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Since the inception of cryosurgery in the 1850s, landmark advances in
chemistry, physics, materials science, and biology have culminated in the
sophisticated cryosurgical devices currently in use. Effective cryosurgical
tissue injury depends on four criteria: 1) excellent monitoring of the process;
2) fast cooling to a lethal temperature; 3) slow thawing; and 4) repetition
of the freeze-thaw cycle. Meeting these criteria depends on understanding
the imaging technology used to visualize the iceball, the type of cryogen
used, the size of the probe, and probe arrangement. Third-generation cryosur-
gical equipment offers advantages over previous designs. These machines rely
on argon for freezing but also use helium to warm probes and accelerate the
treatment process, and they offer additional safety by being able to rapidly
arrest iceball formation. Metallurgic advances have led to the development
of thinner probes, which have been easily adapted to perineal templates
similar to those used for prostate brachytherapy.
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used local applications of salt solutions containing crushed ice to treat
advanced cancers in accessible sites, such as the breast and the uterine
cervix. Since then, landmark advances in chemistry, physics, materials science,
and biology have culminated in the sophisticated cryosurgical devices currently

C ancer cryosurgery began in England in the 1850s, when James Arnott'
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in use. In this article, we will review
the remarkable evolution of cryother-
apy applications in human cancer,
with a specific emphasis on prostate
cancer, and discuss the fundamentals
of cryobiology necessary for the
understanding and practice of mod-
ern cryotherapy.

The Evolution and Development

of Cryotherapy

James Arnott’s salt solutions reached
temperatures of -18°C to -24°C and
were adequate to freeze tumors, with
resultant diminution in size, reduc-
tion in drainage, and amelioration of
pain. Arnott wrote that “congelation
arresting the accompanying inflam-
mation, and destroying the vitality
of the cancer cell, is not only calcu-

Fay,” a neurosurgeon in Philadelphia,
between 1936 and 1940. Fay used
local and general refrigeration tech-
niques to treat large inoperable can-
cers of the uterine cervix and breast
with irrigations of refrigerated cold
solutions and applications of ice
packs. He also used implanted metal
capsules connected to an external
cold irrigation system in brain tumors.
As Arnott had described nearly 90
years earlier, the result was reduction
in tumor size and amelioration of
pain symptoms.

After World War II, liquid nitrogen
(-196°C) became commercially avail-
able. In 1950, Allington® introduced
this cryogen into clinical practice by
the technique of using cotton swabs
dipped in liquid nitrogen to treat a

By the end of the 19th century, both liquid air and solid carbon dioxide
were available for therapeutic use on localized malignancies.

lated to prolong life for a great peri-
od, but may, not improbably, in the
early stage of the disease, exert a
curative action.”

A quarter-century later, the tech-
nology necessary to compress and
liquify atmospheric gases was devel-
oped, making the achievement of
extremely low temperatures possible.
Oxygen was first liquefied in small
quantities, until the English scientist
James Dewar developed a vacuum
flask to store liquefied gases in 1892.
The term “cryogen” came into use,
and by the end of the 19th century,
both liquid air and solid carbon
dioxide were available for therapeu-
tic use on localized malignancies.

The use of freezing techniques to
treat deep-seated malignancies did
not evolve rapidly after the discovery
of liquified gases, although their use
in a variety of dermatologic condi-
tions became common. A notable
exception was the work of Temple

variety of nonneoplastic and neo-
plastic skin diseases. Liquid nitrogen
applied with a cotton swab soon
became a common practice for the
treatment of verrucae, keratoses, and
diverse nonneoplastic lesions. How-
ever, its use for skin tumors was not
common because the swab technique
produced only superficial freezing.
To address the problem of insuffi-
cient depth of tissue freezing, physi-
cians began using solid copper
cylinder discs, cooled by immersion
in liquid nitrogen before application
to the skin.* The copper cylinders had
much superior thermal capacity and
heat exchange characteristics com-
pared with the cotton applicators, and
with exertion of pressure on the
lesion to minimize blood flow, they
could be used to limit the “heat sink”
effect. These approaches allowed the
doubling of the depth of tissue destruc-
tion from 1 to 2 mm to 4 to 5 mm.
Nonetheless, freezing large volumes of
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tumor tissue still was not feasible.

The development of modern cryo-
surgery was based on experiments in
the late 1940s and early 1950s, in
which focal tissue destruction was
produced by freezing and studied at
the pathophysiologic level. Hass and
Taylor*® described a technique produc-
ing sharply defined and uniformly
necrotic lesions 2 to 3 cm in diameter
in the brain, heart, liver, and kidneys,
using an apparatus cooled by pressur-
ized carbon dioxide. Importantly to
modern cryotherapy, they observed
that cryotherapy was associated with
a lack of suppuration or sequestra-
tion and had a slow, uncomplicated
healing process.

The introduction of an automated
cryosurgical apparatus cooled by lig-
uid nitrogen by Cooper and Lee® in
1961 was the next stage in the evo-
lution of cryosurgery. When applied
to the tumor, the probe made the
continuous and rapid extraction of
heat possible, resulting in freezing in
situ. Cooper, a neurosurgeon in New
York City, designed the apparatus to
produce a cryogenic lesion in the
brain for the treatment of Parkinson’s
disease.” Importantly, Cooper modified
his original 3-mm probes by adding a
heating element to facilitate release
from the tissue after freezing.

Prostate cryosurgery followed in
the mid 1960s, when Gonder and col-
leagues®® developed a modified appa-
ratus and probes suitable for the
transurethral freezing of prostatic
tissue. These investigators also carried
out animal experiments leading to
the clinical use of cryosurgery for
both benign prostatic hypertrophy
and prostatic cancer. These reports
stimulated significant interest among
the members of the urologic commu-
nity, and extensive experience with
prostatic cryosurgery followed,*"
including a perineal approach to the
gland by Flocks and coworkers in
1972.* It is important to note that this
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perineal approach included an open
exposure of the prostate.

Although liquid nitrogen had
become the most common cryogen
for use in the treatment of intra-
abdominal tumors, a new approach
to cryogenic therapy was emerging.
This fundamental advance involved
the application of the Joule-Thomson
effect and, as will be described
below, was vital to the evolution of
the latest generation of prostate
cryotherapy units. In his initial exper-
iments, Torre" used an experimental
argon gas system (argon gas under a
pressure of 1000 to 2500 pounds per
square inch), which could deliver tem-
peratures as cold as -185°C via the
Joule-Thomson effect. The Joule-
Thomson effect was named in honor
of James Joule and William Thomson
(Thomson is better known as Lord
Kelvin), who discovered the effect in
the 1850s by performing a set of
careful experiments along with a
detailed theoretical analysis. When a
gas is expanded through a pinhole
valve, its temperature might decrease.
Controlling this effect was the cor-
nerstone upon which many common-
place appliances used today were
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Figure 1. Diagrammatic representation of the application of the Joule-Thomson effect for both freezing and thawing
target tissue in cryotherapy with the SeedNet™ Cryotherapy System, (Oncura, Inc., Plymouth Meeting, PA). Figure

courtesy of Oncura, Inc.

are two major classes of so-called
intermolecular interactions: attractive
(sticking marmalade) and repulsive
(pushing rubber) interactions. Seen
from the outside of the gas container,
the attractive interactions lead to a
more stable gas. One would have to
put in energy to stop the attractive
interactions, because the gas itself has
a lower internal energy. Conversely,

In his initial experiments, Torre used an experimental argon gas system,
which could deliver temperatures as cold as -185°C via the Joule-

Thomson effect.

developed, such as the air condition-
er, the refrigerator, and modern med-
ical cryotherapy devices.

The fundamental reasons for this
effect are as follows. The atoms or
molecules that make up a gas are not
like miniature snooker balls but in
fact interact with each other. There
are two primary types of interac-
tions. In some gases, such as argon,
the gas atoms stick to each other,
whereas in others, such as helium,
they repel each other. Hence, there

to stop the repulsive interactions,
one would have to take energy away
from the molecules, because the gas
itself has a high internal energy.
Under normal circumstances, the
attractive interactions are by far the
most dominant. Hence, a gas packed
into a small volume at high pressure
will be subject to many attractive
interactions, or, in other words, have
a relatively low internal energy.
When it is released into a big volume
at a lower pressure (as experienced at

the tip of the cryoneedle for example)
the particles will be subject to less
interaction, or have a higher internal
energy. This transition from a low
internal energy state to a high inter-
nal energy state consumes energy,
draining it from the environment.
This is perceived as a drop in tem-
perature. Importantly, a few gases,
such as helium, show the opposite
behavior, heating up under expansion.
The repulsive forces in helium and
hydrogen outweigh the sticking forces,
resulting in heating instead of cool-
ing, as described for the other gases.
In cryotherapy, the application of
this principle with gases with differ-
ent Joule-Thomson behaviors offers
the opportunity to clinically freeze or
thaw tissues (Figure 1).

The 1970s was an era of reappraisal
for cryotherapy, and some uses of
cryosurgery fell into disfavor. Among
these was the use of cryosurgery for
prostatic disease, both benign and
malignant, which became disused
because of the prolonged catheter
drainage required after operation,
the high incidence of complications,
such as prostatic rectal fistulas, and
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Figure 2. (A) Graphic representation of iceball temperature as a function of time after initiation (I) and termination
(T) of therapy with CRYOcare™ (Endocare, Inc., Irvine, CA), an argon-based Joule-Thomson effect cryoprobe. Figure
courtesy of Endocare. (B) Cryoprobe designs: liquid nitrogen 5-mm probe (i); Argon Joule-Thomson effect 3-mm probe
(ii); Argon Joule-Thomson effect 1.5-mm (17G) probe (iii); and prostate biopsy needle (iv). (C) CRYOcare Cryotherapy

System; (D) SeedNet Cryotherapy System.

the emergence of transurethral resec-
tion for benign disease. Nevertheless,
interest in cryotherapy for prostatic
cancer persisted because of the poten-
tial benefits, possibly including a
favorable immunologic response, as
suggested by remission of metastat-
ic cancer after tumor therapy.'"”
Sporadic reports on the use of cryo-
surgery for prostatic cancer were pub-
lished from the few medical centers
that could demonstrate a favorable
survival rate compared with other
therapy.'®"

In a way very reminiscent of the
resurgence of brachytherapy, interest
in prostate cryosurgery was renewed
after the development of transrectal
ultrasound in the 1990s. The tech-
nique, initially described by Onik and
colleagues,”” had the potential to
limit adjacent organ damage and thus
minimize the major complications of
prostatic rectal fistula and urinary

incontinence. In addition, ultrasound-
guided placement of the cryoprobe
into the prostate allowed percutaneous
perineal placement. With knowledge
of the geometry of the ensuing ice-
ball, exact placement could be carried
out, resulting in complete freezing of
the organ.

that urethral warming was beneficial
in reducing morbidity from this pro-
cedure, and its use was widely
adopted. Subsequent generations of
machines, in which compressed argon
gas and the Joule-Thomson effect
were used, resolved the problem of
rapid arrest of the cooling process
that had previously been a factor
leading to adjacent organ damage
and subsequent complications. The
use of compressed argon gas offered
many advantages over liquid nitro-
gen: 1) temperatures are equivalent
to those of liquid nitrogen (Figure
2A); 2) the freezing process can start
and stop almost instantaneously
(Figure 2A); 3) argon is easily stored
without evaporation and is ready for
immediate use; 4) cryotherapy control
and monitoring units and associated
tubing for argon are much smaller
than first-generation units (Figure 2B);
and 5) cryotherapy machines are much
smaller than liquid nitrogen units,
thus allowing for easy transport from
room to room or facility to facility
(Figure 2C, D).

Currently available equipment
offered several potential advantages
compared with previous designs.
Although these machines relied on the
Joule-Thomson effect of argon gas for
their freezing, they also used helium
gas and its reverse Joule-Thomson

In the 1990s, improvements in cryosurgical apparatus and accessories
led to greater precision of therapy and mitigation of complications.

In the 1990s, improvements in
cryosurgical apparatus and acces-
sories led to greater precision of ther-
apy and mitigation of complications.
The first-generation machines includ-
ed vacuum-insulated probes of smaller
diameter, cooled by liquid nitrogen.*
These probes could be used percuta-
neously in the treatment of prostate
cancer. In addition, it was determined
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effect to warm the probes and there-
fore accelerate the treatment process
(Figure 2C, D). They also offered addi-
tional safety by being able to rapidly
arrest iceball formation (Figure 2A).
In addition, metallurgic advances
led to the development of 17-gauge
needles (Figure 3), which were
easily adapted to perineal templates
similar to those used for prostate
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Figure 3. Cryotherapy with 17-gauge cryoprobes is similar to that of brachytherapy (radioactive seed implantation). An insertion template similar to that used in brachytherapy is
placed against the perineum. With transrectal ultrasound and template guidance, 17-gauge cryoprobes (CryoNeedles™, Oncura, Inc., Plymouth Meeting, PA) are inserted
through the perineum into the prostate. Argon gas circulating through these needles (Figure 1) generates a very low temperature, causing the formation of ice. With transrectal
ultrasound monitoring, iceballs fuse (Figure 7) to create a frozen region that conforms to the size and shape of the prostate. TRUS, transrectal ultrasound.

brachytherapy (Figure 3). Since the
resurgence of prostate brachythera-
py, many urologists have become
familiar with this technique, and the
similarities between brachytherapy
and third-generation cryotherapy
instrumentation might facilitate the
adoption of this technique in appro-
priately selected patients.

Cryobiology

The science of cryobiology began with
the study of cryopreservation and
experimental and clinical work on
patients with frostbite.”** Subse-
quently, Cooper* concluded that
temperatures of -20°C held for 1
minute would cause tissue necrosis.
During the 1960s and 1970s, the

importance of rapid freezing, slow
thawing, and repetition of the freeze-
thaw cycle was recognized in the
study of cryosurgical injury.?

The destructive effects of cryo-
surgery can be grouped into two
major mechanisms: cellular injury
and vascular injury (Figure 4).
Cellular injury is mainly immediate,

Figure 4. Diagrammatic representation of the pathways of freezing-based direct cell injury and those of vascular injury. RBC, red blood cells; WBC, white blood cells. Reproduced
with permission from Hoffmann NE, Bischof JC. The cryobiology of cryosurgical injury. Urology. 2002;60(2 suppl 1):40-49.
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and vascular injury is largely delayed.
Cellular injury results from the dele-
terious effect of the cooling and warm-
ing cycles. Vascular injury, slower to
take effect, results from the progres-
sive failure of the microcirculation,
ultimate vascular stasis, and subse-
quent necrosis. Although the relative
importance of these two mechanisms
is debated, the pragmatic approach
for the clinician is to attempt to
maximize the effects of both cellular
and vascular damage to destroy a
predetermined volume of tissue with
the highest degree of certainty. These
two mechanisms of injury are dis-
cussed below, with particular emphasis
on the biology relevant to the prac-
ticing clinician.

Direct Cell Injury

The damaging effects of low temper-
ature on cells begin gradually as
temperature drops. Cell metabolism
and structure are altered along with
their constituent proteins and lipids.
In fact, if continued for a sufficient-
ly long time, cell death might result,
even without exposure to freezing
temperatures.”**

As the temperature falls to less
than 0°C, water crystallizes. This
results in more significant damage
than with mere prolonged cooling.
Crystal formation first occurs in the
extracellular spaces, which withdraws
water from the system and creates a
hyperosmotic extracellular environ-
ment. This in turn draws water from
the cells (Figure 5). Effective “cellular
dehydration” occurs predominantly
between 0°C and -20°C. Given enough
time in this dehydrated state, the
increased intracellular electrolyte con-
centration is often sufficient to destroy
the cells.

However, in some cases the delete-
rious effects of cell dehydration and
solute concentration, which is some-
times called solution-effect injury,
might not be lethal to cells. In these

Figure 5. Direct cell injury
from freezing. As the tempera-
ture falls to below 0°C, water
crystallizes, which results in
more damage than from mere
prolonged cooling. Crystal for-
mation first occurs in the extra-
cellular spaces, which withdraws
water from the system and cre-
ates a hyperosmotic extracellu-
lar environment. This in turn
draws water from the cells.
Effective “cellular dehydration”
occurs predominantly between
0°C and -20°C. Given enough
time in this dehydrated state,
the increased intracellular elec-
trolyte concentration is often
sufficient to destroy the cells.
Many cells might contain ice
crystals by -15°C, but for intra-
cellular ice formation to be cer-
tain, the temperature needs to
drop to below -40°C.

situations, the formation of intracel-
lular ice, which begins at tempera-
tures below -20°C, is almost always
lethal.”**=* Many cells might contain
ice crystals by -15°C, but to be cer-
tain of intracellular ice formation the
temperature needs to drop to less than
-40°C.” From the clinical perspective,
it is important to note that intracel-
lular ice crystal formation is more
efficient at rapid cooling rates; slower
rates of cooling will result in cellular
dehydration as described above. Rapid
cooling does not allow time for water
to leave the cells and therefore keeps
their solute freezing point higher. In
this situation, the solution-effect injury
is secondary to the results of intra-
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cellular ice crystal formation. It is
important to note that regardless of
whether the ice is extracellular or
intracellular, water is removed from
the biologic system, thus resulting in
cellular desiccation.

During thawing, ice crystals fuse to
form larger crystals, a process called
recrystallization, which occurs at
temperatures warmer than -40°C. In
tissues with closely packed cells, these
large crystals are disruptive to cell
membranes and cause additional cell
damage. As the ice melts, the extra-
cellular environment becomes hypo-
tonic. This occurs because extracellular
ice formation occurs first, resulting
in intracellular water being drawn
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out to compensate for the effective
dehydration of the extracellular space.
Therefore, upon thawing of the ice,
more free water will exist outside the
cells. This will enter the damaged
cells, and the subsequent increase in
cell volume might lead to cell mem-
brane rupture.

Vascular Injury

Loss of circulation resulting in cellu-
lar anoxia and hypoxia is considered
the main mechanism of injury in
cryosurgery. Several in vivo studies
have shown that upon thawing of
frozen tissue, circulatory stasis devel-
ops rapidly. A sequence of events in
the circulation during cryosurgical

Parameters of the Freeze-Thaw

Cycle That Affect Tissue Destruction
During Cryotherapy

Extensive investigation over the past
40 years suggests that the degree of
cryosurgical tissue injury is a function
of four different parameters: 1) tem-
perature produced in the tissue; 2)
cooling rate; 3) warming or thaw rate;
and 4) repeated freezing. These param-
eters are under a certain degree of con-
trol by the treating physician and can
be optimized by the engineering of
the cryosurgical devices.

Effective tumor cryosurgery requires
achieving a temperature lethal for all
cells throughout the tumor. Although
tissue temperature is easy to measure,

Cancer cells seem to be more sensitive to freezing injury than normal cells.

treatment results in vascular stasis.
Most experimental data have been
obtained by the use of transillumi-
nated tissues, such as the mesentery
and the cheek pouches of hamsters,***
to demonstrate that vascular changes
can be seen at temperatures as warm
as —20°C.”*? During the initial freeze
cycle, the tissue responds with vaso-
constriction, with a resultant decrease
in blood flow that eventually ceases
when freezing is complete. During
thawing, the circulation returns with
a compensatory vasodilatation. How-
ever, the endothelial damage from
cryotherapy results in increased per-
meability of the capillary walls, edema,
platelet aggregation, and microthrom-
bus formation. Progressive circulatory
stagnation results over the ensuing
hours. Many small blood vessels
become completely thrombosed 3 to
4 hours after thawing. Larger arteri-
oles might remain open for up to 24
hours.” Together, these effects culmi-
nate in tissue necrosis, except at the
periphery of the previously frozen
volume of tissue.

a degree of uncertainty still exists
regarding appropriate tissue temper-
ature goals, owing to different cellular
and tissue sensitivities to extremely
low temperature. For example, most
of the available data on tissue effects
in cryosurgery are based on work
with normal tissues, such as liver. In
contrast, cancer cells seem to be more
sensitive to freezing injury than nor-
mal cells. However, there are docu-
mented differences in the sensitivity
of malignant cells to low tempera-
tures, with some being resistant to
injury at temperatures as low as
-40°C.»** Given the data from many
in vivo experiments, there is reason
to consider the range of -40°C to
-50°C as being critical for cell death
in vivo after a single freeze-thaw
cycle. This is primarily because of
the certainty of intracellular ice for-
mation occurring at temperatures
below -40°C. For example, posttreat-
ment viability of rat prostate tumor
tissue was maximal at freeze rates
greater than 10°C/min (see below)
to final temperatures below -40°C.

In these experiments, the endpoint
temperature of less than -40°C was
the major factor determining tissue
destruction.*"*

The optimal duration for tissue to
be held in the frozen state is a matter
of some debate. The primary reason
for this uncertainty is perhaps that
the numerous reported experiments
have examined many different tem-
peratures. Taking into consideration
much of the evidence, it would seem
that duration of the freeze is unim-
portant if the tissue is held at temper-
atures below -50°C, whereas holding
frozen tissue at temperatures above
-40°C for longer times will increase
tissue destruction.

In most cases, rapid tissue cooling
has been shown to be more destruc-
tive than slow cooling.®* For this
reason, the “rule of thumb” in
cryosurgery is to obtain as high a
cooling rate as possible with the
available technology. However, a
review of the published data shows
that a wide range of cooling rates are
associated with the formation of
lethal intracellular ice crystals. These
have varied between 50°C/min* in
prostate tumors to 22°C/min* in
experiments with liver slices. From a
practical point of view, in cryosurgery
rapid freezing (> 50°C/min) only
occurs close to the cryosurgical
probe. At approximately 1 cm from
the probe, the cooling rate might
be as low as 10°C/min, depending
on the temperature of the probe.
Cooling rates of 10°C/min are not
likely to form a significant volume of
intracellular ice.* Experimental work
in this area, however, supports the
view that the cooling rate is not the
primary factor determining cell sur-
vival after cryotherapy.®

Slow thawing is an important fac-
tor in tissue destruction after
cryotherapy. The longer the thaw
duration, the greater the damage to
the cells because of increased solute
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effects and maximal growth of ice
crystals.** Current data suggest that
slow thawing is a more important
mechanism of cell death than rapid
cooling.*** In addition, complete
thawing, which takes full advantage
of recrystallization, is the most
destructive.

Initial reports on clinical cryo-
surgery for cancer emphasized
repeating the freezing to optimize
results.”?”*! Repetition of the treat-
ment cycle is associated with more
extensive and more certain tissue
destruction, because cells are subject-
ed to additional deleterious physico-
chemical changes after they are
already weakened by damage sus-
tained in the first cycle. In addition,
the intracellular ice crystals are larger
in the second freezing cycle,”” poten-
tially causing more damage. With each
successive cycle, tissue cooling is
faster, the volume of frozen tissue is
enlarged, and the area of certain
destruction is moved closer to the
periphery of the frozen volume.
Repetition of the cycle increases the
resultant necrosis. Necrosis might be
expected to involve approximately
80% of the previously frozen vol-
ume.” Because ultrasound, the key
monitoring tool, can only identify

Figure 6. Transrectal ultrasound images during prostate cryotherapy with the SeedNet Cryotherapy System.
(A) Images before initiation of argon flow. (B) Images after the prostate is engulfed by the iceball. (C) Diagrammatic
approximation representing the probable tissue volumes at different temperatures. The “kill volume” -40°C isotherm
is only a cartoon approximation. See text and Figure 7 for further details.

range, which exists near the border
of the frozen tissue.”*” In the rela-
tively few scenarios in which the
whole tumor and rim of normal tis-
sue can be cooled to temperatures
below -50°C, the temperature is suf-
ficiently low to destroy tissue in a

With each successive cycle, tissue cooling is faster, the volume of frozen
tissue is enlarged, and the area of certain destruction is moved closer to

the periphery of the frozen volume.

the periphery of the frozen volume, a
close association between the zone
of certain destruction and the periph-
ery of the frozen volume is a distinct
advantage in therapy.

The fundamental reason for the
association of repeat cycles and an
increased volume of certain destruc-
tion is that the enhanced lethal effect
is best seen at the warmer freezing
temperatures, in the -20°C to -30°C

single freeze-thaw cycle, so there is
no benefit associated with repetition
of the cycle.”**

Treatment Monitoring, Cryogen

Type, Probe Size, and Probe
Arrangement

As discussed above, the basic features
of cryosurgical tissue destruction
include: 1) excellent monitoring of
the process; 2) fast cooling to a lethal
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temperature; 3) slow thawing; and
4) repetition of the freeze-thaw cycle.
Meeting these basic criteria depends
on understanding the imaging tech-
nology used to visualize the iceball,
the type of cryogen used, the size of
the probe, and probe arrangement.
The use of intraoperative ultrasound
as a monitoring technique made the
current development of visceral cryo-
surgery possible. However, ultrasound
has limitations that must be under-
stood for this instrument to be used
appropriately.”**¢ For example, the
ultrasound image does not provide
information on the temperature
isotherms in the frozen area. Therefore,
when ultrasound is used to monitor
cryotherapy, the tissue destroyed will
not correspond to the ultrasound
image but instead will be 4 mm to
10 mm away from the edge of the
hypoechoic image® (Figures 6 and 7).
This concept and its relationship to
probe arrangement and size will be
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discussed in more detail below.
Computed tomography and magnetic
resonance imaging can also be used
to image frozen tissue.®~

Summary

The choice of cryogen is clearly impor-
tant. This has been demonstrated
throughout the historic development
of cryotherapy, with an increasing
efficiency of tumor destruction as
cryogens were developed that allowed
lower and lower tissue temperatures.
The coldest cryogen currently used is
liquid nitrogen (-196°C). Despite its
excellent thermal characteristics, the
use of liquid nitrogen is associated
with several disadvantages. First,
it requires relatively large probes,
with diameters greater than 3.5 mm.
Second, storage is difficult and is
associated with evaporation, result-
ing in material loss. Third, control of
the freezing process, including start-
ing and stopping, is slower than with
newer technologies. Last, equipment
is large, which affects mobility and
easy storage. Owing to the limita-
tions of liquid nitrogen, newer cryo-

Kill volume
(-40° Q)

Affected
volume
(seen by
imaging)

20 mm

28 mm

40 mm

Y

-
=€

Large (3-5-mm) probe
Location: center of tumor (1 probe)
Effective destruction (-40°C): 20 mm
Affected zone: 10 mm around tumor

Small diameter (1.47-mm/17-G) probe
Location: triangular structure (probes)
Effective destruction (-40°C): 20 mm
Affected zone: 4 mm around tumor

Figure 7. Temperature profiles generated in a gelatin phantom with 3-mm and 1.5-mm (17G) cryoprobes with single
and multiple probe arrangements. Figure adapted from data and diagrams provided by Oncura, Inc. (www.oncura.com).

surgical equipment uses argon in a
Joule-Thomson-type apparatus. This
cryogen freezes quickly and achieves
temperatures nearly as low as those
achieved with liquid nitrogen.*®™ The
probe size can be reduced, with

potential benefits, such as reduction
in nonlethal damage within an ice-
ball, as discussed in more detail
below (Figure 7), and less risk of
bleeding when probes are inserted in
vascular organs, such as the kidney.

Main Points

e Successful cryosurgical tissue destruction depends on four criteria: excellent monitoring of the process; fast cooling to a lethal
temperature; slow thawing; and repetition of the freeze-thaw cycle.

e Data from many in vivo experiments indicate the range of -40°C to -50°C as being critical for cell death in vivo after a single
freeze-thaw cycle.

e The “rule of thumb” in cryosurgery is to obtain as high a cooling rate as possible with the available technology.

e The longer the thaw duration, the greater the damage to the cells; current data suggest that slow thawing is a more important
mechanism of cell death than rapid cooling.

e Repetition of the treatment cycle is associated with more extensive and more certain tissue destruction, because cells are sub-
jected to additional deleterious physicochemical changes after they are already weakened by damage sustained in the first cycle.

e Technological advances in probe design and manufacturing have allowed the adoption of argon as the primary cryogen for most
urologic procedures, and a progressive decrease in probe diameter has been concurrent with this development. Currently, the
thinnest probes are only 17-gauge, comparable to a prostate biopsy needle, and thus allow great flexibility in covering organs
or tumors of various shapes.

e Compressed argon gas for cryotherapy offers many advantages over liquid nitrogen: temperatures are equivalent to those of liquid
nitrogen; the freezing process can be started and stopped almost instantaneously; argon is easily stored without evaporation and
is ready for immediate use; and cryotherapy control and monitoring units and associated tubing for argon are much smaller and
thus are easily transported from room to room or facility to facility.
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In cryosurgery, the probe is always
used as cold as possible, because a
large thermal gradient is needed to
freeze a volume of tissue as quickly
as possible to achieve a lethal tem-
perature some distance from the heat
sink. The only exception to this is
seen with the use of multiple probes,
which might be used at different
temperatures to sculpt the frozen
volume to a certain shape. This also
offers advantages in nonspherical
tumors or organs such as the prostate.
For these reasons, the performance of
cryosurgical probes is important to
the production of the freezing injury.

A probe’s freezing capacity depends
on its temperature, its surface area of
heat transfer, and its thermal con-
ductivity. Tissue conductivity is rarely
an important factor because most
tissues have high water content, and
their thermal conductivity is similar
to that of water. Importantly for pro-
static cryotherapy, fatty tissues that
contain little water have a lower
thermal conductivity and therefore
are more difficult to freeze, slowing
the propagation of the iceball.

Technological advances in probe
design and manufacturing have
allowed the adoption of argon as the
primary cryogen for most urologic
procedures. A progressive decrease in
probe diameter has been concurrent
with this development (Figure 2B).
Initial liquid nitrogen probes were
5 mm in diameter. Currently, the
thinnest third-generation probes
are only 17-gauge, comparable to
a prostate biopsy needle. These
advances allow great flexibility in
covering organs or tumors of various
shapes. In addition, there is evidence
to suggest that when a given volume
of tumor is subjected to lethal tem-
peratures by three smaller probes,
compared with one larger probe
(Figure 7), the affected volume is
greater with the multiple probe array.
Because ultrasound can only detect

the nonlethal edge of the iceball,
minimizing the ratio between the
“affected volume” and the “treated
volume” is advantageous. [ |
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