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Abstract
Purpose—The purpose of this study is to assess the effects upon lethal ice (< −30°C) proportions
in different heat load phantoms while varying the size and number of cryoprobes at 2 cm spacing.

Materials and Methods—Thermocouples at 0.5, 1.0 and 1.5 cm intervals from 1.7 or 2.4 mm
diameter cryoprobes were held by jigs accommodating 1–4 cryoprobes. Agar phantoms (N=24) used
3 sets of baseline temperatures at approximately 6°C, 24°C and 39°C. Temperatures during 15
minutes freeze cycles were correlated with actual thermocouple locations seen within the ice by
computed tomography (CT). Diameters and surface areas of the −30°C lethal isotherm were assessed
over time as percentages of the overall iceball.

Results—The high heat load, 39°C, phantom experiments showed the greatest impact upon
percentage lethal zones for all probe configurations. Single, double, triple and quadruple probe
arrangements of 2.4mm cryoprobes at 15 minutes had average lethal ice diameters of 1.2, 3.3, 4.1
and 4.9 cm, comprising 13 %, 46 %, 51 % and 56 % surface areas of lethal ice, respectively. Surface
areas and diameters of lethal ice made by 1.7mm cryoprobes were 71%and 84% of the 2.4 mm
cryoprobes, respectively. Lethal ice resides <1 cm behind the leading edge for nearly all probe
configurations and heat loads.

Conclusion—Single cryoprobes have very low percentages of lethal ice. Multiple cryoprobes
overcome both the high heat load of body temperature phantoms and help compensate for lower
freeze capacity of thinner cryoprobes.

INTRODUCTION
Cancer remains one of the leading causes of death in the USA with several challenges and
complications involved in its treatment and management (1). Minimally invasive procedures
like heat-based and cold-based ablations are gaining importance in the management of various
types of tumors such as malignant tumors of the prostate (2), liver (3,4,5,6), kidney (7,8), lung
(9) and larger benign breast tumors, such as fibroadenomas (10). Heat-based treatments, such
as radiofrequency (RF) or microwave ablation, have dominated the early Interventional
Oncology literature, however, measuring lethal tissue temperatures within an RF or microwave
ablation zone requires expensive fiber-optic, non-metal thermocouples that don't distort the
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energy fields or create their own heating focus when placed within the active heating zone.
Reliable RF treatment zones have variable impedance during heating and are more
unpredictable, especially near adjacent blood vessels (11) and in different tissue types or
organs.

Cryoablation uses lethal cold temperatures of −20°C to −40°C depending upon the tissue type
(12,13), and has been applied since 1845 (14). The modern era of percutaneous cryoablation
began in the early 1980’s when supercooled liquid nitrogen (LN2) (Cryomedical Sciences, Inc.,
Kennesaw, GA) was pumped down cryoprobes as small as 3 mm in diameter. In the early
1990’s, supercooled LN2 was replaced by Joule-Thompson (JT) cooling which used rapid
expansion of high pressure Argon gas for faster freezing and better control. However, probe
power or wattage differences were never assessed, despite the extensive knowledge gained
about cytotoxic zones around multiple cryoprobes within multiple organ systems (15–17), and
particularly the prostate (18,19). More insight about these cytotoxic zones is needed for modern
cryoprobes below 3mm in diameter, comparing single and multi-probe conditions in simple
tissue-mimicking phantoms. Isotherm literature has been generated for computer modeling
(17), room temperature phantoms (18,19), and normal animal tissues (15–16), but none used
direct image correlations. Therefore, no guidelines exist for ultrasound (US) or computed
tomography (CT) guided cryoablation that would help physicians appropriately plan cancer
treatments based on tumor size.

We present the outcomes of freezing experiments using simple phantoms with variable heat
loads, comparing thermocouple temperatures to their CT locations within the ice.

Materials & Methods
No human or animal subjects, or tissues, were used during any portion of this study. No
institutional review board was therefore needed for an in vitro phantom study. Parameters
which could affect overall iceball size and underlying isotherms were limited for the scope of
this study as noted below. Potential convective heat losses from blood flow were not addressed
due to the complexities of simulating microvasculature. Agar phantoms of different
temperatures mimicked different tissue heat loads. Underlying isotherms of each iceball were
generated from thermocouple data and correlated with CT and US imaging over time.
Descriptions below include phantom/procedure setup, cryoablation and imaging equipment,
and finally imaging and data analyses.

Agar phantoms
Four separate jigs were created to hold thermocouples and both the 1.7 and 2.4 mm cryoprobes
in place for single, double, triple and quadruple multi-probe configurations using 2 cm spacing
between all cryoprobes (figure 1a). All thermocouples measured temperature at their tip
(Endocare Inc., Irvine CA) and were spaced 0.5, 1.0, and 1.5 cm from cryoprobes, as well as
0, 0.5, 1.0 and 1.5 cm along the line extending outward from the midpoint between 2 probes
(Figure 1). The jigs were made of two identical pieces of wood, 5 × 18 × í inches screwed
together with 1-inch thick spacers at each end to assure parallel spacing. Small silicon tubes
were placed through the holes in each jig to assure that 1.7 or 2.4 mm cryoprobes and
thermocouples would fit snugly and not move during testing.

Agar gel phantoms, which remain solid up to 60°C, were created from a 3% LB agar solution
(Sigma-Aldrich Inc., St. Louis, MO) and then brought to the selected temperatures of
approximately 6°C (refrigerator temperature = low heat load), 24°C (room temperature =
medium heat load) and 39°C (near body temperature = high heat load). Phantoms were placed
overnight in a patient blanket heater (Staris Corporation, Mentor, OH) to attain 39°C. No
additional heating or cooling was done within the CT scanner to maintain their baseline
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temperatures. A thermocouple was also placed into the periphery of agar phantoms to document
the passive heating or cooling during each experiment. The tips of the thermocouples were
placed approximately 1.5 cm from the distal tip of the cryoprobe to approximate the coldest
region of the 4 cm active freeze segment. Prior to initiation of the freeze, the final position of
cryoprobe and thermocouple distances were measured by both US and CT to correct for any
displacement during insertion (figure 1a).

Cryo-equipment and technique
Sharp-tipped cryoprobes (Endocare, Inc., Irvine, CA) with diameters of 1.7 and 2.4 mm were
used for all freezing protocols. Cryoprobes were connected to a control unit with up to 8 ports
(Endocare Inc., Irvine, CA) that regulated the flow of high-pressure argon gas. The JT cooling
effect causes temperatures near the JT port to approach that of liquid Argon, or −187°C,
however, actual temperatures at the probe surface vary between −130°C to −150°C due to
individual probe variations and poor thermal conduction through argon gas within the
expansion chamber to the outer metal sheath. Every freezing experiment included an initial
freeze cycle of 15 minutes followed by a 5 minute passive thaw that only melts a few
millimeters of the periphery (10). All thermocouple temperatures were recorded at 1 minute
intervals for each freeze protocol. In order to limit CT time on our clinical scanner, a second
freeze cycle of 10 minutes followed by another 5 minute passive thaw was only performed on
the initial high heat load phantoms to save on CT scanner time constraints.

Imaging equipment and protocols
Real-time US (GE Logiq 700 Milwaukee, Wisconsin) and CT (Siemens Somatom Plus4,
Erlangen Germany) were used to measure the thermocouple locations in relation to the
cryoprobe(s) within the agar phantoms. Measurements of the maximal diameter of the
visualized ice ball were obtained at 1 minute intervals by US. However, US artifacts frequently
degrade imaging after placement of more than one cryoprobe (8), and obscure thermocouple
positions. In addition, US could not measure the posterior extent of ice due to a shadowing
from the leading edge. Therefore, only CT images were used for measurements of probe/
thermocouple locations inside the ice, as well as circumferential measurement of ice diameters.
Due to X-ray tube cooling and imaging constraints, helical CT image acquisitions were
obtained at 2 minute intervals. CT scanning obtained images with 5 mm slice thickness (280
mA and 120 kV) and covered up to 7 cm around the distal cryoprobe. Multiplanar CT
reconstructions were used to estimate total iceball dimensions.

Data and statistical analyses
Isotherm comparisons were done to assess qualitative differences in patterns of ice
development. Excel spreadsheets (Microsoft Corp, Redmond, WA) were arranged to record
ice sizes, cryoprobe/thermocouple distances, and temperatures over time for each freeze
protocol. A total of 24 data sets were accumulated, encompassing 4 different probe
configurations, within 3 different heat load phantoms, for both 1.7 and 2.4 mm cryoprobe sizes,
each monitoring changes in temperature over time. CT Hounsfield units were also assessed for
agar and ice over time.

The −30°C isotherm was chosen as the target temperature for potential cytotoxicity, since it
conforms to clinical applications for cell death in nearly all tissues (12–19). Regression
analyses of temperature vs. thermocouple distance from the cryoprobes allowed approximation
of the −30°C isotherm. A regression, or trend line, was plotted from the CT-visible
thermocouple distances from the cryoprobes and the resultant temperature noted over time.
The distance from where the regression line crossed the −30°C line was used for the isotherm
distance inside the ice margin at that time point. Separate regression lines were obtained for
the 3 thermocouples placed 0.5, 1.0, and 1.5 cm directly adjacent to a cryoprobe, as well as the
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4 thermocouples placed 0, 0.5, 1.0, and 1.5 cm extending outward along the line equidistant
between any 2 cryoprobes (Figure 1). Isotherm figures were then generated for each of the 24
experimental conditions showing the final ice size and the −30°C isotherm at the conclusion
of the 15 minute freeze, as well as the progression of the lethal isotherm at 5, 10, and 15 minutes
(17). The diameter and surface area at the level of the recorded thermocouple tips was chosen
over volume calculations to avoid any inaccuracies related to approximations of additional
isotherms in the longitudinal direction. After the isotherms began to fuse at approximately 5
minutes, the surface area calculations became irregular, until synergy between cryoprobes
caused smoothing of these underlying isotherms into simpler geometric shapes by
approximately 10 minutes. Therefore, surface area measurements from 10 minutes and 15
minutes allowed geometric calculations of the surface area of the lethal ice for probe and
phantom load comparisons.

Statistical analyses were limited to descriptive observations of qualitative differences in overall
ice size and associated isotherm shape and size, not intended to power the sample size of the
study. Analyses were limited to differences in diameter and cross-sectional surface area and
not volume, due to the uncertainty of both imaging and thermocouple measurements in the
length axis of the iceball. Accuracy of the isotherm locations within the iceball was estimated
from the greatest potential error in distance where the regression line crossed the −;30° C.
Similarly, isotherms over time (17) were only intended to graphically display the effects of
heat load, probe size, and configuration differences.

Results
Overall experiment observations are noted first. The construction of simple wooden jigs
allowed reproducible data gathering, despite the inconvenience of the agar phantoms. CT
provided circumferential imaging of the iceball, as well as the exact location of the internal
thermocouples relative to their respective cryoprobes. Our data demonstrated that more than
one cryoprobe created thermal synergy by pushing the lethal isotherm further out between the
cryoprobes than radially outward from individual cryoprobes, once the lethal isotherms had
fused between 5 and 10 minutes. The percentage of iceball surface area ≤−30°C was dependent
upon the relative heat load of the phantoms, the number in diameter of the cryoprobes.

A total of 4056 individual temperature measurements were collected over 24 experiments.
Table 1 shows the absolute and percentage of lethal ice for all 24 experiments. Technical
malfunctions (e.g., thermocouple readings) in isotherm calculations were only noted for the
single 2.4 mm cryoprobe in the cold phantom and the triple 2.4 mm cryoprobe configuration
in the warm phantom. Otherwise, table 1 shows a consistent trend toward lower percentages
of lethal ice for higher heat load phantoms and fewer cryoprobes. The cytotoxic margin remains
consistent at approximately 1 cm behind the leading edge of ice, yet trended toward narrower
non-lethal margins for higher heat loads and greater freeze capacity (e.g., quadruple 2.4 mm
cryoprobes). While no comparative regression statistics were performed on this small sample
size, isotherms were visually approximated to be accurate ± 1 mm. Therefore, the ratios of the
iceball surface areas for the −30°C and 0°C isotherms produced accurate qualitative estimates
of the cytotoxic zone and total iceball sizes over time.

Figure 1 demonstrates that CT images were able to account for minor variations in
thermocouple distance from the cryoprobe, encountered during insertion into the agar despite
the fixation jigs. The minimal effect of the thaw and re-freeze phases (figure 1 b/c) suggested
little role for phantom testing since there is no physiologic warming during the thaw phase
(10), which is crucial for lethal osmotic effects in living tissue (12,13). Within three minutes
of initiating the re-freeze, all thermocouples appeared to resume the same freeze rate they had
at the conclusion of the first 15 minute freeze cycle. Since no additional information would be
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gained from a second freeze in relation to isotherm patterns, they were discontinued for the
remainder of the experiments.

Figure 2 graphically demonstrates the effects of greater heat load, particularly for single 1.7
mm cryoprobes, which is overcome by multiple cryoprobes (table 1). Figure 3 graphically
shows the overall ice and lethal zone ratios between 1.7 and 2.4 mm cryoprobes in the high
heat load phantoms. Figure 4 graphically shows that the overall concept of sculpting a lethal
isotherm related to probe number, size and total freeze time. Similar ice sizes and lethal zones
were achieved by a double configuration of 2.4 mm cryoprobes at 15 minutes, a triple
configuration of 1.7 mm cryoprobes at 15 minutes, or a triple configuration of 2.4 mm
cryoprobes for only 10 minutes. However, rapid freeze rates are more cytotoxic (12,13), such
that the largest freeze within the shortest time would favor using more cryoprobes until more
powerful cryoprobes become available. Figure 5 emphasizes the impacts of cryoprobe
differences over time in higher heat load phantoms. At 5 minutes, the lethal zones of the 2.4
mm cryoprobes had fused and produced thermal synergy that caused even larger cytotoxic
isotherms by 10 and 15 minutes for both 2 and three-probe configurations.

DISCUSSION
The overall iceball diameter of a single cryoprobe, produced within room temperature or
refrigerated phantoms, is often quoted as a surrogate of freeze capacity but is a misleading
estimate of crucial isotherms within an iceball, generated in a body temperature volume
Unfortunately, single iceball estimates have served as sales and marketing claims to suggest
better ablation performance for one brand, or cryoprobe type, than another. Regardless of these
assertions, a cryoprobe of nearly any size or power would form little to no ice if held under the
large heat sink of warm running water. The focus upon total ice ball size, rather than the
percentage of lethal ice, may also stem from ice being visible by nearly any imaging modality.
What was thus an imaging benefit of cryoablation may have also led to misconceptions about
the bio-physics of ice formation around a cryoprobe and neglected cryobiology principles
necessary for lethal ice formation and cytotoxic cancer therapy. Our simplistic and limited
evaluation of isotherm effects from variable heat loads, multiple cryoprobes and potential
power differences between probe sizes may lead to more in-depth studies regarding these
considerations in planning effective cryoablations.

Treatment planning and control of ablation margins by cryoablation is facilitated by CT
imaging showing low density regions growing around cryoprobes (5,7–9), or the advancing
hyperechoic rim of ice by US (2,6,10). However, the edge of visible ice at 0°C is usually at
least 5mm ahead of the underlying lethal isotherm (12,13) when using multiple cryoprobes,
and the outcomes of our study confirm that this non-lethal margin is consistently less than 1
cm (table 1). We demonstrated the cumulative effects of multiple cryoprobes upon the
percentage of ice occupied by lethal temperatures below −30°C (figure 3), including the ability
of multiple probes to overcome the effects of increased heat load (figure 2). Our qualitative
outcomes show the impact of probe number and strength upon isotherms over time (figure 4,5),
especially under higher heat load conditions. Further assessment of isotherm patterns with
simulated vasculature [e.g., urethral warming balloon (18,19)] will allow more reproducible
planning of cytotoxic tissue temperatures for nearly any cryoablation procedure.

Our data applies to all percutaneous cryoablation procedures for tumors <4 cm in diameter but
could be expanded to even larger tumors by using more than 4 cryoprobes. However, the
greatest clinical impact in better understanding of cytotoxic isotherm patterns for 1–4
cryoprobes may be for breast cancer ablation trials that have routinely used single cryoprobe
treatments (23–26). Unfortunately, the upcoming trial of the American College of Surgeons
Oncology Group (ACOSOG) using only 1 cryoprobe for breast tumors <1.5 cm in diameter
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may yield suboptimal outcomes due to inadequate isotherms (27). The transition of breast
cryoablation from benign to malignant disease will require ablation zones of visible ice
extending >1 cm beyond all tumor margins, thus mimicking standard "surgical" margins. A 3
cm diameter zone of lethal temperatures would thus be needed to cover a 1.5 cm breast cancer,
as suggested by the cryoprobe options noted in figure 4. To better cover the spherical shape of
most tumors, cryoprobe selection may favor at least three cryoprobes to produce a more
symmetric coverage since the double 2.4 mm configuration produces more ovoid ice with an
average AP lethal zone of only 2.5 cm at the conclusion of a 15 minute freeze cycle. Therefore,
if puncture risk is not an issue, using three 2.4 mm cryoprobes to generate the same amount of
lethal ice at 10 minutes would produce faster freeze rates associated with greater cytotoxicity
(12,13). Faster freeze rates have also been described by closer spacing of cryoprobes (18,19)
than the 2 cm noted for this study and others (15).

Multiple cryoprobes, thermocouples, and subsequent ice formation produced major US
artifacts that precluded reliable US measurements for this study. US imaging for cryoablation
remains a valuable guidance tool for prostate cancer (2) and benign breast tumors (10) but only
produces visualization of the leading edge of the overall iceball for those applications. Our
study confirmed that CT imaging better defined the circumferential extent of all iceballs and
was not significantly obscured by beam hardening artifacts from the multiple cryoprobes and
thermocouples. Even in our highest heat load phantoms, lethal ice diameters up to 5 cm could
be produced for quadruple configurations of both 1.7 and 2.4 mm cryoprobes. Nevertheless,
these body temperature phantoms still appeared to only mimic live tissue that has relatively
low blood flow and/or good thermal conductivity. Namely, when a similar spacing of 2 cm
between 2.4 mm cryoprobes was used in porcine liver and lung cryoablation, cytotoxic
temperatures were not reached between probes at 10 minutes (15). This may have related more
to the thermal conductivity of the liver and lung tissue than any exceptionally high heat load
since their renal cryoablation experiments (i.e., high blood flow organ) showed fusion of
cytotoxic isotherms by 10 minutes. Therefore, our body temperature phantoms may better
mimic the good thermal conductivity of renal tissue since our multi-probe configurations
showed fusion of cytotoxic isotherms around the individual cryoprobes at 5–10 minutes (figure
5), whereas in vivo lung and liver tissue may not have similar thermal conductivity.

A large amount of thermal and imaging data was gathered for this study, yet numerous potential
weaknesses limit more precise characterizations of 1.7 and 2.4 mm cryoprobe performances.
Agar phantoms used in this study allowed heating to body temperature but did not sufficiently
estimate the thermoregulation of living tissues, leading us to terminate data collection during
the second freeze since these were non-physiologic. The study was only designed to produce
insights for clinical technique modifications in relation to cryoprobe number, power and
relative heat load effects for 2 cm spacing between cryoprobes. Further work is needed to also
define the isotherm effects of cryoprobe spacing at 1.0 and 1.5 cm, but should not be explored
for >2.0 cm spacing since this does not produce lethal ice between probes in normal liver and
lung (15). More powerful cryotechnology (28) may allow greater spacing, or at least faster
attainment of cytotoxic treatment goals.

The multi-probe configurations used in this study were also limited by the simple construction
of the wooden jigs that held both 1.7 and 2.4 mm cryoprobes. Thermocouples and cryoprobes
were both noted to move during insertion into some agar phantoms. However, CT
measurements accounted for these deviations in the development of the lethal isotherm lines.
Additional jigs will also be needed to evaluate the effects of additional cryoprobe spacing
(17), as well as adding an additional heat sink to mimic adjacent vasculature. Lethal isotherms
were only given in diameter and surface area measurements. Further volumetric isotherms will
have to be constructed from temperature data collected along the long axis of the cryoprobe,
requiring thermocouples with multiple measurement points along their longitudinal course and
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connected to a digital acquisition device having at least 16 ports. More temperature data points
and a volumetric rendering program (e.g., Comsol, Burlington MA) would also better define
the changing size of the lethal isotherm volumes over time, which we limited in this current
study to 5, 10 and 15 minutes when they had simpler geometric shapes. In the future, individual
cryoprobe power also needs to be directly measured in wattages, whereby an electric heater
and a thermocouple covers the cryoprobe tip, such that heating can be increased until no ice
(0°C) is formed around the cryoprobe within an isolated, or near vacuum, container. The point
at which heater overcomes ice formation would then describe a reliable wattage, or objective
power, of that probe.

Isotherm research is well suited for cryoablation investigations since the ablation zone is clearly
visualized and temperatures are easily measured, especially with the aid of CT guidance. Our
paper provides a simple methodology for assessing the concepts of sculpting lethal isotherms.
Probe synergy between multiple cryoprobes allows the lethal ice diameter of single cryoprobes
to increase from approximately 35% to >70% for three or more cryoprobes, while maintaining
a <1 cm non-lethal margin from the leading edge of visible ice (e.g., 0°C). Reliable testing
models that better mimic the heat loads of living tissue will advance isotherm research and
help answer important questions about cryotechnology performance and its role in the
continued growth of interventional oncology.
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Figure 1.
Phantom set up within CT scanner gantry (a) and associated images of the single (b), double
(c), triple (d) and quadruple cryoprobe (e) arrangements showing thermocouples radially
surrounding the cryoprobes at 0.5 1.0 and 1.5 cm, as well as extending outward along a
perpendicular line between the cryoprobes. Companion temperature graphs are shown for each
configuration but only the single and double are shown with a freeze:thaw:freeze cycle obtained
in the highest heat load phantoms (39°C). Despite the lack of any physiologic warming during
the thaw phase, temperature curves still show rapid re-cooling of the ablation volume due to
the 4-fold greater conductivity of ice during the second freeze (20).
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Figure 2.
Heat load: 1.7 mm cryoprobes at 15 minutes showing the slightly greater impact of high heat
load (39°C) upon smaller cryoprobes and the compensatory effect of multi-probes. The overall
ice had 1.6 times greater cross-sectional surface area for the 24°C medium heat load phantom
(12.0 versus 7.6 cm2; Diameter = 3.1 vs. 3.9), but the lethal zone was three times larger (2.7
versus 0.9 cm2; Diameter = 1.1 vs. 1.9). These differences are overcome with four cryoprobes,
whereby the surface area ratios of total/lethal ice for the high and medium heat load phantoms
are 29.2/15.2 cm2 (diam: 6.5/4.9 cm) and 31.3/14.9 cm2 (diam: 6.7/5.0 cm), respectively.
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Figure 3.
The greatest increase in lethal ice percentage for either 1.7 or 2.4 mm cryoprobes is obtained
when adding the second cryoprobe. Continued large increase in lethal ice is also seen when
the third 1.7 mm cryoprobe is adding, suggesting also their weaker freeze capacity.
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Figure 4.
Time and probe number options are shown that could conceivably cover a ~1 cm irregular
tumor with a generous 3 cm diameter lethal ice ablation zone. A double 2.4 mm cryoprobe
configuration ran to its longest practical extent at ~15 minutes produces similar overall ice and
lethal zone as a triple configuration of 1.7 mm cryoprobes at 15 minutes, or triple 2.4 mm
probes run for only 10 minutes.

A B C

Double 2.4 mm@15 min. Triple 1.7 mm @ 15 min. Triple 2.4 mm @ 10 min.

Total ice (cm2): 17.7 22.6 19.9

Lethal ice (cm2): 8.1 9.9 9.0

Lethal diam. (cm): 3.3 3.5 3.4
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Figure 5.
Progression of the lethal isotherm (−30°C) at 5 (dashed white lines), 10 (dashed pink lines)
and 15 (dashed red lines) minutes is shown for double and triple configurations of 1.7 and 2.4
mm cryoprobes, overlaid upon the CT image for the total ice appearance at 15 minutes.
Figure 5a shows that lethal ice surface area grows more for 2.4mm cryoprobes (right) after 5
minutes due to early synergy than for 1.7 mm cryoprobes (left):

Lethal zones:1.7 mm cryoprobes (cm2) 2.4 mm cryoprobes (cm2)

1.0 1.1 5 min.

2.5 5.6 10 min.

4.1 8.1 15 min.

Figure 5b shows that lethal ice surface area grows more for 2.4mm cryoprobes (right) after 5
minutes due to early synergy but the difference becomes less over time once synergy also
occurs for 1.7 mm cryoprobes (left):
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Lethal zones:1.7 mm cryoprobes (cm2) 2.4 mm cryoprobes (cm2)

1.3 3.4 5 min.

7.0 9.0 10 min.

9.9 13.0 15 min.
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