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Cryosurgery dates back to the 19th century, with the description of

the benefits of local application of cooling for conditions such as pain

control. Once commercial liquefied gases became available, more

progress was made in the use of cryotherapy for localized lesions. As

understanding of disease response to freezing increased, safer tech-

niques for performing freezing procedures helped prepare its clinical

application in different clinical situations, such as prostate disease

and bronchial cancers. Cryosurgical techniques are less invasive and

have lower morbidity compared with surgical resection. However, the

use of cryosurgery has been limited by a lack of good understanding of

the underlying mechanisms of tissue destruction. To apply

cryosurgery clinically, and to extend its use, it is important to under-

stand the mechanisms of freeze injury on cells, and to control the

thermal parameters.
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HISTORICAL ASPECTS OF CRYOSURGERY
Cryosurgery dates back to the 19th century, when Arnott (1)
first described the benefits of local application of cooling for
various conditions, such as for pain control (Table 1). He used
a salt solution containing crushed ice at –18°C to –24°C to
treat advanced breast and uterine cancers. He considered this
technique as a method for eradicating cancer cells to prolong
life, if not as a cure in the early stages of disease.

Later, based on the principle that atmospheric gases heat up
when compressed and cool down when expanded, Cailletet
and Pictet (2) developed systems for cooling gases. In 1892,
Dewar (2) developed the first vacuum flask to facilitate the
storage of liquefied gases. Three years later, von Linde and
Hampson (2) used the Joule-Thomson effect to produce con-
tinuously operating gas liquefiers. Once commercial liquefied
gases became available, more progress was made in the use of
cryotherapy (2).

The first clinical use of cryotherapy on skin diseases was
reported by White (3) in the United States in 1899. He
obtained liquid air from Professor Charles Tripler and applied
it either as a swab, spray or liquid air-filled glass on the target
lesion. Unfortunately, liquid air was not easily accessible and
no further reports were available.

Solid carbon dioxide (–78.5°C) was first used by Pusey (4)
in 1907. Liquid carbon dioxide freezes easily when released
from a cylinder into air, and can be easily applied on various
skin lesions (eg, warts, vascular nevi, epitheliomas).

In the 1930s, Lortat-Jocobs and Solente (5) applied liquid
carbon dioxide through copper tips of various sizes, not only to
treat skin lesions but also to treat gynecological lesions. They
observed that the results were superior to electric cauterization
in treating chronic endocervicitis and cervical erosions. 

Difficulty removing the applicator tip while the tissue was
frozen led to the development of other cryogenic agents. In
1950, Allington (6) first introduced liquid nitrogen (–196°C),
which subsequently became popular in treating verrucae, ker-
atoses and different noncancerous lesions (7). However, the
use of liquid nitrogen and carbon dioxide were still limited by
their delivery systems, which offered shallow tissue penetration
and small tissue volume destruction. It was Fay (8) who
devised a method of implanting metal capsules, which were
connected to an external cold irrigation system, into the brain
to treat tumours and abscesses. He also applied his refrigeration
technique to treat breast cancers. As knowledge of disease
response to freezing increased, safer techniques for introducing
the cooling probe into brain tissue helped prepare its clinical
application in the future. 

The modern era of cryosurgery arguably started in 1961,
when Cooper and Lee (9) introduced their cryosurgical probe
for treating Parkinsonism and other neural diseases (Figure 1).
The probe consisted of three long concentric tubes, of which
the inner tube served as the conduit for the liquid nitrogen to
flow to the tip. The space between the inner and middle tube
provided a pathway for gas to leave from the tip of the probe,
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while the space between the middle and outer tubes served as
a vacuum-insulated layer to prevent heat loss to the tip of the
probe. After the introduction of the cryoprobe, the use of
cryosurgery was recognized and widely applied in different clin-
ical situations, such as prostate disease and bronchial cancers
(10). Animal and clinical studies soon demonstrated many
possible clinical benefits from freezing, such as the develop-
ment of antibodies (11).

In the 1970s, cryosurgery began to fall from favour. One
reason was the development of alternate techniques and new
drugs. For example, the use of cryosurgery for Parkinson’s dis-
ease, the original stimulus for the cryoprobe, became passé
after the introduction of L-dopa. The evolution of a simpler
method of treating hemorrhoids by banding and injection also
led to the diminished use of cryosurgery in this area. Other rea-
sons for the diminishing role of cryosurgery in medicine were
the pitfalls associated with its initial probes. Early prototypes
featured probes that, when applied to a particular site, pro-
duced frozen domains which propagated from the site of appli-
cation into surrounding tissue, making it difficult to control
the extent of tissue destruction. Other drawbacks included
prolonged drainage required after cryosurgery for prostate dis-
eases, and the inability to see deep tissue when treating liver
cancers. Because the effects of freezing varied with different
cells, together with the inability to precisely define the area of
tissue destruction, only treatment of cervical intraepithelial
neoplasia, chronic cervicitis (12) and cardiac tachyarrhyth-
mias (13,14) were considered standard in the 1980s.

Recent developments in intraoperative ultrasound and in
the cryosurgical apparatus renewed attention in cryosurgery.
Modern intraoperative ultrasound helped to accurately iden-
tify the site of lesions and the depth of probe placement, and
can monitor the extent of the freezing process. Furthermore,
the development of very small diameter vacuum-insulated
cryoprobes, together with the use of liquid nitrogen, allowed

supercooling down to approximately –200°C (15), resulting in
a more efficient heat transfer. Recently, cryosurgical tech-
niques have been extended to treat peripheral vascular disease.
A novel device, the PolarCath (Boston Scientific, USA), was
developed to combine the dilation force of a balloon with the
delivery of cold thermal energy to the vessel wall. With the use
of this technique, called cryoplasty, preliminary studies have
shown that the primary patency rate in treating
femoropopliteal arterial disease was up to 83.3% after
14 months, compared with 76% after one year of conventional
percutaneous angioplasty (16,17). Although the underlying
mechanisms are still not well understood, the role of vascular
cell apoptosis in cryoplasty has been implicated (18).

To apply cryosurgery clinically and to extend its use, it is
important to understand the mechanisms of freezing injury on
cells and to control the thermal parameters. As a result, the
development of cryoplasty is dependent on work from basic
science and clinical research.

BASIC CONCEPTS IN CRYOBIOLOGY 
Cryosurgery involves tissue destruction under controlled freez-
ing. The main advantages of this technique are that it is less
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TABLE 1
Major events in the history of cryobiology

Time Events

1845–1851 Arnott (1) described the benefits of local application of 

cooling

1877 Cailletet and Pictet (2) developed systems for cooling 

gases

1892 Dewar (2) developed first vacuum flask for storage of 

liquefied gases

1899 First clinical application of liquid air on skin diseases by 

White (3)

1907 First clinical application of solid carbon dioxide by 

Pusey (4)

1936–1940 Application of cooling in deep-seated lesions, eg, brain 

lesions, using metal capsules by Fay (8)

1950 First clinical application of liquid nitrogen by Allington (6)

1961 First introduction of cryosurgical probe using liquid 

nitrogen by Cooper and Lee (9)

1970s Interest in cryosurgery diminished in favour of alternative

therapies (eg, L-dopa) (2)

1980s–1990s Development of intraoperative ultrasound and modification

of cryoprobe (2)

2000s Development of cryoplasty for treating atherosclerotic

arterial diseases (2)

Figure 1) Diagram of the first cryoprobe, designed by Cooper and Lee
(8) for treatment of Parkinsonism. The cryoprobe consists of outer and
inner tubes. The inner tube allows liquid nitrogen to flow to the tip of
probe. After the extraction of heat from the tissue, the liquid nitrogen
becomes gaseous and escapes via the outer tube. Reprinted from refer-
ence 57 with permission
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invasive and has lower morbidity compared with surgical resec-
tion. However, the use of cryosurgery has been limited by a
lack of good understanding of the underlying mechanisms of
tissue destruction. The possible mechanisms of tissue injury are
depicted in Figure 2 and discussed below. 

Each cell in tissue is exposed to different thermal histories.
The cells nearest to the cryosurgical probe experience the low-
est temperature and the fastest cooling rates compared with
cells farther away from the probe. The temperature decreases
until the heat extracted from the tissue equals the heat in the
cooling fluid. Low cryogenic temperature is observed at the tis-
sue surface in contact with the probe; near-body temperature is
observed on the outer edge of lesion. There is then a period of
thawing during which the probe is removed. Because different
cells at different locations may experience different cooling
temperatures for various periods of time, thermal history is
important in assessing tissue damage.

Effects of cooling
In general, most mammalian cells can withstand low, nonfreez-
ing temperatures. However, these conditions can affect several
aspects of cell function. The cell membrane is a lipid bilayer
structure with proteins spanning across it. The cell membrane,
in general, is impermeable except where membrane proteins
allow mass transfer to occur. At low temperatures, the lipid
transforms into a gel phase, or a structure with low free energy.
During this process, the membrane proteins become separated
and lose their ability to control mass transfer. The membrane
becomes more permeable and allows ions to transfer in and out
of cells more easily. As a result, the ionic composition of the
cells changes and damage occurs.

The cytoskeleton is also affected by the cooling process.
Meiotic spindles are known to be sensitive to hypothermia,
resulting in tubulin depolymerization. In a study using human
oocytes cooled to 0°C for 2 min to 3 min, the meiotic spindle
shortened and disappeared after 10 min (19). 

Effects of freezing
Extensive studies have been performed to understand the
effect of freezing on biological tissue. One hypothesis is direct

cellular injury from the extracellular space (Figure 3). The cell
injury that occurs after freezing is thought to result from a high
solute concentration causing cell dehydration (20).
Intracellular ice formation causing intracellular organelle and
cell membrane disruption has also been implicated (21).

Another theory is that freezing may stimulate immunologi-
cal injury. It is believed that the immune system becomes sen-
sitized to the destroyed frozen tissue, and any tissue left behind
is attacked by the host’s own immune system after cryosurgery.
However, the relevance of immunological injury is still contro-
versial (22,23). Finally, it has been theorized that freezing
involves vascular injury (24). The hypothesis is that freezing
results in stasis of blood flow, particularly in the capillaries.
The resulting ischemia leads to tissue necrosis.

It is important to bear in mind that, unlike cryopreserva-
tion, where cells are frozen in vitro under uniform conditions
and then stored frozen for long periods of time, tissue subjected
to cryosurgery is frozen in vivo and its cells experience a wide
temperature gradient. 

Effects of thawing
The effects of thawing depend on the previous cooling rate. It
is known that slow thawing allows solute effects and maximum
ice growth during recrystallization to take place. Because
solute effects and ice growth are deleterious to cells, complete
thawing before the start of another cycle is important in deter-
mining the success of cryosurgery for oncological conditions
(25). However, rapid cooling followed by rapid thawing can
also be beneficial. During rapid cooling, the ice crystals tend to
be small, with high surface energies. The longer the time of
thawing, the easier it is for the ice to recrystallize, especially for
crystals with high surface energies. The larger ice crystals can
be more destructive than the smaller ones, because of the size
of the crystals or the forces generated during recrystallization.
This is shown by the fact that red blood cells tend to have
higher survival rates when cooled and warmed faster, or vice
versa (26).
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Figure 3) Diagram of the mechanisms of freezing injury. During slow
cooling, ice forms in the extracellular space because of the elevated
solute concentration in the unfrozen fraction. This leads to cell shrink-
age. When the temperature is further decreased, allowing the initiation
of eutectic crystallization in the extracellular space, the temperature and
concentration of the intracellular space may allow eutectic crystalliza-
tion to occur in the intracellular space. Alternatively, if the cooling rate
is rapid, the cells are not able to lose water fast enough to maintain equi-
librium, resulting in intracellular water becoming supercooled and even-
tually frozen. Hexagons represent ice crystals
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Figure 2) Flow chart showing the mechanisms of cryoinjury
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Effects of thermal history
Other parameters of thermal history, including cooling rate, end
temperature and hold time, are also important in modulating the
degree of cell injury. Traditional cryosurgical techniques include
rapid cooling, slow thawing and repetition of the freeze/thaw
cycle. In general, rapid cooling is more destructive than slow
cooling, and the response and threshold of the cooling rate are
cell-dependent. Under the same freezing rate, tumour cells tend
to retain more cellular water and are less susceptible to dehydra-
tion than normal cells. Also, differences in sensitivity exist for
different malignant cells. For example, a greater degree of dehy-
dration is observed in normal liver cells, followed by metastatic
colon carcinoma and primary hepatocellular carcinoma (27).

Apart from the freezing rate, the lethality of freezing
increases with decreasing end temperature. In a study using
Dunning AT-1 rat prostate tumour cells, exposed to the same
cooling rate as normal cells, cell viability decreased as a function
of the end temperature and became zero at –60°C (28). The sen-
sitivity to end temperature is also cell-dependent. For instance,
melanocytes and muscle cells are more sensitive to freezing,
while other tumour cells, in general, are more resistant (29).

The hold time – the duration of time the tissue is in the
frozen state – is also an important factor in determining the
degree of cryoinjury. Cooling and holding human prostate can-
cer cells at –10°C for 20 min had a more destructive pattern
than holding for 10 min (30). In a study of different thermal
parameters on canine skin, keeping the tissue frozen had a pro-
gressive destructive effect on cells (31).

CELL INJURY DURING CRYOSURGERY
Direct cell injury
Direct cellular injury may occur through two different mecha-
nisms. The first is the ‘minimum volume’ hypothesis. Under suf-
ficiently slow cooling rates, freezing occurs in the extracellular
space and the cells attempt to maintain equilibrium with the
extracellular solution by osmosis (32). When cells are exposed
to the high extracellular solute concentration during slow cool-
ing, the cells shrink. As the solute concentration rises beyond a
cell’s limit to shrink, the chemical potential gradient is
decreased by extracellular salt transfer to the cytoplasm, result-
ing in a high intracellular solute concentration. During the
thawing process, the cell contents are highly concentrated com-
pared with the extracellular solution. Additionally, sudden
exposure to the hypotonic solution leads to osmotic rupture of
cells (33). There are a number of caveats with regard to this con-
cept of ‘minimum volume’. One issue is that there is no actual
minimum volume when precise measurements can be made.
Second, it has been observed that the same degree of hemolysis
can occur at different cell volumes using different concentra-
tions of glycerol. Thus, while cell shrinkage and re-expansion
are significant causes of cell damage, reduction of cell volume is
probably not the predominant cause of cell injury (34).

The second putative mechanism of direct cell injury is
membrane destabilization during freezing and thawing (35).
Two different forms of injuries in cold nonacclimated proto-
plasts have been reported during freeze-induced dehydration.
The first phenomenon occurs from 0°C to –5°C, when the
protoplasts shrink to a minimum volume with almost 80% of
cell water removed. During thawing, the are cells re-expanded
but lysed before regaining their original volume. When the
cells were initially cooled to lower temperatures, ie, at –10°C,
approximately 90% of the cell water was removed osmotically.

However, when the cells thawed, they were osmotically unre-
sponsive and did not re-expand. The investigators proposed
that the membrane was damaged during dehydration, leading
to the failure of water and solute molecules to re-enter the
membrane during osmotic re-expansion. 

Intracellular ice formation
Supercooling is defined as the process by which liquid maintains
its liquid state below its freezing point. Supercooled water in a
cell has a higher chemical potential and higher driving force to
leave the cell and freeze externally. Therefore, when the cooling
rate is slow, the cell becomes dehydrated. In contrast, if the cool-
ing rate is sufficiently high, intracellular ice forms. The mecha-
nism by which this process occurs remains controversial. The
protein-pore theory (36) proposes that extracellular ice propa-
gates to the supercooled cytoplasm through the aqueous pore of
the cell membrane. Ice growth during thawing is thought to be
the cause of cell injury. This theory is supported by experiments
in the salivary gland (37) and confluent cell monolayers (38)
which demonstrated the propagation of ice via gap junctions
with strong temperature dependence. 

The surface-catalyzed theory hypothesizes that the interac-
tion between extracellular ice and the plasma membrane,
characterized by the contact angle between the cell membrane
and ice, leads to the formation of intracellular ice. It is also
posited that intracellular particles inside the cell can catalyze
intracellular ice formation below –30°C (volume-catalyzed
nucleation) (39). 

The final theory is the membrane disruption theory. This
proposes that intracellular ice formation occurs as a result of
membrane disruption at the critical osmotic pressure gradient
across the membrane during freezing (40).

While the exact mechanism of intracellular ice formation
has still yet to be resolved, most cryobiologists agree that intra-
cellular ice formation is lethal to cells. It is interesting, how-
ever, to note that on confluent monolayers of V-79W Chinese
hamster fibroblasts and Madin-Darby canine kidney cells
exposed to a slow cooling rate to temperatures as low as –40°C
(41), intracellular ice formation may confer cryoprotective
effects from dehydration. Thus, the role and significance of
intracellular ice formation has yet to be defined.

MECHANISMS OF VASCULAR INJURY
A correlation between vascular injury and freezing was first
proposed by Cohnheim (42) in 1877, when he hypothesized
that necrosis in frostbitten tissue was caused by stasis of blood
flow after thawing. Later, Lewis and Love (43) observed that
vasculature in frozen human skin changed from stasis sur-
rounded by an area of hyperemia at –5°C to the previous normal
state with surrounding edema when rewarmed to room temper-
ature. Subsequent investigators have also shown that changes
to the vasculature after freezing and thawing, such as increased
tissue edema, circulatory stasis and progressive thrombosis,
lead to tissue necrosis after frostbite. Taken together, these
results support the hypothesis that vascular injury plays an
important role in tissue injury.

Endothelial damage in vascular injury
Extensive studies have been performed to investigate the role of
the endothelium in mediating cryoinjury (Figure 4). Marzella et
al (44) studied freezing injury to rabbit ears by microscopy. They
showed that the microvasculature endothelium was destroyed
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within 1 h. Platelet aggregation was observed immediately on
thawing. Interstitial swelling and neutrophil recruitment also
occurred minutes after thawing, with extravasation of red blood
cells by 6 h and endothelial separation by 24 h.

Several mechanisms have been proposed to explain endothe-
lial injury after freezing. The first theory is direct cell injury as
discussed above. The second theory deals with free radical pro-
duction. In a study of the role of free radicals after freezing and
thawing (45), the administration of superoxide dismutase and
deferoxamine improved the viability of rabbit ears after frostbite.
Electron microscopy demonstrated that endothelial injury, vas-
cular stasis, neutrophil adhesion and erythrocyte aggregation
were present. Several mechanisms were proposed to explain the
free radical formation during ischemia and thawing. The first
mechanism postulates that the electron transport chain of the
inner mitochondrial membrane may be reduced during
ischemia, leading to oxygen radical formation (46). The second
possible source of free radicals is from lipid peroxidation. During
ischemia, there is an increase in free fatty acid and arachidonic
acid. On thawing, blood flow returns and the accumulated
arachidonic acid is metabolized via the lipoxygenase and cyclo-
oxygenase pathways, leading to increased formation of throm-
boxanes and superoxides (47). Another proposed mechanism is
the production of oxygen radicals by the metabolism of hypox-
anthine, via the xanthine oxidase pathway during thawing (48).
Endothelial cells are the main source of xanthine oxidase in the
blood vessels, implicating the importance of the interaction of
endothelial cells with free radicals during freezing and thawing.
The free radical theory is controversial because there are reports
that fail to support this conclusion (42).

Another mechanism of post-thaw injury is by neutrophil
activation. It is hypothesized that leukocytes may be trapped in
the microvasculature, leading to obstruction. Leukocytes can
also interact with the platelets and generate free radicals (29).
The enzymes released by neutrophils damage the endothelial
cells and increase the permeability of the endothelial cell layer
via the production of active oxygen species (49). Gazzaniga et al
(50) studied the inflammatory changes after cryosurgery using
human melanoma xenografted into nude mice. They found
that endothelial cell activation was the first noticeable event,
followed by infiltration of polymorphonuclear cells, and then
macrophages. In contrast, using an intravital muscle model to
study the microcirculatory changes in frostbite injury of rat mus-
cle (51), other investigators found no significant role of neu-
trophil adhesion in the early response. Likewise, other groups
reported that a similar area of tissue destruction was achieved
whether the vascular supply was clamped or unclamped in
hepatic cryosurgery (52).

MECHANISMS OF IMMUNOLOGICAL INJURY
Several mechanisms of immunological injury have been pro-
posed. The first theory is the production of antitumour anti-
bodies (10). When the tumour cells die, the antigens inside
the cells are released onto the membrane and phagocytosed by
antigen-presenting cells. B cells with antibodies specific for the
antigen are stimulated and transformed into plasma cells.
Antibody formation induces complement fixation, leading to
neutrophil and macrophage chemotaxis. These cells release
free radicals and enzymes, which kill tumour cells left behind.
This relationship of antibody production and cryosurgery is
still controversial. Riera et al (53) found that the antibody
level decreased in isoimmunized rabbits following cryosurgery.

The second mechanism of immunological involvement is
through the induction of cytotoxic T cells. Normally, intracel-
lular antigens are transferred to the cell membrane and recog-
nized by cytotoxic T cells, which release enzymes and kill the
cells. It was proposed that cryosurgery may sensitize the cyto-
toxic T cells or change the antigen presentation. In a study
performed by Eskandari et al (54), T cell activation peaked at
two weeks after cryosurgery in a R3327 tumour in the
Copenhagen rat, and remained elevated compared with the
control group. 

The third possible mechanism is that cryosurgery may stim-
ulate the activity of natural killer cells. However, the relation-
ship of cryosurgery and the activity of natural killer cells is still
undetermined. Nevertheless, the response of the immune sys-
tem to cryosurgery seems to be cell type-dependent. For
instance, a positive response was demonstrated in R3327
prostate adenocarcinoma, but no effect was observed in
MRMT-1 mammary adenocarcinoma (55). It may also be that
the amount of antigen is important in immune system stimula-
tion. If the antigen amount is more than the immune system
can bear, suppression of tumour immunity may occur. Roy et al
(56) found that the survival time decreased if a greater amount
of cryodestroyed tumour was injected into the animal.

CONCLUSIONS
Cryosurgery has developed over a long period of time and is
still progressing slowly. The lack of complete knowledge
regarding cryoinjury may be limiting its development. The
mechanisms of cryoinjury are complex. The debate over
whether the cell membrane or extracellular ice mediates
intracellular ice formation is still not resolved, nor is the role
of immunology in cryosurgery. Current literature focuses on
cryopreservation, which is not directly relevant to cryosurgery.
In cryosurgery, cells exhibit different thermal histories, making
the effectiveness of cryosurgery unpredictable, variable and less
controllable. With better understanding of cell injury mecha-
nisms, we predict that cryosurgery will likely have a greater
clinical impact and wider usage. The recent development of
cryoplasty in treating peripheral vascular disease is a new area
for exploration at the time of writing.
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Figure 4) Diagram of mechanisms of endothelial injury from freezing.
(A) Direct cell injury from dehydration in slow cooling conditions or
intracellular ice formation in rapid cooling conditions. (B) Free radical
production from lipid peroxidation, reduction of the electron transport
chain of the inner mitochondrial membrane, or metabolism of hypoxan-
thine via the xanthine oxidase pathway. (C) Neutrophil activation,
together with the production of free radicals and toxic enzymes, leads to
cell membrane injury
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