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1 INTRODUCTION

Cryo-ablation is a surgica technique that employs freezing to kill undesirable cells such as
tumors. The target tissue is frozen to a letha temperature dependent on tissue types to generate an ice
ball. Accurate monitoring of the ice ball margin and temperature is achieved by employing intra-
operative ultrasound and thermocouples inside the cryoprobe.

2 BACKGROUND

The first modern physician to utilize low temperature was James Arnott (England, 1865).
Most of his work was application of low temperature in anesthesia. However, in severa reports
published between 1845 and 1851, he reported low temperature could make tumors much less
offensive with no discharge and hemorrhage when tumors were frozen to temperature of about —12 °C.
After that, research was performed to obtain liquefied air and liquid air appeared to have been an
efficient cryogen for treatment of undesirable tissue. But the old technology did not maintain the low
temperature of liquid air throughout the length of the probe. Prior to the 1960s, the devices used for
cryo-ablation were not efficient and were able to freeze only to a depth of several millimeters.
Therefore freezing was used primarily for the treatment of superficial layers of undesirable tissue.

Modern cryo-ablation began with the invention of cryoprobe design to allow the maintenance
of the low temperature of the cryogen to the end of the cryoprobe by Cooper and Arnold in 1961. The
first devices used a funnel through which liquid nitrogen (LN,) was poured. They were subsequently
replaced by large diameter probes. These LN, based cryosystems had a slow responsetime. So it was
difficult to control the size of the ice ball and its freezing — thawing characteristics. As a result, this
equipment was suitable only for clinical applications that did not require a high degree of accuracy. [1]

In the late 1980s and throughout the 1990s, new cryosurgery sy stems emerged, based on an
advanced gas expansion method (Joule—Thomson principle). These systems showed significant
improvements in controlling the freezing process.

In the late 1990s, extremely thin cryoprobes were made available by afew companies. Using a
number of needle cryoprobes provides higher resolution freezing with more precise legion shape and
more uniform temperature distribution. Also, transvenous steerable eectrode catheter systems have
been devel oped and tested. [2]

In the very recent years, thermoelectric devices have been incorporated to cool down
cryoprobes and successfully applied to skin ablation.



3MECHANISMSOF TISSUE INJURY DURING CRYO-ABLATION

Mechanisms of tissue injury in cryo-ablation are not fully understood and there are some
controversies about them. Generally two mechanisms are considered as the main causes of direct
cellular injury. One is cell dehydration by osmosis when the ice ball is created in the extracellular
space. The other isintracellular ice formation at a high cooling rate.

3.1 Cell Dehydration

At dow rates of cooling, tissues tend to freeze extracellularly. Slow cooling rates encourage
also the growth of afew crystals to very large size. When these develop in the extra cellular space,
migration of water out of the cells occurs because of pressure gradients induced, probably, by the
combined influence of concentration differences and capillarity. The ultimate end of such a processis
dehydration of the cells and the development of external ice crystals which can be many times the size
of individua cells.

3.2 Intracdlular Ice Formation

At high cooling rate, the migration of water out of the cells may become inadequate to support
the rapid growth of extra cellular crystals. As a consequence, intracellular ice formation occurs,
probably from growth of externa ice hrough minute water-filled pores in the cell membrane.
Intracellular ice crystalswill tear down the membranes of cells and organelles inside the cell.

3.3 Other Mechanisms

As ice begins to thaw, large amount of free water produced by the thawing ice will rush back
insde the cells, causing them to burst. Thus, it is believed that the physical features of cryosurgery
which are most important in producing extensive cell destruction include rapid freezing to very low
temperatures and a slow thawing.

Vascular stasis after thawing is considered as a delayed destructive mechanism. The loss of
blood supply deprives al cells of any possibility of survival and resultsin uniform necrosisof tissue.

4 CRYO-ABLATION SYSTEM

4.1 Cryogen

In the past, nitrous oxide and CO, were used as a cryogen. But those gas-based cryogenic
systems had limited freezing capacity at approximately —60 to —80 °C. At thistemperature, only afew
mm from the probe could be frozen to a letha temperature. So liquid nitrogen and argon are widely
used as a cryogen now. The boiling temperatures of LNo and argon are —196 °C and —186 °C

respectively. However, this low temperature is hard to get in the probe design. One reason is a back
pressure that limits the flow of cryogen into the cryoprobe and the other reason is due to Liedenfrost
boiling.



4.2 Cryoprobe
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Figurel. Internal structure of atypical cryoprobe.

LN» cryoprobes must have vacuum insulation to prevent freezing up the shaft of the
cryoprobe and subsequent destruction of normal tissue. Currently, LN>-based system and argon-based
system have been widely adopted in clinical situations.

The CMS AccuProbed systems (Cryomedical Sciences, Inc. ) and Crytech LCS 3000
(Spembly, Andover, UK ) are the representative systems based on LNy The CryocareO system of

Endocare Inc. and SeedNet™ of Galil Medical are based on argon gas. Some comparative experiments
showed that argon-based system is much faster to initiate freezing and aso to thaw. The rapid freeze-
down of argon systems has some practical advantage, because the time for which the probe must be
held motionless before sticking is likely to be much shorter. Similarly, the more rapid thaw will allow
the surgeon to remove the probe and move on to the next target

The LN probe consists of a closed-end tube with two tubes concentrically arranged within it.
Figure 1 shows a basic design for atypical LN»-based cryoprobe. Inside the probe, there is a funnel

for liquid nitrogen to go through. At the end of funnel, it will hit the warm uninsulated tip of the
cryoprobe, where it changes phase, expanding 700 times in volume. The expanding gas exits the
cryoprobe around the supply tube. This gas expansion is the constraint on the probe’s functioning,
since it creates a back pressure that limits the flow of liquid nitrogen into the cryoprobe. Another
phenomenon, caused by phase change, is caled Liedenfrost boiling. When liquid nitrogen expands,
gas bubbles form between the liquid and the metal and they act as an nsulator. As a result, the
temperature of cryoprobetip isabout—160 °C, not—196 °C.
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Figure 2. Argon gas-based cryoprobe manufactured by Endocare Inc (a) and Galil Medical, Ltd (b). Arrows
show the flow of argon gasinside the probe. Adapted from United States patent 5,800,487 (a) and United States
patent 6,142,991 (b).

Figure 2(a) shows argon-based cryoprobe manufactured by Endocare Inc. This system
operation is based on the Joule-Thomson principle. When a gas flows from aregion of higher pressure
into aregion of lower pressure through a constricted passage (J-T port), it is said to be throttled. Joule
and Lord Kelvin showed that most gases drop in temperature when throttled. For some gases, notable
Hydrogen and Helium, the temperature rises. Whether there isarise or fall in temperature depends on
the particular range of pressure and temperature over which the change occurs. For each gas, there are
different values of presaure and temperature at which no temperature change occurs during a Joule-
Thomson expansion. That temperature is called the inversion temperature. The ratio of the observed
drop in temperature to the drop in pressure is the Joule-Thomson coefficient (dT/dP). The temperature
of a particular gas increases or decreases after going through a 3-T port depending on whether its
original temperature is above or below its maximum inversion temperature. Generally, the temperature
will decrease as long as the maximum inversion temperature is above ambient temperature and vice
versa,

Using this theory, argon is used for freezing and helium is used for thawing. For operation of
the system, atank of argon gas at approximately 6000 psi (414 MPa) is required. The gas from the
supply tank to the control unit is controlled by a regulator on the tank to 3000 psi (20.7 MPa). The
dispenser in the control unit regulates the argon gas flow at approximately 2800 psi (19.3 MPa) to the
cryoprobe. When argon gas reaches the cryoprobe tip, it passes through a small diameter orifice (J-T
port), which causes the pressure to drop dramatically to approximately 150 ps (1.03 MPa). This
pressure drop causes the temperature of the argon gas to decrease and results in the formation of anice
ball at the probetip. The size of theice ball is controlled by the flow and pressure of the argon gas. [3]

Although this system using Joule—Thomson principle demonstrated significant improvement
in controlling the freezing process, they employ relatively thick diameter probes that are inserted in a
cumbersome fashion requiring the use of a specia insertion kit. Due to their wide diameter, a
maximum of 5 or 6 probes can be used simultaneoudly, resulting in low accuracy, poor controllability
and nonuniform lethal temperature distribution.



Figure 2(b) is another cryoprobe type provided by Galil Medical, Ltd. In the late 1990s Galil
Medical introduced SeedNet™, especialy designed for prostate ablation. The SeedNet™ system
utilizes unique ultrathin 17 gauge (1.47 mm) needles that are specifically designed for direct
percutaneous insertion utilizing a method that isidentical to the insertion of brachytherapy needles.
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Figure 3. SeedNet™ of Galil Medical 17-gauge argon/helium-driven probe with a sharp tip capable of
developing a 27 mm long and 18 mm wide teardrop-shaped ice ball that expands 5 mm past the tip after 5 min.

Using a number of needles provides higher resolution freezing with more precise coverage of
the prostate gland and more uniform lethal temperatures produced by these needles combined with
their temperature change rate assure appropriate cell destruction mechanisms.

Figure 4. Comparison of temperature distribution between Joule-Thomson based 7 cryoprobes and ultrathin
needles. The colder in temperature, the darker in color (a) Ice balls generated by Joule-~Thomson based probes
(b) Isotherm obtained with ultrathin needles. [4]

Figure 4 shows the multiple ultrathin needle cryoprobes can get more uniform temperature
distribution in the frozen region.
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Figure 5. (a) Schematic diagram of CryoPen™ system (b) Hand-held applicator and applicator tip. The cooled
thermal mass can be used for about 10 min. After 10 min, another thermal mass is replaced into the applicator.
Adapted from US Patent. 6,430,956.

In 2002, Cimex BioTech LC developed hand-held CryoPen system specifically for skin
ablation. Unlike previous cryosystems, it is based on the Peltier effect. So it doesn’t need dangerous
gas or liquid nitrogen. Figure 5 shows their device schematically. The Peltier effect is the phenomenon
when avoltage gradient is applied across two dissmilar materials Initialy, Rowland tried to apply this
novel effect directly to the cryoprobe itself, using multiple thermo-electric heat extraction devices. [5]
They could cool down a treatment tip to a temperature of approximately 50 °C. [6] However, this
first system would be incapable of extracting sufficient heat from the application tip to provide the
heat removal necessary for most cryogenic surgery applications.

So Cimex BioTech LC divided the cryosystem into a hand-held cryogen applicator and a
therma cooling unit using a thermoelectric device (TMD). This system cools down a therma massin
a therma cooling unit and then put the cooled thermal mass into the applicator. The exposed end of
thermal mass is fitted with an appropriate applicator tip. The therma mass is made mainly of copper,
which can be replaced by aluminum, brass, ceramics, thermal gels. These materials have high thermal
storage capacity and relatively fast thermal conductivity.

The therma cooling unit utilizes cascaded Rankine-cycle cooling systems, driven by a motor-
compressor to extract heat from a cold plate by circulating coolant (about —85 °C). A thermoelectric
device (TMD) is sandwiched between the cooling unit base and the cold plate to bring the temperature
down till further.[6] Asaresult, the temperature of the thermal mass and application tip reaches about
—100 °C. A sdf-filling lution of antifreeze liquid in the form of purified ethanol alcohol is provided
in the socket so as to facilitate more efficient removal of heat from the application tip and thermal
mass, aswell as displace air and the moisture.



Another important component of the cryoprobes is the thermocouple that determines whether
the cryoprobe is working properly. If the thermocouple, located near the tip, shows a temperature
reading different from the expected value, the cryoprobe is not functioning properly. The
thermocouple aso provides the information for a temperature feedback loop, which controls the
function of the cryoprobe.

4.3 Console

Figure 6 Consoles of cryo-ablation systems (a) CryocareO system (b) SeedNetO system
Common features of the cryoablative console include:

1. Outletsfor multiple probes and control unit to adjust flow rate of cryogen.

2. One of the advantages compared to other ablation techniques is that multiple cryoprobes can
be used simultaneously.

3. Display and menu for controlling the flowing rates, thawing rates, ablation durations, etc.

4. Temperature monitoring using thermocouples
Usually console has ports to connect multiple thermocouples

5 FACTORSTHAT AFFECT THE EFFICACY OF CRYO —ABLATION

5.1 Tissue Temperature

Efficient cryo-ablation requires that a temperature lethal for cells be achieved in al of the
tumors Of the variables in cryo-ablation, tissue temperature is easiest to use as a monitor of therapy.
However, as the tissue cools, the cells die from a variety of lethal effects, not only from the reason of
low temperature. SO it is not easy to determine the lethal temperature. Though cells differ in
susceptibility to freezing injury, the lethality of freezing increases as the temperature falls. The critical
range is stated between -5 °C and-50 °C.



A variety of opinions on the lethal temperature are listed in Table 1. The data on the lethal
temperature have been developed under different experimental conditions, i.e., different cells, various
freezing times, and diverse locations and species.

First Year Cellftissue Lethezl Freeze-thaw protocol
author temp.( °C)

Gage 1966 Osteocytes, bone, dog -2 5minF -slow T
Gage 1979 Melanocytes, skin, dog -4 AminF -slow T
Smith 1974 Liver, rat -15 3minF-fastT
Rivoire 1996 Liver, pig -15 5minF -slowT
Lefebvre 1975 Cheek pouch, hamster -18 IminF-fastT
Dow 1970 Prostate, dog -20 1-sF-slowT

Gage 1982 Skin, dog -40 3minF-slow T
Yamada 1976 Skin, mouse -40 IminF -slowT
Gage 1978 Palate, dog -40 3minF-slowT
Neel 1971 Sarcoma, mouse —60 6minF - slow T
Staren 1997 Adenocarcinoma, rat -70 7mnF-slowT

Table 1 Suggested lethal temperature for cells experimentsin vivo, single freeze-thaw cycle. [7]

Most of the data deal with normal cells rather than cancer cells, which are more resistant to
freezing injury. Differencesin sensitivity of normal cellsto freezing injury exist. For example, muscle
cells and melanocytes are very sensitive to freezing but keratiocytes resist freezing temperatures.
Differences in the sengitivity of malignant cells aso exist; some are resistant to injury at temperatures
upto 40 °C.

When the data from experiments in vivo are considered along with data from other types of
cryobiological experiments, the range of —40to -50 °C may be considered as being critical for cell
death in single freeze-thaw cycles. Intracellular ice formation requires a temperature of —40 °C and
some cancer cellsin vitro frozen to—40 °C or colder survive. In addition, water in cells freezes over a
range of temperatures from 0 to —40 °C, depending on the volume and contaminants. Even if the
critical temperature will be different when multiple freeze-thaw cycles are performed, it will be safeto
produce a temperature of —40 °C to —50 °C in al cancerous tissue as the appropriate goal in cancer
therapy or other situations during single free-thaw cycle.

5.2 Cooling Rate

In cryobiological studies, rapid cooling rate is preferred to dow cooling rate. [2] So the
cooling rate is always as high as possible in order to produce the letha intracellular ice ball. However,
review of experimental data shows a wide range of cooling rates can produce intracellular ice ball.
Some reported that the cooling rate of 50 °C/min is necessary for intracellular ice during Dunning
AT-1 tumor cells and others showed that intracellular freezing at low cooling rates.

10
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Figure 7 Schematic drawing of physical eventsin cellsduring freezing.

In cryo-ablation, rapid cooling of the order of 50 °C or more per minute, occurs only close to
a cryosurgica probe. The cooling rate at the location further away from the probe is lower. About
1 cm from the probe, the cooling rate will be about 10 to 20 °C /min, depending on the temperature of
the probe. Using freeze-substitution techniques, the high cooling rate induce intracellular ice ball
formation and he low cooling rate is responsible for cell dehydration. Figure 7 shows schematic
diagram of physical events during freezing according to the cooling rate.

5.3 Thawing Rate

Slow thawing is recognized to be a prime destructive factor. Rapid thawing increases cell
survival. The longer the duration of the thaw, the greater the damage to the cells because of increased
solute effects and maximal growth of ice crystals. The large crystals can produce mechanical
disruption of cells. Crystal grows bigger with repetition of freezing. Experiments have shown that
dow thawing isamore important mechanism of cell death than is rapid cooling.

5.4 Duration of Freezing

The optimal duration of freezing, i.e., how long the tissue should be held in the state, is not
known and different opinions about that issue exist. The duration is often not considered important,
which isaview supported by the experiments of several investigators. [8]

It is dtated that cells may die when held in the frozen date, the rate of death being greatest
when held at above —30 °C. Below that temperature, little water remains unfrozen, so duration is less
important. When the tissue is held in the frozen state at temperatures in the range of 0 to 40 °C, in
which recrystallization occurs, destruction is increased.

11



5.5 Repetition of the Freeze-thaw Cycle

The repeated cycle produces more extensive and more certain tissue destruction because the
cells are subjected to the additional deleterious physiochemical changes in passing again through
damaging thermal conditions. With each successive cycle, tissue cooling is faster, the volume of
frozen tissue is enlarged, and the border of certain destruction is moved closer to the periphery of the
frozen volume. The disruption of cellular elements and membranes in the first freeze-thaw cycle may
be responsible for the increase in therma conductivity evident in the tissue in the second cycle.
Repetition of the freeze-thaw cycle increases the resultant necrosis to an important extent, so that the
necrosis may be expected to include about 80% of the previoudy frozen volume. [8]
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Figure 8 Relation between percentage of survival and cooling rate in three types of cells. Stem cells refer to
mouse bone marrow stem cells, and hamster cells refer to hamster oocytes. RBC refers to human red blood cells.

Figure 8 shows plots between the percentage of survival and cooling rate, which appear as an
inverse Ushaped curve. With Figure § we can make sure that repetitive freeze-thaw cycles can
increase necrosis in the regions which experienced moderate cooling rate in the first freeze—thaw cycle,
because of the increased thermal conductivity caused by the first freeze-thaw cycle.

12



First Lethal temp.

Year Tissue

author Freeze-thaw protocol
Gill 1968 Rat liver Greater volume frozen
Myers 1969 Tumors, mice No recurrence(36% recur in one cycle)
Neel 1971 Sarcoma, mice —60 °Crequired
Whittaker 1975 Oral mucosa, hamster Larger intracellular ice crystals
Fraunfelder 1977  Ocular cancer, cattle Higher cure rate
Gage 1978 Palate, dog Increased destruction
Burger 1984 Cartilage, pig ear Greater destruction
Rand 1987 Mammary cancer, mice 50 °C required
Ravikumar 1991  Tumor, rat liver —-35 °C required
Dilley 1993 Sheep liver Moved necrosis close to border
Stewart 1995  Liver tumors, human Greater destruction
Mallon 1996 Skin cancer, face Better cure rate
Pogrel 1996  Skin, rat Wider destruction
Staren 1997 Breastcancer, rat Close correlation with the U.S.

Table 2 Experimental report about the effect of repeated freeze cycles. [7]

Table 2 showed experimental evidence of the increased destructive effect of repeated freeze-
thaw cycles. The enhanced letha effect of repeated freeze—thaw cycles is best seen a the warmer
freezing temperatures, i.e., in the—20 to —30 °C range, which exist near the border of the frozen tissue.
Recent clinical reports support the long-accepted practice of using repeated freezing cycles in the
treatment of cancer.

5.6 Interval between Freeze-thaw Cycles

Little attention has been given to the interval between freeze-thaw cycles, but this is dmost
surely an important factor. A longer thaw period allows time for ce crystal growth and osmotic
damage. Then prolonging the interval before the second cycle holds the tissue in a hypothermic state
for some time. The longer the interval, as the microcirculation fails, the heat brought to the area
lessens and the second freezing cycle becomes more efficient. [6]

6 APPLICATIONS

Cryo-ablation is being used in a variety of fields. Especially this technique is widely used in
ablating tumorsin liver and prostate.

6.1 Liver (Hepatic) Ablation

The liver is the most common site for metastatic spread of colorectal cancer, which accounts
for well over 50,000 deaths per year in the United States alone. The presence of metastatic disease to
the liver is a prime determinate of survival. Prognosis is inversely proportional to not only the
presence of metastases but also the number and volume of metastases. When the liver metastases
occur at the time of initial diagnosis of the primary tumor, they are described as synchronous. If it is
detected after the initial diagnosis, they are described as metachronus. The tumor cells detach from the
primary cancer, enter the blood stream or lymphatic channels, travel to the liver, and grow
independently. Potentially, the environment of the liver is suitable to the growth of certain tumor cells.

13



Cryo-ablation of the liver has proven to be a vauable tool in removing metastatic disease in
the liver. Survivd rates for patients treated with cryo-ablation are comparable to those achieved with
conventional hepatic resection, but with less associated morbidity. This technique involves the
insertion of one or more cryoprobes into the surgically exposed liver, with ultrasonographic
monitoring, and subsequent freezing of diseased tissue. Then there is a limit to the number of lesions
that can be treated at the same time. Current limit is four lesions because patients with larger numbers
of lesions have high hepatic and systemic recurrence rates.

Patients with primary or secondary malignant liver tumors and who are candidates for
resection are aso generaly amenable to cryosurgical ablation. Certain patients are particularly
appropriate for cryo-ablation.

1. patients with fewer than four lesions that are scattered in multiple segments of the liver.

2. patients with tumor in proximity to mgor hepatic vasculature where a standard surgical
margin would not be possible.

3. patients with limited hepatic reserve who would be unable to tolerate removal of large amount
of liver tissue.

During cryo-ablation, a probe circulating liquid nitrogen is placed in contact with the tumor,
causing the @lls to freeze The tumor is frozen, thawed, and refrozen until the malignant cells are
completely destroyed. This process is monitored with ultrasound in order to preserve as much nearby
healthy tissue as possible.

[nCision through the
abdornen

Cryo-probe

Farrmation of ice-ball

Figure9 An example of cryo-ablation. Notice the iceball that has formed where the probe and tumor meet.
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Figure 10 Computed tomography scans of aliver tumor before and after cryo-ablation. In the "before" image,
the arrow points to the tumor. In the "after" image, the arrow shows where the tumor has been destroyed and
only scar tissue remains.

There are severa advantages to performing hepatic ablation in a traditional open surgical
procedure. The mgjority of these benefits are derived from the direct access to the surface of the liver
that is not possible in minimally invasive surgeries. For example, it is generally accepted that more
accurate placement of ablation probes can be achieved in an open surgical procedure for two reasons.
First, the surgeon has a greater selection of probe insertion angles because there are no impeding bones
or other tissues. Secondly, the liver can be physically moved around the thoracic cavity before the
probes are placed to gain improved access to tumor locations that would otherwise be difficult to
reach. [9] Additionally, the mability of the liver alows the surgeon to prevent damage to organs and
tissues surrounding the ablation site. This is especialy important if the tumor being treated is located
near the edge of the liver.

Improved diagnostics is a second category of advantages associated with open surgical
procedures in the liver. Ultrasonic imaging devices can be applied with the transducer head located
directly on the surface of the liver. This allows more accurate imaging of the liver tissue before the
probes are placed and better intraoperative imaging results. [10]

Similarly, sometimes hepatic tumors spread to other tissues near the liver and are not detected
before the surgery begins. In an open procedure, these extrahepatic malignancies can be visualy
diagnosed and the surgery terminated (because in the presence of extrahepatic disease, completing the
ablation will not improve the patient’ s condition).

Lastly, there are a number of intraoperative procedures that often accompany ablative
therapies that can only or more easily be delivered in an open surgical procedure. For example,
bleeding of the parenchymal cells of the liver is acommon side effect of hepatic ablation, especidly in
the case of cryotherapy. [9] This intraoperative bleeding is more easily managed and controlled and
thus less dangerous to the patient in an open surgical environment.

15



Figure 11 An open cryosurgical procedure. The T-shaped ultrasound transducer is placed directly on the surface
of theliver as shown, increasing the accuracy of the intraoperative imaging. [9]

Additionally, during open surgery the surgeon can utilize the Pringle maneuver to increase
lesion size near magjor blood vessels. [10] Tumors located near the bile duct are often difficult to ablate
because of the potential to damage this tubular structure (which is not protected by perfusion like
blood vessels) with the applied energy. This problem can be ameliorated by perfusing chilled saline
through the bile duct; this creates a heat sink effect that carries energy away from the duct walls,
protecting them from the extreme temperatures associated with the various alative herapies. [11]
This is another example of a possible complication of hepatic ablation that can be better addressed in
an open surgical environment.

6.2 Prostate Ablation

The prostate Cancer is a malignant growth of cells of the prostate. Prostate cancer is the most
commonly and the deadliest diagnosed cancer in US. Recent figures from a study conducted by the
American Cancer Society suggest that aimost 220,900 cases of Prostate Cancer would be diagnosed in
the year 2003. About 28,900 men would lose their lives owing to lack of treatment or due to the
complicacies of the surgery.

According to American cancer society prostate cancer accounts for about 10% of male cancer-
related deaths. One man in six will be diagnosed with prostate cancer during hislifetime. Asin case of
BPH or Adenoma Prostate the prostate cancers are aso seen mostly after 40 years of age. But, unlike
BPH in prostate cancer basicaly the prostate tissue is involved rather than the glandular structures.
Because of this, cancer may develop in anormal, enlarged or operated prostate. Similarly, both cancer
and adenoma may exist together in the same praostate.

16



Before performing cryosurgery of the prostate it is important to know the extent of tumor in
the gland and the location of the tumor. Multiple spatially located prostate biopsies generdly give the
cryosurgeon an idea of which quadrants of the prostate must be covered well in the freezing process.
The patient requires a general anesthetic and is placed on a warming blanket with air pillowsto help
control systemic hypothermia.

The next procedure isto insert atrocar needle (e.g. 18-gage 22 mm) into the bladder followed
by inserting a small guide wire through the needle and coiled in the bladder. A dilator, along with a
drainage catheter, is then inserted into the bladder. The bladder becomes distended. This enhances the
ultrasonic contrast at the bladder. A urethral warming device is then passed over the wire into the
bladder and the wire is removed.
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Figure 12 System for prostate cryoablation. (a) The needle trocar and the guide wire are first i nserted into the

body. (b) The cryoprobe.

Once the proper sites for placements of the probes have been determined, the cryosurgeon
places the probes so that the cylinders of frozen tissue overlap and freeze the entire prostate volume
without injuring the surrounding structures, such as the rectum, bladder trigone, intramura ureter and
the urogenital diaphragm. Next, a Jwire is inserted through the needle into the prostate (see figure
12(a)). The needles are then withdrawn from the prostate, leaving the Jwires in place. Then, the
sheaths are advanced into the prostate at the proper locations. Finally, the cryoprobes are inserted. The
probes are then activated by circulating the liquid nitrogen at a slow flow rate to lower the tip
temperature to -70°C (referred to as sticking the probe), which causes the probe to bond to the prostate
tissue. Once all the probes are stuck in place, the actua freezing process begins, usualy from anterior
to posterior locations. [2]

Although there may be dight differences among different operating procedures, the basic
technique consists of three components:

1) The placement of 3 mm diameter cryoprobes through the skin between the base of the scrotum
and the anus (i.e. the perineum) directly into the prostate itself. The cryoprobes are specially designed
to conduct a continuous flow of aliquid nitrogen slush to the tip. This produces very cold temperatures
very rapidly, freezing the prostatic tissue in an expanding or spherical fashion around each probe.
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2) The use of transrectal ultrasound (TRUS) to monitor the freezing process. TRUS is used in
real time throughout the procedure (i.e. continuously, without waiting for xray views or films to
develop), and this enables the surgeon to direct the probes precisely into the desired areas of the
prostate. In addition, TRUS clearly delineates the leading edge of the ice balls forming in the prostate
during the procedure, allowing the surgeon to accurately limit the extent of the ice ball's growth, and
thereby minimize any freezing damage to structures which are close to or surround the prostate, such
as the rectum or the externa urinary sphincter.

3) The use of urethra warming devices. The tube running through the penis from the prostate
which urine normally goes through is called the urethra. Because TRUS can only see the edge of the
ice ball as it forms, but not through the ice ball, sometimes the urethral lining of the prostate can be
destroyed by cryosurgery along with the surrounding prostatic tissue. When this occurs, the dead, or
necrotic tissue which is produced by the procedure can fall off into the bladder and bladder neck,
causing difficulty in emptying the bladder during attempts at urination. This is called urethral
doughing. By keeping the prostatic urethra warm (usualy via circulating sterile salt water
continuoudly at 40 degress C through a catheter placed in the urethra) during cryosurgery, the rates of
urethral sloughing can be kept low. The rates of sloughing clearly will be higher if warming devices
arenot used.

While the mechanisms of how cryosurgery destroys cells are still being investigated, available
evidence suggests that severa processes contribute together. First, the creation of intracellular ice is
lethal to nearly al cells. Rapid temperature loss enhances the formation of intracellular ice. Secondly,
asiceformsaround a cell, the free water inside the cell is drawn off, shrinking the cell and collapsing
many of the walls or membranes inside the cell, releasing proteins or chemicals which can be toxic.
Finaly, as ice which surrounds shrunken cells begins to thaw, large amounts of free water produced
by the thawing ice will rush back inside the cells, causing them to burst. Thus, it is believed by some
that the physical features of cryosurgery which are most important in producing extensive cell
destruction include rapid freezing to very low (=195 °C) temperatures, and a dow thawing.

The cryosurgica device utilized has eight cryoprobe ports and an integrated temperature
monitoring system which includes eight thermocouple sockets [3] The cryogen employed is argon,
which produces a base temperature of —155 °C as measured at the cryoprobe tip. Imaging before and
during the procedure is achieved through the use of a high resolution, biplane transrectal ultrasound
probe. Cancer stage as well as gland volume are evaluated prior to the procedure, and preoperative
androgen ablation therapy is undertaken in some cases to reduce gland volume. The placement of the
3.4 mm OD cryoprobes are tailored to the size and shape of the individua prostate gland.

A urethal warming catheter protects the urethra, bladder neck, and external sphincter from
lethal ice. Multiple 18 gauge thermocouples are employed at strategic points around the margin of the
gland to confirm that lethal temperatures (£ — 40 °C) have been achieved. Temperature monitoring in
addition to ultrasound monitoring is critical due to three mgjor limitations associated with ultrasound.
Firgt, ultrasound waves bounce off of the iceball, thus, only the outer edge of the ice is visuaized
(Thisis known as acoustic shadowing). Second, refraction of the ultrasound waves off of the iceball
surface cause the freeze zone to appear larger than it actualy is. Findly, lethal temperatures are
achieved somewhere within the icebal and this "kill zone" can only be confirmed with temperature
monitoring.
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A double freeze cycle is employed to optimize the mechanism of cell death by freezing. The
combination of thermocouples and real-time procedura ultrasound enables confirmation of complete
ablation of the gland while ensuring that surrounding structures such as the rectal wall, urinary bladder
and intestines are not damaged by theice.

Figure 13 (a) Intraoperative ultrasound image of the prostate prior to cryo-ablation
(b) Intraoperative ultrasound image with argon probes placed at target sites.
(c) Intraoperative ultrasound image during Targeted Ablation shows real-time visualization of the ablation zone.

7 ADVANTAGESAND LIMITATIONS of CRYO —ABLATION

Advantages of cryo-ablation are:

1. destruction of nonresectable tissues : cryo-ablation is able to destroy irregular tissue surfaces
that are not resectable, such asin prostate cancer;

2. tissue sparing : the cryoprobe can be placed within the lesion and the lesion destroyed with
minimal loss of surrounding tissue;

3. vessal sparing : large vessals retain the integrity of their elastic walls when frozen, and
continue to function as blood conduits without showing evidence of blood clot, aneurysm
formation or rupture;

4. nerve regeneration : since cryo-ablation does not completely denature proteins as does heating,
peripheral nerves undergo axonal degeneration when frozen, but the nerve sheaths are left
intact, permitting nerve regeneration of the axon through an unobstructed path. This
phenomenon can be used to advantage in curing tumors of the pelvis or etremities, and
prostate cancer;

5. relaively large freezing area for a given size of cryoprobe : for newer cryosurgica
instruments, a 35 mm diameter ice ball can be created with asingle 3 mm probe;

6. predictable geometry : the shapes of the lesion can be spherical or cylindrical, depending on
the active freezing length of the probe.

7. easy monitoring of ice ball margin .

8. successful ablation of tumors around the large blood vessel.
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Some of thegeneral disadvantages of cryo-ablation include:

inaccurate temperature monitoring inside the ice ball

delivery systemsare bulky;
large size and inflexible probe, compared to RF ablation systems.

high complication rates depending on the ablation tissue

A owbdpRE

Especidly in case of hepatic cryosurgery, patients were reported to die due to hepatic failure

during the procedure. However, the potentially significant complications are generally no worse than
those of resection and overall, are associated with significantly less morbidity. [11] Since very small
amount of liquid cryogens can produce large amount of gas, the users should follow manufacturers
safety guidelines when handling these materials. Cryogenic gases are capable of displacing air
necessary for respiration and causing asphyxiation. Clinicians should never allow any unprotected part
of the body to touch uninsulated pipes or vessels that contain cryogenic fluids.
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