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A New Cryosurgical Device for Controlled Freezing

II. In Vivo Experiments on Skeletal Muscle of Rabbit Hindlimbs

YOED RABIN,*,1 RAYMOND COLEMAN,† DANIEL MORDOHOVICH,‡ ROSALIE BER,§
AND AVRAHAM SHITZER*

*Department of Mechanical Engineering, †Division of Morphological Sciences, ‡Animal and Experimental Surgery
Unit, §Cell and Tumor Biology, Bruce Rappaport Faculty of Medicine, Technion–Israel Institute of Technology,

Haifa 32000, Israel

A new cryosurgical device was developed in this study to facilitate examination of factors affecting the
outcome of cryotreatment. Special emphasis was placed on the control of the cooling rate at the freezing front.
In the new computer-controlled cryosurgical device, the controlling variable is the cryoprobe temperature, which
is calculated to ensure prespecified cooling rates at the freezing front. Details of the new cryodevice, results of
a validation test, and the system characteristics are presented in Part I of this study. In this part of the study initial
results of 13in vivoexperimental cryotreatments, including histological observations, are presented. Thein vivo
pilot investigations include the normal, healthy skin and the underlying skeletal muscle of the thighs in rabbits.
Using low cooling rate-controlled freezing, the new cryosurgical device is demonstrated here as an effective
surgical tool. Anin vivo temperature measurement technique is employed based on miniature thermocouples and
X-ray images. Thermal analysis of the heat transfer in the cryotreated tissue is presented, based on the tem-
perature measurements and on numerical heat transfer simulations. Cryotreated tissue was extracted either
immediately or 4 or 7 days following the procedure. The histological observations on the skeletal muscle of the
4- and 7-day postcryoinjury were not substantially different. The effective penetration depth of the cryolesion
was in the range of 5–15 mm, possibly extending up to 25 mm, depending on the specific area treated and
operating parameters. The cryotreatment resulted in complete destruction of cells in the skin followed by rapid
replacement by epithelial cells. Histological responses to cryotreatment of skeletal muscle were similar to those
resulting from a range of traumatic episodes, e.g., crush damage. It was also found that most of the blood vessels
in the cryotreated region remained intact without histological evidence of extravasation of erythrocytes.© 1996

Academic Press, Inc.

Destruction of undesired biological tissues by
freezing, termedcryosurgery,is considered to
be an effective medical treatment modality (32,
34). Cryosurgery has several medical and eco-
nomical advantages, e.g., low bleeding, good
esthetic results, minimal use of anesthetics,
short period of recovery, and low cost of the
procedure (14, 15, 17, 18, 20). It has been re-
ported that the cryotreatment often stimulates
the immune system and thus activates the natu-
ral destruction mechanism of tumors and pre-
vents their recurrence (1, 6, 37).
Criteria for the success of cryosurgery were

suggested in several studies (22, 32). Among
them are: the lowest temperature achieved (8),

the cooling rate during freezing (5, 10, 35), the
thawing rate following the cooling process (16),
and the number of repeated freezing/thawing
cycles (10, 28).
A new cryosurgical device forin vivoexperi-

mental cryosurgery has been developed and is
presented in the first part of this study (27). It is
assumed in this study that the cooling rate at the
freezing front and the repeated freezing/thawing
cycles are among the most important factors
affecting tissue destruction. In this new, com-
puter-controlled cryodevice, the controlling
variable is the cryoprobe temperature, and the
temperature-forcing function is calculated to
ensure specified cooling rates, slow or fast, at
the freezing front. The cryodevice setup, results
of validation tests, and system characteristics
are presented in the first part of this study (27).
Operational capabilities of the new cryosur-
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gical device, which is an effective surgical tool
using low rate-controlled freezing, are demon-
strated in this part of the study. Anin vivopilot
investigation is presented here, which includes
the skin and the underlying skeletal muscle of
rabbit hindlimbs. Anin vivo temperature mea-
surement technique is employed, using minia-
ture thermocouples and X-ray images. A ther-
mal analysis of the heat transfer in the
cryotreated tissue is presented, based on the
new temperature measurement technique and
on numerical heat transfer simulations.
In vivoexperiments related to this study were

conducted by Rothenborg on rabbits and hu-
mans (29, 30) and on rats (31) and by Lenz and
Eichler on rabbits (13). These investigators em-
ployed liquid nitrogen as the freezing agent in
three different modes: direct spray, continu-
ously cooled cryoprobe, and massive metal
probes predipped in liquid nitrogen. They re-
ported on the sizes of iceballs obtained, primar-
ily as functions of cryoprobe diameter and of
the method employed.
Rothenborg is mainly concerned with the

mutual effects of the freezing on the microvas-
culature. The effects of a vasoconstrictor agent
(epinephrine) on tissue and blood vessel sur-
vival are examined in some detail. Neither
Rothenborg nor Lenz and Eichler were con-
cerned with the control of the cooling rate al-
though its importance has been recognized:
“some sort of automatically controlled freezing
system which correlates temperatures recorded
from the tissue to a preset program of freezing
and thawing” (30).

MATERIALS AND METHODS

The study was performed on four adult fe-
male and one adult male rabbits weighing 3–4.2
kg. The animals were maintained in conform-
ance with the Guiding Principles in the Care and
Use of Animals of the American Physiological
Society. The experimental protocol received the
approval of the Animal Welfare and Ethics
Committee of the Technion Faculty of Medi-
cine. The experiments were performed in the
Animal and Experimental Surgery Unit of the
Bruce Rappaport Faculty of Medicine. In total,

13 cryosurgical experiments were performed.
Prior to experimentation, the fur was shaved
from the areas to be treated. Anesthesia was
induced by injections of ketamine hydrochlo-
ride (VMD, Veenendaal, The Netherlands), 30
mg/kg of body weight, prior to the cryosurgical
treatment. The cryotreatment was performed on
the lateral face of the thigh. The region affected
by the cryotreatment included the skin, the hy-
podermis, underlying connective tissue, and
skeletal muscle. The cooling rates in most of the
experiments were 9°C/min, beginning at a nor-
mal tissue temperature and ending in the tem-
perature range of −97°C to −126°C, depending
on the specific experiment. The depth of pen-
etration of freezing was in the range of 5–15
mm, depending on the cooling rate and the final
cryoprobe temperature of a specific experiment.
Additional preliminary cryosurgical experi-
ments were performed on the skin above the
lower back muscles. These latter experiments
on the lower back proved unsuccessful because
of the thick adipose layer of the hypodermis,
which prevented penetration of the cryolesion
to the underlying musculature. However, the
skin of the back developed the same cryolesions
as were found in the skin of the thigh treated by
cryosurgery.
In the initial experiments sacrifice was per-

formed about 15 min after completion of thaw-
ing at the end of the cryotreatment. In later ex-
periments, sacrifice was performed at 4 and 7
days, respectively, after the cryotreatment. Sac-
rifice was performed by an overdose of keta-
mine hydrochloride. An area of 2–3-cm radius
from the center of the probe was dissected out
using sharp scalpels and scissors to a depth of
about 1.5 cm. The skin tended to lose its rela-
tionship and separate from the underlying
muscle. The area of the experimental freezing
was fairly clearly demarcated because of the
pinkish discoloration. Immediately after thaw-
ing, the area exposed to the probe showed
edema, which became considerably more con-
spicuous 2–3 h after cryotreatment. The degree
of edema was more severe when the region fro-
zen was larger. The tissue was rapidly im-
mersed and fixed in 10% neutral buffered form-

94 RABIN ET AL.



JOBNAME: CRY 33#1 96 PAGE: 3 SESS: 29 OUTPUT: Fri May 24 12:42:43 1996
/xypage/worksmart/tsp000/66915c/7

aldehyde for 2 days. The formaldehyde causes
hardening of the tissue, which makes the sub-
sequent trimming of the block easier. Using
scalpels, the injured area was cut first in a lon-
gitudinal plane (to produce longitudinal histo-
logical preparations). One half of the tissue was
further cut to produce blocks of muscle also in
a transverse plane. The blocks were dehydrated
in ascending ethanol concentrations, cleared in
xylene, and embedded in paraffin wax using
standard histological methods. Wax sections
were cut on a microtome at 7mm and stained
for histology using a routine hematoxylin & eo-
sin technique.
In tissues taken shortly after the cryoinjury

(15 min after thawing), the blocks of tissue
proved virtually impossible to cut. The area of
the injury did not produce sections but disinte-
grated and broke up into a powder-like material.
This was apparently the result of the freezing
injury, involving, among other factors, tissue
desiccation and the biological destruction of the
tissue that prevented proper infiltration of the
wax. Blocks of tissue taken from the control

(contralateral) thigh, which was not treated with
freezing, embedded well and showed no tech-
nical cutting problems. In contrast, blocks of
tissue taken from rabbits 4 or 7 days after
cryoinjury proved no problem in sectioning. In
view of the technical difficulties involved in
processing material taken shortly after cryoin-
jury, all of the histological observations were
made on tissues taken 4 or 7 days following the
cryotreatment.

HISTOLOGICAL OBSERVATIONS

Histological examination of the epidermis
(the outermost layer of the skin, which was in
direct contact with the cryoprobe) showed se-
vere pathological damage at both 4 and 7 days
posttreatment. The epidermis was irregular and
thickened with marked indentations. The epi-
dermis lost all of its normal cellular stratifica-
tion (Fig. 1). The keratin layer was completely
absent, and there were few signs of hair or hair
components. The epidermis showed prominent
infiltration of polymorphonuclear leukocytic
cells in the injured region. It is possible that this

FIG. 1. Epidermis of the right thigh 4 days after cryotreatment. Severe pathological damage is found including
the loss of normal stratification and the absence of keratin layer. The epidermis contains large numbers of
infiltrating polymorphonuclear leukocytes. There are no signs of hair or associated structures.
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epidermal layer, seen after 4 days, is replace-
ment tissue derived from epithelium from areas
adjacent to the cryoinjured region.
The skeletal muscle showed clear signs of

histological damage at both 4 and 7 days post-
cryotreatment. At low magnifications the in-
jured area was easily detectable. Figs. 2–5 show
the histological appearance of muscle (trans-
verse sections) 7 days after cryotreatment.
There was a gradual interface, of about 0.5-mm
thickness, between the severely cryoinjured tis-
sue and the surrounding normal (noninjured)
muscle (Fig. 2). At the interface, muscle fibers
appeared small, condensed, and shrunken with a
clear region around them. In the main cryoin-
jured region this phenomenon was even more
pronounced (Fig. 3 and Fig. 4). This clear re-
gion around each fiber appears to be due to
accumulation of fluid (edema) resulting from
the muscle injury (31). The connective tissue
surrounding each fiber (endomysium) was very
prominent (Fig. 4), and this was also the case
with the perimysium (connective tissue sur-
rounding bundles of fibers). Proliferating satel-
lite cells and infiltrating macrophages (to clean

up the necrotic tissue) and polymorphonuclear
leukocytes (associated with tissue damage or
inflammation) were common in the connective
tissue. The interface and cryodamaged regions
also showed the development of newly formed
myotubes with multiple nuclei (formed from
aggregation of activated satellite cells). These
myotubes are indicative of the early stages of
muscle tissue repair. At higher magnifications
cryodamage was clearly visible within fibers of
the interface region (Fig. 5). This damage was
nonhomogeneous within individual fibers. The
histological observations on the skeletal muscle
of both the 4- and 7-day postcryoinjury were not
substantially different. Schematic description of
the orientations of the histological preparations
presented in Figs. 2–5 relative to the cryolesion
are shown in Fig. 6.
In all of the histological preparations of the

cryoinjured regions of the skeletal muscle, the
blood vessels appeared intact and showed no
indication of associated hemorrhage. However,
many blood vessels showed signs of having be-
come more irregular in shape. Similar observa-
tions were found concerning the blood vessels

FIG. 2. Low power view of interface between normal (N) and cryodamaged fibers (C) 7 days after cryotreat-
ment.
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of the dermis and connective tissue under the
cryoinjured skin. No endothelial cell loss of the
blood vessels was observed in these experi-
ments. Rothenborg observed complete and im-
mediate resumption of blood flow following
freezing in one study (29). In another study he
indicated “severe damage to the vessel wall af-
ter cryosurgery-type freezing” based on an iso-
tope assay (31).

IN VIVO TEMPERATURE MEASUREMENTS

In vivo temperature measurements in the bio-
logical tissue during cryotreatment may be use-
ful for two different applications: 1) thermal
analysis of the cryotreatment; and 2) as an ex-
tended feedback of the controlling system.
Temperature measurements for thermal analysis
purposes will be presented first.
Reliable in vivo temperature measurements

are very difficult to perform for the following
reasons. 1) Thermal conductivity of thermo-
couples is at least 1 order of magnitude higher
than that of the biological tissue. Thus, thermo-
couples in the tissue may influence the heat

fluxes, on the one hand, and may increase the
uncertainty of temperature measurements, on
the other hand. 2) To decrease the uncertainty in
temperature measurements resulting from the
uncertainty in thermocouples placement, it is
customary to use rigid supporting devices (2).
These devices may, in turn, influence the heat
fluxes, as mentioned above, and may also cause
deformation to the soft biological tissue. 3) The
penetration of thermocouples into the tissue
may injure the living tissue, may cause bleed-
ing, and thus may influence the extent of non–
cryotreatment-related tissue destruction.
For thermal analysis purposes it is important

to know the exact location of each thermo-
couple. However, it is less important to place
the thermocouple in any specific preselected lo-
cation. At first the thermocouple is placed in the
target region of the tissue. As a second step, the
exact location of each thermocouple is deter-
mined using X-ray images and a measuring
tape. The location of the thermocouples, along
with their temperature readings, are used as in-
put data for the thermal analysis.

FIG. 3. Main cryoinjured region with severely damaged fibers (M) and the interface region with less damaged,
more intact, fibers (C) 7 days after cryotreatment. Note the proliferation of perimysial connective tissue cells (P).
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The miniature thermocouples used in this
study are copper–constantan, each wire 0.1 mm
in diameter, which are attached to a plastic fish-
ing wire, 0.2 mm in diameter. A baseless
needle, 1.2 mm in diameter and 10 cm long, is
passed through the rabbit’s hindlimb muscle,
leaving the fishing wire inside the tissue with
the thermocouple junction in the target region.
Using this technique, the uncertainty associated
with the placement of thermocouples is esti-
mated as two to three times the thermocouple
wires’ diameter, i.e., 0.2–0.3 mm.

THERMAL ANALYSIS

The thermal analysis of the tissue–cryoprobe
interaction is based on a total of 10in vivo
experiments on skeletal muscle of rabbit hind-
limbs. Typical results from two experiments are
presented, in which constant cooling rates of
9°C/min were effected. The two experiments
started from initial temperatures of 36.8°C (Ex-
periment A) and 34.5°C (Experiment B), at the
measuring point, respectively. They were termi-
nated when the cryoprobe temperature reached

−97 and −126°C, respectively. Three additional
experiments, which are not included here, were
performed on the skin covering the lower back
muscles.
As presented by Rabin (23) and Rabin and

Shitzer (24–26), all mathematical derivations
are based on the bioheat equation:

C
T

t
4 k=2T+ ẇbCb~Tb 1 T! [1]

whereC andk are assumed to be constant and
uniform in each phase. Additional nomenclature
is shown in Table 1. Although this equation is
not universally accepted as a complete model
for heat transfer in biological tissues, we will
show that it is nevertheless a good approxima-
tion for cases of freezing in peripheral tissues,
characterized by a dense network of capillary
blood vessels and low blood perfusion. It is
noted that the metabolic heat generation effect
is at most 1 order of magnitude smaller than the
blood perfusion heating effect, and thus it has
been omitted from Eq. [1].
Reliable thermophysical properties values are

FIG. 4. Details of portion of the fibers of the main cryoinjured region seen in Fig. 3 7 days after cryotreatment.
The fibers show marked shrinkage with a clear surrounding zone, typical of edematous tissue. Note the prolif-
eration of the endomysial connective tissue cells.
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essential for obtaining accurate results from
mathematical models. However, different tis-
sues have different thermophysical properties,
which are not generally available from the lit-
erature. In this study, the thermophysical prop-
erties were estimated using a least squares-
based parameter estimation technique. The pa-
rameter estimation is based on experimental
data and on two-dimensional and axi-symmetric
numerical simulations. A target function is de-

fined for each point of experimental measure-
ments in an individual experiment as follows:

u 4
1

p(i41

p

~TTC 1 Tcal!
2 [2]

where the time indexp represents all available
data at a certain point. The numerical simula-
tions were repeated until the minimal value of

FIG. 6. Schematic description of the orientations of the
biological preparations presented in Figs. 2–5 relative to the
cryolesion.

TABLE 1
Nomenclature

C Specific heat (J/m3-°C)
k Thermal conductivity (W/m-°C)
t Time (s)
T Temperature (°C)
ẇb Blood perfusion (1/s)
u Target function for parameters estimation

[(°C)2]
Subscripts
b Blood
cal Calculated value
i Index
p Time Index
TC Thermocouple

FIG. 5. Details of cryodamaged muscle fibers in the interface region 7 days after cryotreatment. The fibers are
still intact, although their internal structure shows clear signs of cryodamage. The fibers have become separated
from each other and surrounding clear spaces have developed (edema). Note the small blood vessels (arrows),
which remain intact.
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Eq. [2] was achieved. A minimum of the target
function leads to the optimal parameters estima-
tion with respect to a single measuring point in
an individual experiment. Comparison of all pa-
rameters estimated, using data from all experi-
ments, may obtain the best overall parameters
estimation.
The heat transfer simulations were performed

based on the following assumptions. 1) All ther-
mophysical properties are uniform and constant
in each region (phase). 2) Blood perfusion is
uniform and constant in the unfrozen region. 3)
There is no blood perfusion in the frozen region.
4) The thermal conductivity in the freezing re-
gion is an average value of the frozen and the
unfrozen regions. 5) Phase transition occurs in
the range of −1 to −8°C and reaches its peak
at −3°C.
Thermophysical property values of water and

ice were taken as the first guesses. The repeated
parameters estimation process was carried out
in the range of values presented in Table 2. It is
interesting to note that parameters estimated
from different measuring points in the medium
and different experiments lead to approximately
the same values. Average estimated values are
presented in Table 2.
Fig. 7 and Fig. 8 present the comparisons

between experimental data and computer simu-
lations in Experiments A and B, respectively.
The computer simulations are based on the av-
erage thermophysical properties presented in
Table 2. The average value of the absolute er-
rors, at the measuring points presented in these

figures, are 0.7 and 1.05°C, respectively. The
target function values at these points, calculated
by Eq. [2], are 0.73(°C)2 and 1.22(°C)2, respec-
tively. Fig. 6 illustrates the uncertainty in tem-
perature measurements resulting from the un-
certainty in the thermocouple placement.
The process of parameter estimations is lim-

ited for the following reasons. 1) The estimated
thermophysical property values are actually av-
erage ones in the entire thigh. 2) Tissue con-
traction, both as a result of the physical phe-
nomenon of phase changing and as a physi-
ological response to low temperatures, was
neglected. 3) the parameter estimation is based
on Pennes’ bioheat equation, which might not
be the perfect mathematical model. However,
the mathematical model and the parameter es-
timation proved to be good approximations for
engineering calculations. The temperature field,
and thus the freezing front location, may be es-
timated reliably using the technique presented
here. Moreover, the estimated parameters may
be used for the cryoprobe-forcing function so-
lutions in subsequent experiments in the same
organ.

DISCUSSION

Cryosurgery has proven to be a relatively
simple, painless, bloodless, and safe method for
tissue destruction and is increasingly used in
clinical environments to treat a variety of dis-
orders, in particular with regard to the reduction
or total ablation of benign or malignant tumors
(9–11, 19, 28).In situ freezing techniques are

TABLE 2
Typical Thermophysical Properties of Biological Tissues (23) and the Results from the Parametric Estimation Process

Thermophysical property Biological tissue Parameter estimation

Upper temperature bound of Freezing −1°C −1°C
Peak of phase transition temperature −3°C −3°C
Lower temperature bound of freezing −8°C −8°C
Thermal conductivity in unfrozen region 0.385–0.63 W/m-°C 0.63 W/m-°C
Thermal conductivity in frozen region 1.3–2.25 W/m-°C 1.51 W/m-°C
Volumetric specific heat in unfrozen region 3.0–5.14 MJ/m3-°C 3.16 MJ/m3-°C
Volumetric specific heat in frozen region 1.13–2.0 MJ/m3-°C 1.93 MJ/m3-°C
Latent heat of solidification 233–300 MJ/m3 300 MJ/m3

Product of blood
perfusion and its specific heat 0–25 kW/m3-°C 20 kW/m3-°C
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highly successful in causing local necrosis es-
pecially in tissues that are superficial and easily
accessible including the skin, oral cavity, and
uterine cervix (11). Cryosurgery has been used
in treatment of internal organs such as the liver,
prostate gland, lung, and breast (33). The aim in
all of these cryosurgical procedures is the de-
struction of abnormal or pathological tissue in a

limited region, with minimal damage to the sur-
rounding normal healthy tissues. One of the ad-
vantages of cryosurgical intervention over more
traditional surgical procedures is the resulting
minimal scar tissue, which is an important con-
sideration for esthetic or cosmetic reasons in
treatment of superficial tissues such as the skin.
In view of the fact that freezing has an anes-

FIG. 8. Comparison of numerical results based on estimated parameters and measured data from Experiment
B. The estimated thermocouple location is shown in the inset.

FIG. 7. Comparison of numerical results based on estimated parameters and measured data from Experiment
A. The estimated thermocouple location is shown in the inset.
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thetic effect, the anesthesia in many cases can
be local, with the advantages this permits. The
use of cryosurgery in practical terms often re-
sults in minimal hospitalization and early post-
operative release.
Cryosurgical procedures in practice today do

not commonly employ specific control of the
time-dependent temperature of the cryoprobe.
This, when applied, enables accurate control of
the freezing rate, the warming and thawing pro-
cesses, and of successive freezing/thawing
cycles under similar conditions. Analogous to
single cell destruction in cell cultures, we be-
lieve that the cooling rate at the freezing front is
one of the most important factors of the destruc-
tion process, although this is not conclusively
proved with regard toin vivo cryosurgery of
animal tissues. Furthermore, and based on heat
transfer considerations, accurate control of the
temperature of the cryoprobe can increase the
temperature gradients within the region under-
going phase transition. This, in turn, will de-
crease the thickness of the freezing region and
thus increase the cryodestruction at the edge of
the cryolesion, hence the motivation for the de-
velopment of the new controlled cryosurgical
device as described in a previous paper (25).
Our preliminary results in rabbits confirm

that our experimental apparatus is an effective
cryosurgical instrument for inducing limited
cryolesions in both superficial tissues (the epi-
dermis of the skin) and in deeper lying skeletal
muscle at low freezing rates at the freezing front
(less than 12°C/min). We have shown that the
effective penetration depth of freezing under the
controlled cryoprobe extends up to 15 mm.
However, we estimate the maximal depth as 25
mm. Moreover, we have also shown that the
boundary (interface) between the frozen and un-
frozen regions is relatively narrow (about 0.5
mm). This interface has been shown to be easily
detectable following the cryotreatment, both
macroscopically, as seen immediately after
thawing, and microscopically in histological
sections in the postcryoinjury recovery period.
The histological changes seen in the epider-

mis show that the original tissue in the
cryotreated area has undergone complete de-

struction. Rapid replacement by epithelial cells
ensued, presumably from the areas adjacent to
the cryoinjury. These epithelial cells need to
cover the injured area as soon as possible, to
provide a functionally defensive role in particu-
lar in preventing the loss of tissue fluids. Four
and 7 days following the cryoinjury the epithe-
lial cells have still not reorganized to their nor-
mal stratified condition, (Fig. 1). Moreover, the
hairs and associated glands of the dermis are
absent. The presence of large numbers of infil-
trating cells, in particular the polymorpho-
nuclear leukocytes, is common in any trauma-
tized tissue and is one of the body’s defense
mechanisms in response to damage and poten-
tial infection. These are usually accompanied by
macrophages involved in phagocytosis of nec-
rotized cells or cell components. As the epider-
mis is composed of epithelial cells with very
rapid rates of proliferation owing to their key
defensive function, it is highly likely that if the
period of recovery after cryotreatment were pro-
longed, the epidermis would regain its normal
histological appearance, including the reestab-
lishment of associated epithelial elements, e.g.,
hairs and associated glands of the dermis.
The histological responses to cryotreatment

of the skeletal muscle resulted in effects similar
to those resulting from a range of traumatic in-
juries including: crush damage, chemical poi-
soning, surgical excision, and excessive exer-
cise (3, 4, 7, 12, 21). It would appear that a
common morphological response occurs in
skeletal muscle regardless of the type of injury
or insult. Even 4 days after the cryodamage,
there are already early indications of regenera-
tion, including the formation of new myotubes.
There are relatively few reports of experimental
freezing damage to skeletal muscle in the litera-
ture, and in all these cases the freezing was fast
and uncontrolled (21, 36).
One of the advantages of cryosurgery over

other surgical procedures is the virtual absence
of hemorrhage in the region of the lesion. The
cryotreatment in our experiments was per-
formed in selected regions in which major blood
vessels were absent. The presence of large
blood vessels would probably have affected our
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observations and interpretations of controlled
freezing. It is known that major blood vessels
with blood flowing in them at the time of freez-
ing are protected during cryosurgery (19). This
can be highly advantageous in permitting the
cryodestruction of tumors abutting major ves-
sels without sacrificing the vessels. In our ex-
periments only very minor freezing damage was
seen in the small blood vessels: arterioles, ve-
nules, and capillaries of the dermis and under-
lying skeletal muscle. In transverse sections the
endothelial cells lining these small blood ves-
sels developed irregular profiles. However,
most of the blood vessels appeared to remain
intact after the cryotreatment. There were no
histological signs of extravasation of erythro-
cytes, although the edema seen initially follow-
ing the cryoinjury was apparently the result of
temporary damage or leakage from the smaller
blood vessels and in particular the capillaries,
which is common in most cases of trauma. We
have strong evidence suggesting that most or all
of the blood vessels in the frozen region were
definitely frozen, although upon thawing they
appeared to remain intact and have their func-
tionality restored. It appears that most of the
vessels survive the cryotreatment, though we do
not know if some of the vessels were destroyed
as a result of the freezing and if any revascu-
larization has occurred. The survival of most of
the blood vessels appears to be an important
factor in the repair and reconstruction processes
following slow controlled cryotreatment and in
particular with regard to the skeletal muscle.
One of the major limitations in cryosurgery

associated with controlled freezing involves the
difficulties in accurate monitoring of the extent
of the freezingin situ. Ultrasound is a widely
accepted technique for locating and following
the freezing front (19). However this monitor-
ing technique fails in some cases such as breast
cancer. Recently, various imaging techniques—
computerized tomography (CT) and magnetic
resonance imaging (MRI)—have been intro-
duced as possible means of monitoring the
freezing process and the extent of the cryoinjury
(33). However, it is still not really practicable to
adopt these sophisticated and expensive imag-

ing systems for monitoring cryosurgery in clini-
cal practice. In the present study, a new differ-
ent approach was applied for the estimation of
the freezing front location. This was estimated
using real-time heat transfer simulations of the
cryoprocedure and an approximate model of the
heat transfer in the biological tissue. The reli-
able thermophysical properties values needed
for this application were estimated using experi-
mental data and a least squares method for pa-
rameters estimation, as discussed above.
An alternative approach for monitoring the

freezing process is associated within vivo tem-
perature measurements. Miniature temperature
sensors are placed at critical points around the
frozen region and act as extended feedbacks to
the control system. Temperature readings from
these sensors may indicate the freezing of the
entire target region and thus the completion of
the cryoprocedure. Alternatively, the miniature
sensors may be placed at the borders of vital
tissues surrounding the target region. The exact
location of the thermocouples is determined by
X-ray images, as discussed above.

CONCLUSIONS

We have demonstrated the effectiveness of
the new cryosurgical device, involving con-
trolled low rate of freezing, in cryotreatments
which include the skin and the underlying skel-
etal muscle of hindlimbs of rabbits. Very little is
known concerning controlled freezing injuries
to muscle tissues. These pilot studies show that
cryodamage is so severe in the immediate
postinjury period, that normal histology cannot
be successfully performed, although after 4 or 7
days there are already signs of early recovery
and regeneration.
The morphological indications of skeletal

muscle injury and early regeneration seem simi-
lar regardless of the method of injury. Muscle
tissue injury is characterized by necrosis, revas-
cularization, infiltration of inflammatory cells,
phagocytosis of the necrotic muscle tissue, pro-
liferation of mononuclear muscle precursors,
and their fusion to form multinucleated young
muscle cells called myotubes.
An in vivo temperature measurement tech-
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nique has been employed in this study, using
miniature thermocouples and X-ray images.
Temperature sensors placed by this new tech-
nique have been used for thermal analysis of the
cryotreatment.
Thermal analysis based on the bioheat equa-

tion and parameter estimation has been per-
formed. The bioheat equation may not be the
perfect mathematical model; however, this
equation and the parameter estimation proved to
be good approximations for engineering calcu-
lations. This provides a rather reliable means of
calculating the temperature field in the tissue
and for estimating the location of the freezing
front.
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