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Oskar G. Kaufmann, Cervando G. Ortiz-Vanderdys, Victor B. Huynh, Adam G. Kaplan, Nick
S. Jain, Donald L. Pick, Lorena A. Andrade, Kathryn E. Osann, Elspeth M. McDougall, and
Ralph V. Clayman
Urology Group, Lansdowne, Virginia; Department of Epidemiology, University of Michigan School
of Public Health, Ann Arbor, Michigan; Department of Urology, University of California, Irvine,
School of Medicine Orange, California; Department of Urology, University of Ioannina, Ioannina,
Greece; Department of Urology, University of São Paulo, São Paulo, São Paulo, Brazil; and
Department of Urology, Pacific Medical Centers, Seattle, Washington

Abstract

OBJECTIVE—To investigate the relationship between multiple cryoprobes was investigated to

determine whether they work in an additive or synergistic fashion in an in vivo animal model

because 1.47 mm (17-gauge) cryoprobes have been introduced to the armamentarium for renal

cryotherapy.

METHODS—Laparoscopic-guided percutaneous cryoablation was performed in both renal poles

of 3 pigs using 3 IceRod cryoprobes. These 12 cryolesions were compared with 12 cryolesions

using a single IceRod cryoprobe. Each cycle consisted of two 10-minute freeze cycles separated

by a 5-minute thaw. The iceball volume was measured using intraoperative ultrasonography. The

kidneys were harvested, and cryolesion surface area was calculated. The lesions were fixed and

excised to obtain a volume measurement. Statistical analysis was used to compare the single probe

results multiplied by 3 to the multiple probe group for iceball volume, cryolesion surface area, and

cryolesion volume.

RESULTS—The iceball volume for the first freeze cycle for the single cryoprobe multiplied by 3

was 8.55 cm3 compared with 9.79 cm3 for the multiple cryoprobe group (P = .44) and 10.01 cm3

versus 16.58 cm3 for the second freeze (P =.03). The cryolesion volume for the single cryoprobe

multiplied by 3 was 11.29 cm3 versus 14.75 cm3 for the multiple cyroprobe group (P =.06). The

gross cryolesion surface area for the single cryoprobe multiplied by 3 was 13.14 cm2 versus 13.89

cm2 for the multiple probe group (P =.52).
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CONCLUSION—The cryolesion created by 3 simultaneously activated 1.47-mm probes appears

to be larger than that of an additive effect. The lesions were significantly larger as measured by

ultrasonography and nearly so (P =.06) as measured by the gross cryolesion volume.

The frequent use of abdominal imaging has increased the diagnosis of asymptomatic renal

masses and caused stage migration.1 As the U.S. population ages, more small renal masses

(cT1, <4 cm) will be found in elderly patients who tend to have higher American Society of

Anesthesiologists scores, which relates to a greater incidence of perioperative complications

and transfusions.2

The traditional standard of care for clinically localized renal cell cancer is surgical resection

by way of radical or partial nephrectomy.3,4 Nephron-sparing surgery and ablative therapy

have been developed with the goal of eradicating malignancy and preserving nephron mass.

This is particularly important in patients with poor renal function or risk factors for nephron

loss, because s chronic kidney disease increases the risk of cardiovascular risk and

mortality.5,6 In 2009, the American Urological Association guidelines7 expanded the

treatment options to include thermal (ie, radiofrequency heat and cryoprobe therapy)

ablation8,9 and, in select cases, active surveillance.10,11

Because thermal ablation is a relatively new modality of treatment, few standards have been

developed for its most efficacious use. The miniaturization of cryoprobes, with probe

downsizing from 3.4 to 1.47 mm (17-gauge) is thought to be beneficial by allowing the use

of multiple smaller probes rather than a single probe to treat a larger area, with, possibly, a

lower risk of parenchymal cracking and subsequent hemorrhage. The interaction between

multiple probes is largely unknown. In the present study, we investigated whether multiple

probes work in an additive or synergistic fashion in an in vivo animal model.

MATERIAL AND METHODS

Three female Yorkshire farm pigs weighing 39–42 kg were used in the present study, which

was approved by the institutional animal care and use committee. After premedication with

intramuscular 0.05 mg/kg atropine, anesthesia was induced with intramuscular 6 mg/kg

telazol and 2 mg/kg xylazine. An ear vein cannula was placed and the pig intubated.

Anesthesia was induced with 4%–5% isoflurane and maintained at 1%–2%. The pigs were

placed in the left lateral decubitus position and insufflated with a Veress needle to 15 mm

Hg. A 12-mm laparoscopic port was placed at the umbilicus for the camera, and 2 additional

12-mm ports were placed along the rectus edge as working ports. The kidney was exposed

and mobilized using blunt and sharp dissection. A BK Pro Focus ultrasound 5–12-MHz

laparoscopic probe (Copenhagen, Denmark) was placed in the midline port and checked to

ensure that it could easily slide beneath the upper and lower pole.

A paper pattern with markers for 3 IceRods and 3 multipoint Thermal Sensors (both 1.47

mm in diameter, 17 gauge, Galil Medical, Arden Hill, MN) was placed in the abdomen and

centered on the upper or lower pole. The IceRods, which create an elliptic-shaped iceball,

were placed percutaneously under direct vision, in a triangular configuration 1 cm apart

from each other, each with a multipoint Thermal Sensor 1 cm peripherally. The multipoint

Thermal Sensor probes have thermal sensors at 5, 15, 25, and 35 mm from the tip. The
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cryoprobes and temperature sensors were all placed 1 cm into the parenchyma, which

traversed about one half the thickness of the porcine kidney. The temperatures were

measured at a depth of 5 mm from the kidney surface.

Two 10-minute freeze cycles were administered with a PresIce cryoablation unit (Galil

Medical) using pressurized argon gas at 3500 psi, separated by a 5-minute active thaw with

pressurized helium gas at 2200 psi (Fig. 1). Iceball progression was monitored with

intraoperative laparoscopic ultrasonography, and the iceball volume was calculated at the

conclusion of each freeze cycle.

The procedure was repeated on the opposite pole. The pigs were then placed in the right

lateral decubitus position, and the same procedure was performed on the left kidney. The

pigs were killed with 0.1 mL/kg pentobarbital sodium (Eutha-6) and the kidneys

immediately harvested through a midline incision. The length and width of each cryolesion

was measured on the kidney surface at necroscopy. These values were averaged and used to

calculate the surface area (Fig. 2).

The lesions were then excised and fixed in 10% neutral buffered formalin. Once fixed, the

lesions were dissected out with a 1-mm margin of normal tissue, and the volume was

obtained by fluid displacement in a graduated cylinder (Fig. 3).

Identical measurements were taken from a previous study using a single IceRod with the

pneumoperitoneum also at 15 mm Hg (Fig. 4).12 The same laboratory, personnel,

statistician, surgical technique, PresIce cryoablation unit, BK Pro Focus ultrasound 5–12-

MHz laparoscopic probe, pig farm, and animal housing and food were used. The same gross

surface measurements were taken, and the same method was followed for the volume

measurements. These measurements were multiplied by 3 and compared with the

measurements from the 3 cryoprobes.

Statistical analysis was performed by a statistician (K.E.O.). The mean values for the

cryolesion area and volume were compared between the single and multiprobe groups using

2-sided 2-group t tests, with a 5% significance level. t Tests were used to compare the mean

temperatures between the single and multiple probe groups.

RESULTS

Cryolesions were created in the upper and lower pole of both kidneys in all 3 pigs. No

intraoperative complications or deaths occurred. The mean operating time was 3.6 hours for

the single probe group and 3.3 hours for the multiple probe group. Each single probe trial

was multiplied by 3 to compare the results of a single probe multiplied by 3 (additive arm)

with the results for the 3 probes activated simultaneously (synergistic arm). In the single

probe group multiplied by 3, the average temperature 1 cm from the probe at the end of

freeze cycle 2 was 2.8°C (range 26° to −16°C) for the peripheral sensor and 6.3°C (range

28° to −13°C) for the medial sensor. For the multiple probe group, the average temperature

1 cm peripheral to each probe at the end of freeze cycle 2 was −15.0°C (range 0° to −32°C),

−14.3°C (range 13° to −45°C) and −15.3°C (range 3° to −43°C). After the second freeze
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cycle, there was a 19 degree temperature difference between the multiple probe group and

the single probe group (P = 0.0001).

The mean iceball volume as determined by ultrasonography for the first freeze cycle for the

single cryoprobe multiplied by 3 was 8.55 cm3 (range 1.86–14.82) compared with 9.79 cm3

(range 4.32–15.50) for the multiple probe group (P = .44) and 10.02 cm3 (range 5.70–17.82)

compared with 16.58 cm3 (range 6.01–38.70) for the second freeze cycle (P = .03). The

mean cryolesion volume was 11.29 cm3 (range 7.20–17.40) for the single probe multiplied

by 3 versus 14.75 cm3 (range 7.0–26.0) for the multiprobe group (P = .06). The mean gross

cryolesion surface area for the single probe multiplied by 3 was 13.14 cm2 (range 9.35–

18.47) compared with 13.89 cm2 (range 8.68–19.80) for the multiple probe group (P = .52).

In the single probe group multiplied by 3, the mean iceball volume as measured by

ultrasonography for the first freeze was 8.07 cm3 (range 4.02–12.45) for the first ablation

site and 12.00 cm3 (range 1.86–14.82) for the second ablation site. The mean iceball volume

as measured using ultrasonography for the second freeze cycle was 9.15 cm3 (range 5.70–

17.82) for the first ablation site and 10.89 cm3 (range 4.92–15.06) for the second ablation

site. The mean cryolesion volume as measured using fluid displacement was 12.0 cm3

(range 8.40–17.40) for the first ablation site and 10.8 cm3 (range 7.20–14.10) for the second

ablation site. The mean gross cryolesion surface area was 13.5 cm2 (range 10.80–18.48) for

the first ablation site and 12.78 cm2 (range 9.36–16.02) for the second ablation site.

In the multiple probe group, the mean iceball volume as measured using ultrasonography for

the first freeze cycle was 8.27 cm3 (range 4.32–15.5) for the first ablation site and 11.31 cm3

(range 9.60–14.05) for the second ablation site. The mean iceball volume using

ultrasonography for the second freeze cycle was 16.23 cm3 (range 8.22–38.70) for the first

ablation site and 16.94 cm3 (range 6.01–26.90) for the second ablation site. The mean

cryolesion volume as measured using fluid displacement was 12.8 cm3 (range 7.0–19.0) for

the first ablation site and 16.7 cm3 (range 11.0–26.0) for the second ablation site. The mean

gross cryolesion surface area was 12.50 cm2 (range 8.68–16.67) for the first ablation site and

15.28 cm2 (range 13.03–19.80) for the second ablation site.

COMMENT

Three-dimensional numeric simulations of multiple 1.47 mm (17-gauge) cryoprobes were

matched with experimental data in a phase-changing gel by Magalov et al.13 They found

additional cryoprobes resulted in an increased expansion of the isotherm in all 3 directions

and cited this as clear evidence of the synergistic effect of multiple cryoprobes. They found

the effect of different placement decreased as the density of the probes increased. They

cautioned against placing the probes too close together to take advantage of the synergy

created with multiple probes.

Single and multiple 1.47-mm cryoprobes were tested in a porcine kidney using laparoscopic-

guided percutaneous approach by Ames et al.14 When analyzed 2 weeks after treatment, no

significant difference was found in the mean temperature 1 cm from the center of the iceball

or the size of the cryolesion for a single cryoprobe with an elliptic-shaped iceball, 3 standard
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probes with a sphereshaped iceball, or a single 3.4-mm probe. However, a trend was noted

toward a larger lesion with the 3 probes (P = .14). The treatment in that chronic study was

two 8-minute freezes with an unspecified thaw interval.

The mean temperature 1 cm from the center of the iceball was −41.5°C, much colder than

the 2.8°C and 6.3°C temperatures in the present study. The mean temperature 1 cm from the

3 standard cryoprobes was −39.2°C, colder than the −15.0°C, −14.3°C, and −15.3°C

temperatures we obtained. The average gross cryolesion size for the elliptic probe was 2.3

cm, yielding a surface area of 4.15 cm2, smaller than the 4.38 cm2 obtained in the present

study. The average gross lesion size for the 3 standard, sphere-shaped, probes was 3.1 cm,

yielding a surface area of 7.55 cm2, smaller than the 13.89 cm2 obtained in our results.

Weld et al15 investigated 1, 3, and 4 IceRods 2-cm apart and 3-cm deep in a porcine kidney

using a laparoscopic approach. After a double 10-minute freeze cycle, separated by a 3-

minute thaw, they found a zone of complete ablation 1 cm from the tip of the rod 2.0, 4.4,

and 4.9 cm in diameter, respectively. The average iceball size produced by the single rod

was 2.2 cm, yielding a volume of 5.58 cm3, larger than the 3.34 cm3 found in the present

study. Confluent central necrosis in the quadratic configuration in which the diagonal rods

were 2.8 cm apart, suggested a synergistic relationship using multiple probes.

Thermal maps around 2 simultaneously activated 2.4-mm cryoprobes, 2-cm apart, 2-cm

deep in a porcine kidney using a midline laparotomy were created by Permpongkosol et al.16

After a 12- and 8-minute freeze cycle, they noted a complete coagulative zone of 4.0 cm.

Citing previous work in which a single 2.4-mm cryoprobe created a 2.1-cm zone of necrosis,

they hypothesized that the cryoprobes were additive rather than synergistic.

Single and a template of 3 IceRods were investigated in a porcine kidney using a

laparoscopic-assisted percutaneous approach by Breda et al.17 A double 10-minute freeze

separated by a 5-minute thaw was used. The gross surface area was measured, and volume

was obtained by histologic reconstruction from 3-mm cuts of the area of necrosis. The

temperature 1 cm from the single probe was −29°C to −30°C, colder than the 2.8°C and

6.3°C found in our study. The temperature 1 cm from the 3 elliptic probes placed 1 cm apart

in a triangular configuration was −68°C to −78°C, also colder than the −14.3°C to −15.3°C

we found.

The single elliptic probe resulted in a necrotic lesion 2.5 cm in diameter, yielding a surface

area of 4.91 cm2, larger than the 4.38 cm2 obtained in the present study. The volume by

histologic reconstruction was 7.1 cm3. Multiplied by 3, this would yield a volume of 21.3

cm3, larger than the 11.29 cm3 found in the present study. The template of 3 elliptic probes

produced a 4.5-cm lesion, yielding a surface area of 15.90 cm2, larger than the 13.89 cm2

obtained in our study. The volume by histologic reconstruction was 41 cm3, much larger

than the 14.75 cm3 found on the multiprobe group in our study. This is of interest because

we determined the volume of necrosis grossly using fluid displacement instead of using

histologic cuts.

The same group evaluated the cryolesion size when 3 elliptic probes were placed 1, 1.5, and

2 cm apart. They concluded that placing the probes 1.5 cm apart led to the largest area of
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necrosis with the safest margin. They did not, however, investigate whether the interaction

between the probes was additive or synergistic. The depth of probe placement was not cited

in that study, and 3 experiments were run in each kidney, raising the possibility of the

overlap of the cryolesions.

Tsakiris et al18 evaluated the in vivo factors influencing the freezing cycle during

cryoablation of small renal masses in 67 patients. They found a consistently lower freezing

rate in the periphery of the benign masses. This might be explained by the fact that renal cell

carcinoma secretes more vascular endothelial growth factor than benign growths. Malignant

growths stimulate the inflow of warm circulating blood by way of angiogenesis and might

cause a slower freezing rate than a benign tumor with fewer vessels.

After multivariate analysis, they found diabetes and tumor location in the lower pole to

correlate with a faster freezing rate. They cited the changes in renal microvasculature

inherent to diabetes as a possible etiology of the faster freeze. That the polar arteries are

more frequently encountered in the upper pole was discussed as an explanation for the faster

freeze in the lower pole. Another explanation could be that the lower pole might be more

accessible, allowing more accurate cryoneedle placement for a faster freeze.

Beemster et al19 found the performance of 17-gauge cryoprobes was less variable in a

multiple probe configuration than a single cryoprobe when the temperature was measured 3

mm from the cryoprobe in agar and gel. In that study, the average temperature variation was

3.8°C greater in the multiple probe group. This might have been because our testing was in

vivo instead of in gel or agar. Additionally, our temperature sensors were 1 cm from the

cryoprobe instead of 3 mm.

Wright et al20 studied the effect of microwave ablation in a porcine liver and found that

sequential activation of 3 equidistant probes yielded an additive effect with twice the area of

a single freeze and simultaneous activation had a synergistic effect with 6 times the volume

of a single freeze. Berger and Poledna21 reported placing cryoprobes outside small liver

tumors to take advantage of the synergy between the probes to cool rapidly and avoid

damage to the surrounding healthy liver.

Littrup et al22 studied temperature and ice formation as measured by computed tomography

temperature using thermocouples that were 5, 10, and 15 mm from one to four 1.7- or 2.4-

mm diameter cryoprobes in agar phantoms at a baseline temperature of 6°C, 24°C, or 39°C.

The found probe synergy between the multiple cryoprobes allowed the lethal ice diameter of

single cryoprobes to increase from approximately 35% to >70% for ≥3 cryoprobes, while

maintaining a <1-cm nonlethal margin from the leading edge of visible ice (0°C).22

The present study is novel in the use of fixing and then excising lesions to obtain a

volumetric measurement using Archimedes’ principle of fluid displacement. The limitations

included the use of normal porcine tissue rather than malignant tissue. Temperatures within

a malignancy might be warmer than in normal healthy tissue because of the increased

vascularity; alternatively, the malignant tissue might freeze more rapidly than normal tissue

if necrosis is present within the tumor. Additionally, the present study only examined the

effect of simultaneous activation of the cryoprobes. The end result could be different if the
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probes were activated in a delayed sequence in series. Finally, the area of necrosis was

determined grossly in the present study, without histologic evaluation. However, the visible

area of necrosis has been shown to correlate closely with the histologic area of necrosis.14

Variations in the temperature, iceball size, and cryolesion size were present within our study

and comparing our study with previous work. This might have resulted from the variability

in renal vascularity, probe placement depth, point of probe activation/thaw time, and

intraand interobserver variability in the ultrasound technique. The intraobserver variance for

ultrasonography of a pediatric kidney has been reported to be 4.6 mm, with an interobserver

variance of 7.8 mm.23 This equates to a 30%–40% variation in the ultrasound estimation of

renal volume between 2 observers or 2–3 years of growth in the pediatric kidney.24 This

variability with ultrasound techniques causes us to believe that it is important to use

temperature sensors to ensure that the target tissue reaches a lethal temperature. The

multipoint Thermal Sensors have temperature sensors 5, 15, 25, and 35 mm from the probe

tip. This allows one to attain 4 critical data points with the placement of one 17-gauge probe

in the kidney.

Because it is well known that the kidney (and even the contralateral kidney) respond with

changes in blood flow to an insult to the parenchyma, another limitation of the present study

might be that both poles were tested in each kidney. The measurements were larger for the

second ablation site for all parameters in the multiple probe group. This limits the

applicability to treatment of a single lesion in the clinical setting. It is of interest, however, if

>1 lesion is being treated in 1 kidney.

A future direction for the use of multiple cryoprobes will be the clinical application of

mathematical models previously described25 to optimize their interaction and reduce the

subjectivity of cryotherapy treatment planning.

CONCLUSIONS

The cryolesion created by 3 simultaneously activated 1.47-mm probes appears to be

synergistic rather than additive. The lesions created by 3 simultaneously activated

cryoprobes 1-cm apart were significantly larger as measured by ultrasonography. Moreover,

the gross cryolesion volume showed a trend for being larger (P = .06).
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Figure 1.
Freeze cycle 1 in progress, with 3 IceRods in triangular configuration 1 cm apart from each

other and 1 Multipoint Thermal Sensor 1 cm peripheral to each cryoprobe.
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Figure 2.
Necroscopy of porcine kidney after cryoablation with 3 probes. Cryolesion surface area

measured and calculated.
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Figure 3.
Cryolesion volume obtained by fluid displacement in graduated cylinder.
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Figure 4.
Freeze cycle initiated with single IceRod, with 1 temperature sensor placed medially and 1

peripherally.
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