/5 min freeze/thaw/freeze 

procedure, allowing the stack to thaw completely, and then 

disassembling the stack into the individual TEM layers. The 

extent of ice growth was visible in the individual TEM layers 

and its diameter was measured using a caliper. The maximum 

extent of ice growth was determined by measuring the 

diameter of the freeze zone in the TEM layer aligned with the 

center point of cryoprobe freeze zone (Table 4.1). Following 

the initial 5 min freeze interval, the average, maximum 

diameter of the freeze zone generated in the pTEM samples 

was 3.00 cm, which grew to 3.86 cm following the second 5 

min freeze interval. For the rTEM samples the average 

diameter was 3.10 cm after the first freeze and 3.94 cm after 

the second. Freeze volumes were calculated assuming a freeze 

zone shape of a prolate ellipsoid with a freeze length of 3.70 

cm for pTEMs and 4.10 cm for rTEMs. Following the initial 

freeze interval, the average frozen volume was 17.44 cm3 for 

pTEM samples and 20.63 cm3 for rTEM samples, and after 

the second freeze the volumes were 28.87 cm3 and 33.33 cm3 

respectively. By performing dual 5 min freezes separated by 5 

min of passive thawing, the average freeze volume increased 

65.6 % in pTEM samples and 61.5 % in rTEM samples. 

Isotherm Distribution 

Although the dimensions and volume of a freeze zone are 

common metrics utilized in the assessment of cryosurgical 

devices and techniques, the overall size is not predictive of the 

isotherm distribution within the frozen mass. A more clinically 

relevant metric is the amount of freeze zone at, or below, the 

critical isotherm of the targeted tissue. Using a thermocouple 

array aligned at the midpoint of the cryoneedle freeze length 

and extending radially outward, temperatures within the freeze 

zone were recorded for both pTEMs (Figure 4.2A) and rTEMs 

(Figure 4.2B). Results show a freeze profile in which the 

cooling rate decreases at distances further from the cryoprobe. 

Comparing the first and second freeze interval, the cooling 

rates are faster and nadir temperatures lower during the second 

5 min freeze due to the colder starting temperature of the 

TEMstack.The distribution of the -20 °C and -40 °C isotherms 

were extrapolated from the thermal data and correspond to 

critical isotherms for cells sensitive (-20 °C) and tolerant (-40 

°C) to freeze insults (Table 4.2). For the pTEM samples, the 

diameter of the -20 °C and -40 °C isotherm was an average of 

2.18 cm and 1.75 cm respectively following the initial 5 min 

freeze interval and was 2.53 cm and 2.02 cm following the 

second freeze. Diameters for the rTEM samples were 2.29 cm 

(-20 °C) and 1.80 cm (-40 °C) after the first freeze and were 

2.65 cm (-20 °C) and 2.10 cm (-40 °C) after the second 5 min 

freeze interval.Volumetric calculations revealed that for the 

pTEM samples the volume of the -20 °C isotherm at the end 

of the 5/3/5 min freeze procedure was 13.41 cm
3
 and the -40 

°C volume was 8.55 cm
3
. At these volumes, the percentage of 

the total freeze volume at, or below, - 20 °C was an average 

46.4 % and the percent total for -40 °C was 29.6 %. For rTEM 

samples, the volume of the -20 °C isotherm was 14.71 cm
3
, or 

44.1% of the total freeze volume, and the -40 °C isotherm 

volume was 9.24 cm
3
, or 27.7 % of the total volume. 

Ablative Analysis 

In addition to the size and isotherm distribution of the freeze 

zone generated with the SCN system, the ablative zone was 

assessed using fluorescent microscopy. TEM layers were 

stained with calcein AM (green, live) and propidium iodide 

(red, dead) at 1 hr and 24 hr post-thaw to determine the 

immediate and delayed ablative effects of the 5/5/5 min freeze 

procedure. Comparing the extent of cell death at 1 hr post-

thaw to that observed at 24 hr revealed that for both the 

pTEMs (Figure 4.3) and rTEMs (Figure 4.4) the ablative zone 

decreased following 24 hr of recovery. This recovery was not 

attributed to cellular regrowth given the short interval between 

assessment times (23 hr), but instead was likely due to the 

repair and recovery of prostate and renal cancer cells damaged 

by the sub-lethal temperatures in the freeze zone periphery. As 

such, determining the extent of the ablative zone relied on the 

24 hr micrographs as this time point has been reported to more 

accurately reflect the extent of cryoablative cell death than at 1 

hr post-thaw. For the prostate cancer cells (Figure 4.3), the 

maximum extent of cell death was measured in the pTEM 

layer at the midpoint of the 3 cm cryoneedle freeze zone. With 

an average radius of 1.45 cm, the diameter of the ablative zone 

was 2.89 cm which corresponded to a temperature of ~-30 °C 
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which matches published results of in vitro studies [8, 18].  

The difference in diameter between the ablative zone and 

freeze zone was 0.97 cm, meaning that there was a 0.49 cm 

wide rim of partial destruction in freeze zone periphery.  

Volumetrically, the ablative zone generated in the pTEM was 

an average of 17.43 cm3 which calculates to 60.4 % of the 

total frozen volume (Table 4.3). Fluorescent micrographs of 

the renal cancer TEMs (Figure 4.4) revealed an average 

ablative diameter of 3.50 cm, corresponding to a temperature 

of ~-20 °C. This is consistent with previous in vitro reports 

and demonstrates that the sensitivity of cells to freezing insults 

is cell type-specific as the renal cancer cells were able to 

survive to temperatures of ~-25 °C [7]. For the freeze 

periphery, the difference in diameter between the ablative and 

freeze zones was 0.44 cm, leaving a 0.22 cm rim of 

incomplete cell death. The ablative volume generated by the 

SCN system was 26.29 cm
3
 in the rTEM samples which 

accounts for 78.9 % of the total frozen volume (Table 4.3). 

Figure4.1. Images of the TEM Freeze Setup 

Individual TEM layers were assembled into a stack and placed 

into a bath of warm media atop a heat pad and stir table. A 2.0 

mm x 40.0 mm (rTEMs) or 1.8 mm x 30.0 mm (pTEMs) 

cryoneedle was inserted through the center and positioned 9 

mm from the bottom of the stack. A 5/5/5 min 

freeze/thaw/freeze procedure was then initiated, and 

temperatures were recorded with a type-T thermocouple array. 

Images show a top view of the TEM stack following freezing 

(A), a schematic of the TEM stack with a cryoneedle inserted 

through the middle (B), a closeup of the TEM stack 

submerged in the media bath (C), and the full test freeze setup 

with TEM stack, cryoprobe, heat pad, stir table, and 

temperature recording equipment (D).The diameter of the 

freeze zone was measured in the TEM layer located at the 

midpoint of the cryoneedle (2 cm from the needle tip) 

following a 5/5/5 min freeze/thaw/freeze procedure. Freeze 

volumes were calculated assuming a prolate ellipsoid freeze 

shape. Values are an average of a minimum of 4 repeats. 

Table4.1. Freeze Zone Diameter and Volume. 

 

Figure 4.2. Thermal Recording at the Midpoint of the 
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TEM Stack During a 5/5/5 min Freeze Procedure. 

Following insertion of the cryoneedle into the pTEM (A) or 

rTEM (B) stacks, a 5/5/5 min freeze/thaw/freeze procedure 

was performed. Temperatures were recorded at 10 sec 

intervals by a type-T thermocouple array extending radial 

from the midpoint of the cryoneedle freeze zone. The thermal 

recordings presented here are representative of the remaining 

traces recorded in this study. The diameter of the -20 °C and -

40 °C isotherm was extrapolated from the thermal recordings 

presented in Figure 4.2. Isotherm volumes were calculated 

assuming a prolate ellipsoid freeze shape and were compared 

to the total freeze volume generated during a 5/5/5 min 

freeze/thaw/freeze procedure. Values are an average of a 

minimum of 4 repeats. 

Table 4.2.Distribution of Critical Isotherms. 

The diameter of the ablative zone at 24 hr post-thaw following 

a 5/5/5 min freeze/thaw/freeze procedure was measured in the 

fluorescent micrographs of the central TEM layer. Ablation 

volumes were calculated assuming a prolate ellipsoid shape 

and were compared to the total frozen volume. Values are an 

average of a minimum of 4 repeats. 

Table 4.3.Ablative Zone Diameter and Volume. 

Discussion 

The cryosurgical devices currently available generally fall into 

one of two categories based on the cryogen employed: gases 

undergoing Joule-Thomson (JT) cooling or liquid cryogens. 

For JT devices, the use of pressurized gases allows for rapid 

establishment of cryogen flows and freezing temperatures 

along the cryoprobe freeze zone. Compared to liquid 

cryogens, however, thermal conductivities are lower and the 

nadir temperatures warmer, resulting in a lower rate of heat 

extraction. Conversely, cryosurgical devices employing liquid 

cryogens, while providing a more efficient heat sink, face 

challenges establishing a steady flow of cryogen through the 

cryoprobe. As the liquid cryogen first advances through the 

cryoprobe, the leading edge of the liquid flow boils and 

expands forming a pressure head that slows, or even stops, the 

flow of cryogen and delays the establishment of freezing 

temperatures along the cryoprobe freeze length. In an effort to 

achieve the rapid freezing of JT devices, yet maintain the heat 

extraction of liquid devices, we developed a cryosurgical 

device that employs nitrogen in the supercritical state as its 

cryogen. The supercritical state is defined as the phase of a 

matter that exists for a substance beyond its critical point. For 

nitrogen, this occurs at temperatures above -146.9 °C and 

pressures above 3395.0 kPa. In this region of the phase 

diagram the gaseous and liquid states cannot be distinguished 

and the nitrogen possesses properties of both phases. In 

relation to its use as a cryogen, SCN allows for mass flow 

characteristics similar to gases, yet retains a thermal 

conductivity comparable to liquids. Using our TEM culture 

model to assess the thermal performance of the SCN device, it 

was found that following a 5/5/5 min freeze/thaw/freeze 

procedure the maximum diameter of the freeze zone was 3.86 

cm in pTEM samples with a 1.8 mm probe and 3.94 cm in 

rTEM samples with a 2.0 mm diameter probe. These calculate 

to approximate volumes of28.87 cm
3
 (pTEM) and 33.33 

cm
3
(rTEM).  Within this frozen volume, the extent of the - 20 

°C and -40 °C isotherms were 2.53 cm (13.41 cm
3
) and 2.02 

cm (8.55 cm
3
) respectively for pTEMs and 2.65 cm (14.71 

cm
3
) and 2.10 cm (9.24 cm

3
) for rTEMs. These volumes 

account for an overall average of 45.3 % (-20 °C) and 28.7 % 

(-40 °C) of the total frozen volume.Comparing these results to 

published reports on the thermal performance of an argon JT 

device with a 2.4 mm diameter x 40.0 mm cryoneedle [23], 

the SCN system was able to generate a comparable freeze 

zone in half the time (5 min freeze vs. 10 min). The reported 

size of the 0 °C, -20 °C, and -40 °C isotherms generated by the 
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JT system in a phantom gel model were 3.91 cm (45.87 cm
3
), 

2.81 cm (18.44 cm
3
), and 2.11 cm (9.23 cm

3
) respectively. 

These sizes are roughly equivalent to those observed with the 

SCN system despite the fact that the diameter of the 

cryoneedle was larger (0.4 cm for rTEM samples and 0.6 cm 

for pTEM samples) and the freeze medium did not employ the 

active heating and circulation of the TEM model that was used 

to more accurately reproduce in vivo heat loads. Despite these 

disadvantages, the SCN system was able to generate a 

significantly colder freeze zone based on the percentage of the 

total volume at, or below, the critical isotherms of -20 °C 

(45.3 % vs. 40.2 %, a 13 % increase) and -40 °C (28.7 % vs. 

20.1 %, a 43 % increase). 

The improved performance of the SCN system was even more 

evident when compared to the freeze zone generated by an 

argon JT device in our TEM model [22]. Here, the reported 

size and volume of the total freeze zone created by a 2.4 mm x 

40.0 mm cryoneedle was 4.63 cm and 38.76 cm
3
respectively.  

The diameter of the -20 °C and -40 °C isotherms were 2.60 cm 

(12.88 cm
3
) and 1.80 cm (6.27 cm

3
) and comprised 31.9 % 

and 15.3 % of the total frozen volume.  With equivalent heat 

loads, the percent volume of the -20 °C isotherm was 12.2 % 

larger with the SCN system (a 38 % increase) and 12.6 % 

larger for the -40 °C isotherm (an 82% increase). The 

increased distribution of the critical isotherms under 

physiological heat loads, indicates a colder, more lethal freeze 

zone in which the volume of complete cell ablation extends 

further into the freeze periphery. The increased lethality of the 

freeze zone generated with the SCN system was further 

corroborated by fluorescent microscopy of the TEM layers 

assessing the levels of cell death and survival. For pTEM 

samples, the total ablative volume at 24 hr post-thaw was 

18.85 cm
3
, or 60.4 % of the total frozen volume. The rTEM 

samples, seeded with renal cancer cells which are more 

sensitive to freeze insults, had an ablative volume of 25.65 

cm
3
 which was 78.9 % of the total frozen volume. Based on 

the location of the extent of cell death, the critical isotherm for 

the prostate cancer cells was found to be approximately -30 °C 

and for the renal cancer cells the critical isotherm was 

approximately -20 °C.Comparing the ablative dose delivered 

by the SCN system to an argon JT device, as previously 

reported [22], revealed an increase in the percent total ablative 

volume of 21.3 % for pTEM samples (a 54 % increase) and 

41.8 % for rTEM samples (a 113 % increase). In terms of 

clinical relevance, the significant improvement in ablative 

volume observed with the SCN device resulted in a smaller 

region of incomplete cell death in the freeze zone periphery. 

While the argon JT system left a 0.80 cm (pTEM) and 0.92 cm 

(rTEM) wide ring of incomplete cell death, the SCN device 

had a 0.43 cm (pTEM) and 0.22 cm (rTEM) ring. With a 

thinner rim of incomplete cell death, the 1 cm positive freeze 

margin typically in clinical applications could potentially be 

cut in half to 0.5 cm. As an example of how large this decrease 

in volume could be, consider a tumor with a diameter of 2.00 

cm (8.38 cm
3
). A 1 cm positive freeze margin would result in 

a 4.00 cm wide, 33.51 cm
3
 freeze zone in which 75.0 % of the 

total volume was outside the tumor margin. Decreasing the 

freeze margin to 0.5 cm would result in a 3.00 cm wide, 18.85 

cm
3
 freeze zone in which 43.8 % of the total volume was 

beyond the tumor margin. That is a reduction of 14.66 cm
3
 of 

partial cell death occurring in the healthy tissue surrounding 

the tumor, a volume that would significantly decrease the risk 

of postoperative complications. The data presented in this 

study support the conclusion that the utilization of SCN as a 

cryogen resulted in a freeze zone with a wide distribution of 

critical isotherms, thus limiting the ring of incomplete cell 

death in the freeze periphery. Able to generate large ablative 

volumes under physiological heat loads in half the typical 

freeze duration (5/5/5 min vs. 10/5/10 min), the SCN system is 

a powerful and versatile tool for cryotherapeutic treatments. 

Additionally, the TEM culture model employed in this study 

provided an effective platform for the evaluation of 

cryotherapeutic applications. By combining the thermal 

performance assessments of phantom gel models and the post-

thaw cellular response assessments of in vitro cultures, the 

TEM model is an effective and versatile platform for the 

testing, evaluation, and improvement of cryosurgical devices, 

cryoprobes, and cryoablative techniques. 
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