JOURNAL OF ENDOUROLOGY
Volume 24, Number 9, September 2010
ª Mary Ann Liebert, Inc.
Pp. 1503–1507
DOI: 10.1089=end.2009.0587

The Effect of Argon Gas Pressure on Ice Ball Size
and Rate of Formation
Preston C. Sprenkle, M.D.,1,2 Gabriella Mirabile, M.D.,1 Evren Durak, M.D.,1 Andrew Edelstein, B.S.,1
Mantu Gupta, M.D.,1 Gregory W. Hruby, B.S.,1 Zhamshid Okhunov, M.D.,1 and Jaime Landman, M.D.1

Abstract

Introduction: Contemporary cryoablation technology utilizes the Joule–Thomson effect, defined as a change in
temperature that results from expansion of a nonideal gas through an orifice or other restriction. We evaluated
the effect of initial gas tank pressures on freezing dynamics in a single-probe model and in a multiprobe model
using contemporary cryoablation technology.
Materials and Methods: Cryoablation trials were performed in a standardized system of transparent gelatin
molds at 258C. Two sets of trials were performed. The first trial evaluated temperature and ice ball size for a
given tank pressure when a single needle was deployed. The second trial recorded ice ball temperatures for each
probe when multiple probes were fired simultaneously.
Results: Trial 1: The rate of temperature change is directly related to the initial pressure of the gas being released,
and the group with the highest starting pressures reached the lowest mean temperature and had the largest
mean ice ball size ( p < 0.01). Trail 2: Multiple-probe ablation did not affect the rate of temperature change or final
temperature compared with firing a single probe ( p > 0.7).
Conclusions: In accordance with the Joule–Thomson effect, higher initial gas pressures used for cryoablation in a
transparent gel model demonstrate statistically significant lower temperatures, faster decreases in temperature,
and formation of larger ice balls than lower gas pressures do. With contemporary technology, multiple simultaneous cryoprobe deployment does not compromise individual probe efficacy. The use of higher initial tank
pressures will theoretically help future cryoprobes be more effective, creating a greater volume of cell necrosis
and a smaller indeterminate zone.

Introduction

T

he application of cold energy to ablate human tissues is
a well-established technique for treating various lesions
as an alternative to surgery. The origins of the application of
tissue hypothermia can be documented as far back as 3000 BC
with the simple historical use of cold by Hippocrates to stop
bleeding and swelling.1 During the first half of the 20th century, cryosurgery was routinely used almost solely by dermatologists and gynecologists to remove superficial layers of
diseased tissue.2–6 The first intraoperative uses were in the
early 1960s, when liquid nitrogen was directly applied to the
area to be ablated. Contact ablation, however, was not widely
used because precision and depth of ablation were difficult
to control. The development of puncturing cryotherapy delivery probes7 and thermocouples8 allowed surgeons to more

selectively treat lesions deep within the parenchyma of organs while monitoring the temperature of target tissues
and the surrounding area. More recently, cryoablation has
become a sophisticated, computer-controlled, tissue ablative
technology.
Current cryoablation technology utilizes the Joule–
Thomson effect to achieve very low temperatures that result
in focal freezing and destruction of local tissues. The Joule–
Thomson effect describes the change in temperature that
results from expansion of a gas through an orifice or other
restriction. In this case, the drop in temperature results from
high-pressure Argon gas passing from the inner chamber to
the outer chamber of a cryoprobe, allowing for precise tissue
freezing and ablation at the tip of the cryoprobe.
The zone of cryoablation with any given probe extends a
defined distance from the cryoprobe. As such, to ablate larger
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lesions, multiple cryoprobes are often required.9 Contemporary technology allows the surgeon to simultaneously
activate multiple probes, and even to activate multiple asynchronous sets of cryoablation probes to effectively treat larger
tumors or multiple lesions simultaneously.
Our goals in the current study were threefold. First, we
wished to confirm that the principle of the Joule–Thompson
effect that a greater drop in pressure results in a greater drop
in temperature can be realized in a gel model. Second, we
wished to evaluate contemporary cryoablation technology
regarding the ability to deliver consistent results under different conditions (simultaneous firing of multiple probes
negatively impacts the function of each individual probe).
Third, we wished to evaluate the ability to enhance the performance of the existing cryoablation mechanisms (beyond
manufacturer recommendations) to see if future more effective iterations of cryoablation technology will be feasible (to
demonstrate that a higher pressure differential [i.e., a higher
starting pressure] results in a greater change in temperature in
a tissue gel matrix).
Materials and Methods
All cryoablation trials were performed in a standardized
system consisting of transparent gelatin (Kraft; Knox Gelatin,
Glenview, IL) molds at 258C. Gelatin was made by the addition of 28.8 g of dry powder to 1 L of boiling water. The
mixture was poured into 10 transparent containers and cooled
to room temperature and allowed time to solidify. On the
surface of each container calibrated measuring markings were
created using a standard ruler. About 1.47-mm cryoablation
probes (IceRod; Galil Medical, Plymouth Meeting, PA) were
inserted into the gel to a depth of 6 cm.
Two sets of trials were performed. The first trials evaluated
temperature and ice ball size for a given tank pressure when a
single needle was fired. The second recorded ice ball temperatures for each probe when multiple probes were fired
simultaneously to determine if the pressure distribution diminished ice ball metrics.
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Trial 2
Each cryoablation machine possesses five columns (a
channel in which probes can be activated simultaneously),
each with five ports to which cryoablation probes can be engaged (Fig. 1). We simultaneously engaged five probes in one
channel to fill all the available slots (vertical probe positioning). The active cryoablation tip of each probe was inserted
into one of five different containers as previously described.
One thermocouple was deployed in each gel at a fixed distance of 1 cm from the cryoprobe. Next, we repeated a
simultaneous five-probe evaluation with each probe attached
to the first port site in each different channel (horizontal probe
positioning), with the active ends again inserted each into one
different gel container as previously described. Both vertical
and horizontal multiport trials were performed a total of 10
times. All of these trials were performed with an initial tank
pressure of 3200 psi to allow for completion of the experiment
with a single gas tank (increased pressure exhausted the gas
supply before completion of the trial). Temperature data for
the thermocouple was documented at 3.4-second intervals
for each freezing cycle. Interprobe temperature differences
within the vertical and horizontal port placement groups
were assessed using ANOVA techniques. Additionally, probe
temperature change dynamics were compared with the single probe findings from trial 1 for the 3200 psi group using
ANOVA techniques.
Results
Trial 1
The low-, intermediate-, and high-pressure systems
reached a mean minimum temperature of 2.528C (standard
deviation [SD] ¼ 2.85), 8.178C (SD ¼ 2.27), and 9.578C
(SD ¼ 1.94) ( p < 0.001), respectively, at the 1.0-cm thermocouple (Table 1). The mean rate of temperature change was

Trial 1
A fixed template was used to precisely secure four singlesensor thermocouples at fixed distances (1.0, 1.5, 2.0, and
2.5 cm) from the cryoablation probe to give periodic temperature information throughout the experiment. The cryoprobe
was activated for a single 8-minute freeze cycle, and was activated alone (no other probes attached to the system). A total
of 13 pressures were tested with an initial tank starting pressure ranging from 4500 to 3200 psi (evaluated at 100 psi intervals). Each test was performed 10 times for a total of 130 ice
balls. Time-lapse photography was used to document ice ball
size at 1-minute intervals. Ice ball rate of formation and final
ice ball size were documented for each group. The size of the
ice ball was precisely measured using standardized measurement techniques. Temperature data for each thermocouple were documented at 3.4-second intervals for each trial. For
statistical analysis, groups were stratified by low (3200–
3500 psi), intermediate (3600–3900 psi), and high starting
pressures (>4000 psi). Each group was compared for differences regarding rate of ice ball formation, final ice ball size,
and change in temperature for each thermocouple using
analysis of variance (ANOVA) technique.

FIG. 1. Rear panel of cryoablation machine. Five vertical
channels, each with five ports, can be seen.
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Table 1. Mean Minimum Temperatures at 1 to 2.5 CM from Cryoprobe
Thermocouple distance from cryoprobe and corresponding temperatures
Pressure (psi)
3200–3500
3600–3900
4000–4500

Group

1 cm

1.5 cm

2 cm

2.5 cm

Low
Intermediate
High

2.528C  2.858C
8.178C  2.278C
9.578C  1.948C

11.898C  3.768C
7.328C  3.078C
5.338C  2.348C

20.798C  4.248C
17.328C  3.348C
16.368C  3.648C

21.868C  4.478C
18.438C  3.798C
17.638C  4.398C

Higher initial tank pressures resulted in lower final temperatures. As distance from the cryoprobe increased, so did temperature; the lowest
temperatures were demonstrated at the thermocouple 1 cm from the cryoprobe.

0.198C, 0.218C, and 0.248C=3 seconds for the low, intermediate, and high starting pressure systems, respectively
( p < 0.001) (Fig. 2). The mean maximum ice ball diameter
was smaller (27.8 mm) for the low-pressure group than for
the intermediate- (30.8 mm) and high-pressure (31.3 mm)
groups ( p < 0.0009) (Fig. 3). Mean growth rates were 3.2, 3.6,
and 3.6 mm=minute, respectively ( p ¼ 0.26) for the low-,
intermediate-, and high-pressure groups.
Trial 2
Cryoprobes attached in the vertical probe position had an
initial gel temperature range of 18.18C to 19.78C (mean 18.18C;
p ¼ 0.62), final gel temperature range of 1.858C to 1.08C
(mean 0.118C; p ¼ 0.74), and a mean change in temperature
range of 0.128C=3 seconds to 0.158C=3 seconds (mean

0.138C=3 seconds; p ¼ 0.93). Cryoprobes attached in the
horizontal probe position had an initial gel temperature range
of 18.18C to 19.78C (mean 19.18C; p ¼ 0.07), final gel temperature range of 0.338C to 1.178C (mean 0.538C; p ¼ 0.93), and
a mean change in temperature range of 0.128C=3 seconds to
0.138C=3 seconds (mean 0.138C=3 seconds; p ¼ 0.70).
When we compared the 3200-psi-group single probe firing
from trial 1 to the multiple simultaneous firing groups in both
the horizontal and vertical positions from trial 2, the final
temperatures were not significantly different between the
single (mean 0.488C), horizontal (mean 0.318C), and vertical
(mean 0.568C) groups ( p ¼ 0.96). The average change in
temperature for the 3200 single firing was 0.198C=3 seconds,
which was not statistically significantly different from the
average rate of temperature change of 0.138C=3 seconds in
the multiple probe firing groups ( p ¼ 0.7149).

FIG. 2. Mean temperature over time. A more rapid drop in temperature, and lower final temperatures were achieved at the
thermocouple closest to the cryoprobe. At 1.0 cm the high-pressure group had a greater rate of temperature drop than the
intermediate or low-pressure groups ( p < 0.001).
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FIG. 3. Time-lapse photographs of ice ball formation over
time at 1-minute intervals for the low-, intermediate-, and
high-pressure groups.

Discussion
In this study we performed a practical evaluation of the
Joule–Thompson effect (that a greater drop in pressure results
in a greater drop in temperature can be realized in a tissue
model), and we tested the ability of contemporary cryoablation technology to deliver consistent results. In addition, we
evaluated cryoablation performance beyond of contemporary
technology beyond the current manufacturer’s recommendations (higher initial starting pressures).
As anticipated, the current data confirm that in a gelatin=
cryoprobe model, the rate of temperature change is directly
related to the initial pressure of the gas being released, consistent with the Joule–Thomson effect initially described in
nonideal gases. Additionally, we found that the group with
the highest starting pressures reached the lowest mean temperature and had the largest mean ice ball size. In clinical
practice it is critically important to use the cryoablation device
and probes within the ranges suggested by the manufacturer.
Currently, with the system tested, only 3500 psi is acceptable.
However, as future technology, manufacturing, and materials
improve, it is clear that even without modification to the
contemporary design, increased ablative efficacy is feasible.
Higher initial tank pressures were associated with faster
freezing rates in this study. Previous work on cryoablation
demonstrated that very fast freezing rates are associated with
intracellular ice formation, which is a significant threat to cell
viability and is almost always lethal to the cell.10–15 Our results would suggest the possibility for greater cell death in
future technologies that utilized a system with larger pressure
gradients. This conclusion, while alluring, was not evaluated
in the current in vitro study, and hence its clinical applicability
is unproven.
Ice ball size and the temperature gradients surrounding the
cryoprobe are important factors, as the minimum temperature
reached and rate of temperature change are related to cell
death.16 Higher initial tank pressures in our study were associated with a significantly increased ice ball size, with a
mean ice ball diameter of 30.8 mm in the intermediate group
and 31.3 mm in the high-pressure group compared with the
27.8 mm in the low-pressure group. The size of the ice ball was
consistent with the temperature gradients evaluated by thermocouples at multiple distances from the cryoprobe, which
revealed that the temperature was 08C within 1 to 1.5 cm of
the cryoprobe, equivalent to a diameter of 20 to 30 mm. These
results are consistent with clinical findings by Ames et al17
who used intraoperative ultrasonographic images to measure
ice ball formation. They found that the ice ball surrounding a
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single cryoprobe was a mean 2.2 cm in diameter and correlated with a pathologic area of complete coagulative necrosis
of 1.9 cm in diameter.
Weld and colleagues9 described the tissue surrounding the
area of complete coagulative necrosis, called the indeterminate zone, to consist of organized chronic inflammatory cells
(predominantly lymphocytes and plasma cells), fibrosis, foreign body giant cell reactions, dystrophic calcifications, and a
few scattered viable renal tubules. The average cross-sectional
width of the indeterminate zone was 3 mm, but only 1.5 mm
distally from tip of the cryoprobe. Whether a higher initial
tank pressures and the resultant faster rate of temperature
change and larger ice ball will affect the size of the indeterminate zone is unknown.
Multiple cryoprobes were fired simultaneously to evaluate if multichannel ablation diminished individual cryoablation probe efficacy on a practical level. Multiple probe
ablation did not affect the rate of temperature change or
final temperature compared with firing a single probe.
Cryoprobe port site from the cryoablation machine did not
affect performance either. Irrespective of probe port location
or number of ports used, consistently reproducible results
were obtained. These findings confirm that multiprobe ablations can be planned with the same confidence in freezing
performance as single-probe ablations, which may be necessary to ablate larger areas than could be completely ablated by a single probe.9
There are several limitations to this study. One is that we
only used a gel-matrix model to test cryoprobe freezing dynamics; another is that we only used one type of cryoprobe.
Although these factors may limit the generalizability of these
findings to in vivo techniques or other cryoprobes, we chose
this narrow scope of our study to focus on validation of the
Joule–Thompson principle. Young and colleagues18 recently
compared different cryoprobes and tissue models demonstrating that agarose gel isotherms do not correlate well with
porcine in vivo ablation zones (R.V. Clayman, pers. comm.,
2009). Future work in in vivo models using higher pressure
differentials will be required to precisely characterize the effect of these variables on ablation volumes and extent of necrosis. However, the data presented in the current article will
likely reflect trends in ablative capacity.
The clinical relevance of the current study is twofold. First,
these data emphasize the importance of maintaining proper
Argon tank pressure during clinical cryoablation procedures.
The low-pressure evaluation was consistent with the manufacturer’s current guidelines for usage of the probes. The
current suggested usage pressure is application of a 3500 psi
tank pressure for safety and efficacy with the Galil Medical
cryoablation system that we tested. This pressure provides
optimal results when taking various parameters into consideration, including kill zone, ice ball size, and the rate of Argon
gas consumption. A spokesman for Galil Medical noted that
the kill zone may not correlate with ice ball size as consistently
if different pressures are used (O Vaisman, pers. comm.,
2008). Second and more importantly, we have clearly demonstrated that there is potential for improvement of contemporary technology by increasing the pressure gradient used
for the cryoablation process. This information may help in the
development of next-generation cryoablation probes that may
be smaller and more effective in ablating larger volumes of
tissue. Although improved ablation is intriguing, it is imper-
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ative that all clinical applications of ablation systems be in
accordance with manufacturer’s specifications.
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Conclusions
In accordance with the Joule–Thomson effect, higher initial
gas pressures used for cryoablation in a transparent gel model
demonstrate statistically significant lower temperatures, faster decreases in temperature, and formation of larger ice balls
than lower gas pressures do. Multiple simultaneous cryoprobe deployment does not compromise individual probe
efficacy. The use of higher initial tank pressures will theoretically help future cryoprobes be more effective, creating a
greater volume of cell necrosis and a smaller indeterminate
zone.
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