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Cryosurgery: Analysis and
Experimentation of Cryoprobes in
Phase Changing Media
This article presents a retrospective of work performed at the Technion, Israel Institute of
Technology, over the last 3-odd decades. Results of analytical and numerical studies are
presented briefly as well as in vitro and in vivo experimental data and their comparison
to the derived results. Studies include the analysis of both the direct (Stefan) and the
inverse-Stefan phase-change heat transfer problems in a tissue-simulating medium (gel)
by the application of both surface and insertion cryoprobes. The effects of blood perfu-
sion and metabolic heat generation rates on the advancement of the freezing front are
discussed. The simultaneous operation of needle cryoprobes in a number of different
configurations and the effects of a thermally significant blood vessel in the vicinity of the
cryoprobe are also presented. Typical results demonstrate that metabolic rate in the yet
nonfrozen tissue, will have only minor effects on the advancement of the frozen front.
Capillary blood perfusion, on the other hand, does affect the course of change of the
temperature distribution, hindering, as it is increased, the advancement of the frozen
front. The volumes enclosed by the “lethal” isotherm (assumed as �40°C), achieve most
of their final size in the first few minutes of operation, thus obviating the need for
prolonged applications. Volumes occupied by this lethal isotherm were shown to be
rather small. Thus, after 10 min of operation, these volumes will occupy only about 6%
(single probe), 6–11% (two probes, varying distances apart), and 6–15% (three probes,
different placement configurations), relative to the total frozen volume. For cryosurgery
to become the treatment-of-choice, much more work will be required to cover the follow-
ing issues: (1) A clear cut understanding and definition of the tissue-specific thermal
conditions that are required to ensure the complete destruction of a tissue undergoing a
controlled cryosurgical process. (2) Comprehensive analyses of the complete freeze/thaw
cycle(s) and it effects on the final outcome. (3) Improved technical means to control the
temperature variations of the cryoprobe to achieve the desired thermal conditions re-
quired for tissue destruction. (4) Improvement in the pretreatment design process to
include optimal placement schemes of multiprobes and their separate and specific opera-
tion. (5) Understanding the effects of thermally significant blood vessels, and other re-
lated thermal perturbations, which are situated adjacent to, or even within, the tissue
volume to be treated. �DOI: 10.1115/1.4002302�

Keywords: inverse problem, lethal temperature, cooling rate, frozen volume
Introduction
Cryosurgery is a medical technique involving the application of

xtremely low �cryogenic� temperatures with an aim to destroy
bnormal or diseased tissues by freezing �1�. Applications include
he treatment of a variety of benign and malignant skin conditions
nd diseases of internal organs �e.g., prostate�. Cryosurgery was in
se as early as in the middle 19th century when James Arnott, an
nglish physician, used salt-ice mixtures to treat malignant tu-
ors �2�. The so-called “modern era” of cryosurgery was evi-

ently initiated in 1961, when Irving Cooper, an American neuro-
urgeon, developed a liquid nitrogen-based cryosurgical system
3�. In this system the cryofluid was used in a heat conducting
etal tube, the closed end of its tip was brought into contact with

he treated tissue. This design still forms the basis for a variety of
nstruments used in this field to date.

The destruction of biological tissues by the application of
reezing-thawing cycles may be achieved by either, or a combina-
ion of the following processes: immediate and delayed. The im-

ediate process involves direct destruction of cells and is domi-
ated by the various modes of extra- and intracellular ice
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formation during the freezing stage. The delayed, post-application
destruction mechanisms are due to damages resulting from the
destruction of blood vessels and/or an invoked immune system
response.

The key advantages of the cryosurgical procedure are as fol-
lows: �a� it is minimally invasive, �b� the application is localized
�in situ�, �c� it causes minimal trauma to the patient, �d� it involves
minimal loss of blood, �e� it possesses anesthetic capabilities due
to the subfreezing temperatures involved, �f� its application dura-
tion is relatively short, �g� it is cycleable and repeatable �h�, it
requires minimal hospitalization, or it might even be applied am-
bulatorily, �i� it incurs relatively low costs, and �j� in certain cases,
it may invoke a delayed immune system response to remove the
undesired, recently frozen tissue.

In spite of these apparent advantages, the cryosurgical tech-
nique is still finding only limited applications, mainly in urology
�4� and in dermatology �5�. The reason for this lack of wider
applicability stems mainly from the following reasons: �a� the
uncertainty in the final outcome of the procedure since the iden-
tical physical mechanism, namely, in vivo tissue freezing, is also
used to achieve quite the opposite outcome—tissue preservation,
compare Ref. �6�, �b� the inability to ensure complete freezing of
the entire target volume, in a short application due usually to its

irregular shape, �c� possible undesired excessive damage to sur-
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ounding healthy tissues and adjacent major blood vessels, �d�
ifficulties in controlling the extent of the frozen volumes, �e�
ifficulties in monitoring the precise temperature distributions in
he tissue during each freeze-thaw cycle, and �f� susceptibility to
hermal perturbations by adjacent thermally significant blood ves-
el�s�.

The simultaneous application of multiprobes, coupled with the
se of modern imaging techniques, e.g., ultrasound, computerized
omography �CT� and magnetic resonance imaging �MRI�, have
lleviated some of these hindrances to a certain extent and have
xtended the use of cryosurgery in the treatment of prostate and
iver cancer �1,4�. These imaging techniques, however, are still
ncapable of acquiring detailed temperature distribution data in-
ide the frozen volume. Ultrasound, which is the most commonly
pplied imaging technique in cryosurgery, has its own limitations.
mong these is the opaqueness of the frozen phase to sound
aves due to ice formation. Thus, obtaining detailed, temporal,

hree-dimensional temperature distribution data inside the freezing
issue behind the frozen front by ultrasound is not possible. Cur-
ently, even the more expensive and complex CT or MRI imaging
echniques, are incapable of providing temperature distribution
etails inside the frozen volume.

An effective cryosurgical treatment, particularly of malignant
issues, requires that optimal tissue destruction conditions be
chieved throughout the entire volume of the tumor, including a
redetermined margin for certainty. It is well known that different
ypes of tissue cells exhibit different sensitivities to freezing but,
s a general rule, the lower the temperature achieved, the higher
he probability of destruction. In the treatment of cancer, a suffi-
iently low temperature, termed “lethal temperature,” should be
nsured to achieve effective destruction of the target volume. Ma-
ur �7� defined the lethal temperatures for cell destruction within
he range of −5°C to −50°C. Intracellular ice forms in prostate
ells at temperatures below −40°C �8�, which, therefore, serves as
target temperature in this application. Other investigators sug-

est that even higher temperatures, e.g., −20°C, may be lethal to
he cells �9�.

The cooling rate maintained at the freezing front, has also been
mplicated as a key factor, which determines the probability of
urvival of the frozen tissues �10�. Accordingly, for each cell type,
here exist certain ranges of cooling rates, which, when applied at
he phase-transition region behind the freezing front, would in-
rease the probability of either cell survival or cell destruction.
ypical plots of measured cell survival versus cooling rates shown

ig. 1 Cell survival versus cooling rate applied †11‡. „This fig-
re originally appeared in an article by J.K. Critser and L.E.
obraaten in ILAR Journal 41„1…. It is reprinted with permission

rom the ILAR Journal, Institute for Laboratory Animal Re-
earch, The National Academies, Washington DC
www.nationalacademies.org/ilar…….
n Fig. 1 �11� resemble bell-shaped curves. This implies that op-
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timal conditions for cell destruction may be achieved only at ei-
ther low or high cooling rates. At low cooling rates, of a few
degrees Centigrade per minute, extracellular ice crystals are
formed first. This disrupts the osmotic balance between the intra-
and the extracellular fluids causing osmotic drying of the cell and
its eventual shrinkage. This process, termed the “solution effect,”
may render the cell nonviable leading to its death upon thawing.
Sharp intracellular ice crystals are formed at high cooling rates of
hundreds degrees Centigrade per minute. This process, termed the
“mechanical effect,” may cause cell membrane leakage and, con-
sequently, compromise its integrity leading to cell death upon
thawing. At intermediate cooling rates, however, the experimental
data suggest high probabilities of cell survival, rather than cell
destruction. These processes were reviewed by Gage and Baust
�12� and more recently by Hoffman and Bischof �13�. Figure 2
demonstrates schematically the effects of various cooling rates on
biological cell behavior during phase-change.

It follows from the above discussion that precise and detailed
information of the temperature field, which develops during the
tissue freezing process, is essential to the surgeon, both at the
pretreatment design stage as well as during the application stage.
Such information may be obtained by solving the dynamic heat
transfer problem involved. The problem to be solved, referred to
as the “Stefan” problem, is nonlinear mainly due to the removal of
the heat of fusion, which is liberated at the moving front separat-
ing the frozen and nonfrozen phases. In biological tissues, unlike
pure substances, e.g., pure water, phase-change transition occurs
over a temperature range rather than at a single temperature, a
factor which further complicates the analysis. An additionally,
rather complex associated problem, is the “inverse-Stefan” prob-
lem in which a certain predetermined cooling rate is to be im-
posed and maintained at the freezing front.

Analytical solutions to the Stefan problem are few �14–16� as
are those involving phase-change in biological tissue �17–19�.
Consequently, investigators revert to employing numerical solu-
tion techniques, e.g., front tracking method �20� or the enthalpy
method �21,22�. The application of multiprobes in tissuelike sub-
stances were analyzed by Keanini and Rubinsky �23� who pre-
sented a general technique for optimizing cryosurgical procedures.
Rabin and Stahovich �24� and Rabin et al. �25� introduced cryo-
heaters as a means of controlling the extent of the multiprobes’
frozen region in order to protect certain tissue regions from being
affected during the cryosurgical process. No experimental data
were presented in any of these latter studies.

Rewcastle et al. �26� analyzed the ice ball formation around a
single cryoprobe using an axisymmetric, finite difference model.
Model predictions were compared with measured data and were
shown to conform to within �5°C. Jankun et al. �27� developed
an interactive software simulation package �CRYOSIM� for cryo-
ablation of the prostate by liquid nitrogen-operated cryoprobes.
The model is based on a finite difference numerical technique.

Fig. 2 Effects of cooling rates applied to biological cells on
intra- and extracellular water freezing
Acquired ultrasound data were used to perform on-line adjust-

Transactions of the ASME

 http://www.asme.org/about-asme/terms-of-use



m
v
f
t
t
fi
t
t
t
b
t
a
m
O
l
d
p
a
T
c
o
v
t
m
s
r
e
t
a

T
c
b
d
�
l
b
s
t
n
e
c

2

p
s
t
o
w
T
t

F
m

J

Downloaded From:
ents of model parameters and in the prediction of the temporal
ariations of the isothermal surfaces in the prostate. The package
acilitates the simulation and tracking of the “therapeutic tempera-
ure” in the prostate. Baissalov et al. discussed a semi-empirical
reatment planning model for optimization of multiprobes �28�. A
nite elements procedure was developed to analyze the 3D heat

ransfer problem in a model of the prostate. Predicted locations of
he frozen front were compared with experimental X-ray readings
o within �2 mm. The optimization procedure was demonstrated
y simulating the placement of six cryoprobes at equal radial dis-
ances in a medium around a central urethral warmer. Rewcastle et
l. �29� presented a 3D finite difference analysis of ice ball for-
ation for one, three, and five cryoprobes. Results of the 3.4 mm
D diameter, high pressure Argon-operated probes with 30 mm

ong active segments, yielded good conformity to experimental
ata in gelatin. The authors defined an “ablation ratio” as the
ercentage volume of a certain temperature, which is considered
blative or lethal to the tissue, relative to the total frozen volume.
he value of this ratio for their three-probe configuration was
alculated at 0.21. Wan et al. �30� presented a finite element model
f multiprobe cryosurgery of the prostate, which was based on a
ariational principle. Model results were verified by comparison
o an analytical solution of an idealized problem and to experi-

ental data obtained for a single probe. The case of six-probe
ymmetric positioning in the prostate was simulated and 2D quad-
ant results were demonstrated. The authors define a “freezing
xposure index,” which relates the combined effect of freezing
emperature and the duration the tissue is held at this temperature,
s an index of damage caused to the tissue.

This article presents a retrospective work performed at the
echnion, Israel Institute of Technology, over the last 3-odd de-
ades. Results of analytical and numerical solutions are presented
riefly as well as experimental data and their comparison to the
erived results. Studies include the analysis of both the direct
Stefan� and the inverse-Stefan phase-change heat transfer prob-
ems in a tissue-simulating medium �gel� by the application of
oth surface and insertion cryoprobes. The effects of blood perfu-
ion and metabolic heat generation rates on the advancement of
he freezing front are presented. The simultaneous operation of
eedle cryoprobes in a number of different configurations and the
ffects of a thermally significant blood vessel in the vicinity of the
ryoprobe are also presented and discussed.

Formulation of the Phase-Change Problem
With reference to Fig. 3, and without loss of generality, the

hase-change problem is presented as one-dimensional in Carte-
ian coordinates. The phase changing medium �PCM� is assumed
o behave such as a “real” substance in which phase transition
ccurs over a range of temperatures, unlike “pure” substances,
hich are characterized by a single phase-transition temperature.
hree stages are identified in the evolution of the freezing front in

ig. 3 Schematic representation of phase change in biological
aterials
he PCM.

ournal of Heat Transfer
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Stage 1: The PCM is initially at a certain spatially distributed
temperature and remains completely nonfrozen �liquid stage�
through the end of this stage. At the beginning of the cryosur-
gical procedure and thereafter, the temperature of the cryoprobe
�heat sink� is being lowered according to a certain preplanned
time-dependent trajectory, removing sensible heat from the me-
dium. This stage ends when the cryoprobe-medium interface
reaches T2, which defines the upper temperature boundary of
the phase-change region.
Stage 2: During this stage an intermediate phase �liquid
+solid� begins to form and expands adjacent to the cryoprobe.
Solid ice crystals co-exist with the yet nonfrozen surrounding
medium. Sensible heat with gradually increasing portions of
latent heat are removed from the PCM in this region. Only
sensible heat is pumped out of the rest of the medium, which
remains nonfrozen. This stage ends when the cryoprobe-
medium interface reaches T1, which defines the lower tempera-
ture boundary of the phase-change region below which the en-
tire PCM is in the frozen state �solid�.
Stage 3: In this stage three regions exist in the medium: �a� a
completely frozen region �solid� adjacent to the cryoprobe, 0
�x�s1�t�, the upper temperature boundary of which is T1, �b�
an intermediate region s1�t��x�s2�t� in which phase transi-
tion occurs, bounded by T1 and T2, and �c� a yet nonfrozen
region �liquid�, the lower boundary of which is located at x
=s2�t� and is bounded by T2 and T�.

Similar to other problems involving heat transfer in biological
entities, the heat balance of the phase-change problem is assumed
to be governed by the bioheat equation �31�, Eq. �1�.

�cp
�T

�t
= k

�2T

�x2 + wbcb�Ta − T� + qm �1�

where � and �b are the tissue and blood densities, kg /m3, respec-
tively, cp and cb are the tissue and blood specific heat capacities,
J /kg K, respectively, T�x,t� is the tissue temperature, °C, x is the
length coordinate, m, t is the time, s, k is the tissue thermal con-
ductivity, W /m K, wb is the capillary blood perfusion rate,
kgb /m3 s, Ta is the blood temperature, °C, and qm is the metabolic
heat generation rate, W /m3.

Equation �1� may be assumed to apply in tissue regions,
wherein blood flow and metabolic heat generation persist. In the
present case this equation applies in region III. In region I, upon
completion of freezing, both capillary blood perfusion �wb=0�
and metabolic heat generation �qm=0� cease and Eq. �1� reduces
to the simple transient heat equation. Blood continues to flow in
major blood vessels, at least for awhile, even under these condi-
tions, and would require the formulation of an additional, coupled
heat balance equation, as shown subsequently. In the phase-
transition region II a gradual cessation of both capillary blood
perfusion �wb→0� and metabolic heat generation �qm→0� are
assumed.

The following general boundary and continuity conditions may
be specified for this problem:

at x = 0 �cryoprobe-medium interface�: TI�x,0� = Tpr�t�
�2�

at x = s1�t� �beginning of phase-change region�: TI = TII = T1

�3a�

and kI
�TI

�x
= kII

�TII

�x
�3b�

at x = s2�t� �end of phase-change region� TII = TIII = T2
�4a�

JANUARY 2011, Vol. 133 / 011005-3
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and kII
�TII

�x
= kIII

�TIII

�x
�4b�

n the intermediate region II, wherein the liquid and solid phases
o-exist, accounting for the latent heat of freezing yields the fol-
owing heat balance equation:

�cII
�TII

�t
= kII

�2TII

�x2 + �L
dfs

dt
�5�

here L is latent heat of freezing, J/kg, and fs is the solid fraction
n this region defined by Eq. �6�.

fs =
1

L�
T1

TII

�c − ceq�dT �6�

here ceq is equivalent specific heat capacity, e.g., Fig. 4, which
pproximates the absorbed latent heat in this region, and

fs = 0 for TII = T2 �7a�

fs = 1 for TII = T1 �7b�

at x → � �constant temperature�: T��, t� = T� �8�

t t=0 the initial temperature distribution of the tissue is given by

T�x,0� = TInit�x� �9�

Tissue Thermophysical and Physiological Properties
Tissue thermophysical properties assume different values in the

onfrozen and frozen regions. Table 1 lists plausible values for
arious tissue properties as applied in our studies. In the interme-
iate phase-transition region II, these properties vary appreciably
ith the temperature. Data in the literature present experimentally
easured variations for latent heat and thermal conductivity of

igh water content materials, compare. Figs. 4 and 5 �32�. This
ehavior may be assumed as a first approximation of tissue be-
avior under similar conditions. Accounting for these changes in

ig. 4 Equivalent specific heat for “Tylose” „24% methyl-
ellulose/76% water by mass… as a function of temperature in
he phase-change region †32‡. „Copyright 1974 by Elsevier. Re-
roduced with permission of Elsevier via Copyright Clearance
enter.…

Table 1 Ranges of thermophysic

Property Units

Specific heat capacity of tissue kJ /kg K
Specific heat capacity of blood kJ /kg K
Thermal conductivity W /m K 0
Density kg /m3

Latent heat of freezing kJ/kg
Phase change temperature °C
Capillary blood perfusion rate kg /m3 s
Metabolic heat generation rate kW /m3
11005-4 / Vol. 133, JANUARY 2011
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the analysis may be done by either following the measured
changes precisely or approximately, as shown by the broken lines
in Figs. 4 and 5.

Capillary blood perfusion and metabolic heat generation de-
crease from their normothermia values as the tissue temperature is
lowered. As the upper temperature bound of the phase-transition
range T1 is reached, both these variables, may be assumed to
decay to zero. Certain courses of change of these variables may be
assumed, e.g., Ref. �33�.

3.1 Solutions of the Phase-Change Problem. The phase-
change problem may be characterized either as a regular Stefan or
an inverse-Stefan problem. In the former the course of change of
the temperature at the interface with the cryoprobe is assumed to
be known. Accordingly, the temperature distribution in the freez-
ing medium, the time-dependent location of the freezing front and
the temperature rate of change at this front are to be determined.
In the inverse-Stefan problem, on the other hand, a desired tem-
perature rate of change is to be imposed at the freezing front. The
purpose of the analysis is to determine the temperature changes
�forcing function� that should be applied at the tissue-cryoprobe
interface in order to satisfy this condition.

Due to the inherent nonlinearity of this class of problems, the
analytical solutions are difficult to derive and are therefore rather
limited. Numerical solution schemes have greatly expanded the
computational capabilities and dominate this field of research. Be-
low are presented a few of our analytical derivations and addi-
tional numerical treatments.

3.1.1 Analytical Solutions of the Stefan Problem in Biological
Media. Rubinsky and Shitzer �17� presented an analytical solution
in Cartesian coordinates of a Stefan-like problem in a biological
tissue in contact with a cryoprobe. Equation �1� was solved sub-
ject to the assumption T2→T1, i.e., a single phase-transition tem-
perature similar to pure substances. The effects of blood perfusion
and of metabolic heat generation rates, on medium temperature
variations, heat flux and frozen front location are shown in Figs. 6
and 7, respectively. Table 2 lists the parameters used in the com-
putational cases. According to these figures, the heat flux in the
medium increase as both wb and qm decrease. In general, varying

nd physiological property values

Range of values

Referencesfrozen Frozen

2–4.1 1.84–1.9 17, 34, and 36
.64 �-� �15�
5–0.63 1.3–2.25 17, 34, 36, 38, and 39
000 1000 �34�

233–330 17, 34, and 38
to �2 �7 to �8 17, 34, 37, and 39
–10 �-� �17�
251 �-� �17�

Fig. 5 Thermal conductivity of “Tylose” as a function of tem-
perature in the phase-change region †32‡. „Copyright 1974 by
Elsevier. Reproduced with permission of Elsevier via Copyright
Clearance Center.…
al a

Non

3.5
3

.38
1

�1
0

0–
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he metabolic rate in the yet nonfrozen tissue will have minor
ffects on all the plotted variables, except when it reduces to zero.

ig. 6 Cryoprobe temperature and heat flux variations and fro-
en front location versus blood perfusion rates †17‡
Fig. 7 Cryoprobe temperature and heat flux variations and

ournal of Heat Transfer
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Blood perfusion, on the other hand, does affect the course of
change of the plotted variables as it changes, hindering, as is to be
expected, the advancement of the frozen front.

Budman et al. provided a combined analytical and integral so-
lution around an embedded general purpose cryoprobe �34�. The
liquid nitrogen-operated probe was tested experimentally in pure
water with a 2% gelatin agar. Results were compared with the
analytical predictions and are shown in Fig. 8.

3.1.2 Analytical Solutions of the Inverse-Stefan Problem in
Biological Media. Rabin and Shitzer �19� extended the analysis of
the inverse-Stefan problem to a freezing biological medium. The
tissue model, assumed initially at a uniform temperature, was de-
picted by a semi-infinite, thermally homogeneous, and isotropic
medium. The problem was analyzed by the “enthalpy method”
�35� with the latent heat of freezing expressed by the variable

Table 2 Combinations of physiological parameters used in the
computations †17‡

Case 1 2 3 4 5 6

qm, kW /m3 251 251 251 167 84 0
wb, kg /m3 s 10 7.0 4.0 7.0 7.0 0
Tarterial, °C 37.7 38 38.7 37.6 37.3 37
frozen front location versus metabolic heat rates †17‡

JANUARY 2011, Vol. 133 / 011005-5
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volumetric specific heat. Results compared very well to the ana-
lytic solution presented by Rubinsky and Shitzer �36� by setting
the phase-transition temperature range to T1–T2=0.1°C, closely
approximating an ideal PCM. Assuming a cooling rate of
10°C /min, the calculated forcing function at the cryoprobe-
medium interface is plotted in Fig. 9 as a function of capillary
blood perfusion and metabolic heat generation rates. It is observed
that blood perfusion has a much more profound effect than does
metabolic heat generation. When comparing the behavior of the
forcing function to the case of a nonbiological medium �wb→0
and qm→0�, maximally assumed blood perfusion and metabolic
heat generation rates reduce the duration of the cryotreatment by
about 20%, the depth of freezing by about 15% and the phase-
transition width by about 37%.

3.1.3 Analytical Solutions of the Inverse-Stefan Problem in
Nonbiological Media. The inverse-Stefan problem in a nonbio-
logical medium �wb→0 and qm→0� was solved analytically by
Rubinsky and Shitzer �36� in Cartesian and spherical coordinates.
Assuming a single phase-change temperature and a known tem-
perature gradient at the moving freezing front, a series solution
was derived for the temperature distribution in the medium. This
solution facilitates the calculation of the temperature variations
required at the cryoprobe-medium interface �forcing function� so
as to achieve the desired thermal conditions at the moving front.
Figure 10 presents temperature distributions in a PCM, depicted
by spherical geometry, for a constant heat flux at and various
velocities of the moving boundary. It is seen that the higher the
velocity of the freezing front, the steeper are the temperature gra-
dients in the medium. This demands lower temperatures to be

Fig. 11 Calculated forcing function for the controlled freezing/
thawing processes for a maximal cooling/warming rate of
10°C/min †37‡

Fig. 12 Freezing front locations, for the first and fifth repeated
freezing/thawing cycles, for various blood perfusion rates and
cooling/warming rates. The dots indicate end of cooling and
ig. 8 Comparison of experimental and analytical temperature
istributions around a general purpose cryoprobe †34‡
ig. 9 Forcing functions of the inverse-Stefan problem for
arious combinations of heat sources and a cooling rate of
ig. 10 Temperature distributions in a PCM for a constant heat
ux and various velocities of the moving boundary. Spherical
initiation of warming in each cycle †40‡.
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mposed at the cryoprobe-medium interface and may, therefore,
imit the extent of freezing, should the required front velocity be
xcessively high.

An integral solution of a one-dimensional inverse-Stefan prob-
em was presented by Budman et al. �37�. They assumed phase
hange to occur over a range of temperatures and analyzed both
he controlled freezing and the subsequent thawing processes of
he PCM. A constant cooling rate, �T /�t=H, was imposed at the
ower phase-transition temperature T1. Medium thermophysical
roperties were those shown in Table 1 and Figs. 4 and 5. Figure
1 shows the variations of the calculated forcing function during a
ingle freeze-thaw cycle for uniform cooling/heating rates of
10°C /min. Control characteristics of the cryosurgical process

n a nonideal medium simulating a biological tissue were deter-
ined by Budman et al. �38�. Using a proportional-integral con-

roller, the stability of the process was analyzed. It was shown that
he desired cooling rate at the phase-change front deviated from
he desired value only by about 1%.

Rabin and Shitzer �33� solved the inverse-Stefan problem of a
iological tissue undergoing repeated freezing/thawing cycles.
he locations of the freezing front following the first and fifth
ycles are plotted in Fig. 12. Data are shown for two cooling/
arming rates of 5°C /min and 10°C /min and for two cases of

apillary blood perfusion: wbCb=25 kW /m3°C and for no blood
erfusion. It is seen that the freezing front velocity is almost lin-

ig. 13 Comparison of experimental and computational finite
lement results †39‡

ig. 14 Comparison of measured †41‡ and calculated freezing
ront location around a 3.4 mm cylindrical Accuprobe. Required

ooling power was estimated by the numerical code †40‡.
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early dependent on time during the freezing stage, for all cases
shown. The location of the freezing front seems to be only weakly
dependent on blood perfusion during the first cycle. It does pen-
etrate deeper during the initial portion of the thawing stage, in the
case of no blood perfusion due to thermal inertia. In all cases
studied, the maximal depth of freezing during the fifth cycle was
about 7% larger than in the first cycle.

3.1.4 Numerical Solutions of the Inverse-Stefan Problem in
Biological Media. Budman et al. �39� performed a numerical
analysis of the freezing process in a nonideal medium. A new
cryosurgical device was developed, which facilitated the achieve-
ment of a specified cooling rate at the phase-change front by ac-
curately controlling probe temperature variations. An electrical
heating element was wrapped around the shaft of the cryoprobe as
a means to control its temperature by off-setting the excessive
heat extraction of the cryogen. The system was tested in an
aqueous-mashed potatoes solution. A closed loop control system
was used with the cryoprobe surface temperature as the feedback
variable. The energy balance equations were solved by a finite
elements scheme and showed good conformity to measured re-
sults, Fig. 13. The tracking accuracy of the desired temperature
trajectory of the cryoprobe was to within �4°C. Supercooling of
the PCM and liquid nitrogen boiling instabilities were identified
as the main reasons for deviations from the set-point.

An axisymmetric finite difference solution of the inverse-Stefan
problem in a PCM simulating a biological tissue was presented by
Rabin and Shitzer �40�. The cylindrical probe, with a finite active
length, was assumed to be embedded in an infinite PCM. The
solution was verified both against an analytical derivation of a
simpler case and experimental data �41�, showing good confor-
mity. A parametric study included the cooling power of the cryo-
probe and the dimensions of the frozen region, Fig. 14. For a 3.4
mm o.d. probe and 10 min of operation, the required heat extrac-
tion power increased gradually for the first 2 min of operation,
reaching a maximum of about 70 W. Thereafter, as the heat load
on the probe decreased with the thickening of the frozen phase,
which acted as a thermal insulator, the cooling power decreased
slowly to about 50 W.

Fig. 15 Comparison of numerical and analytical temperature
distributions „left… and freezing front location „right… for a
single, infinitely long cryoprobe embedded in a PCM †21‡

Fig. 16 Temperature distributions after 60 s for nonsymmetri-
cal activation of two adjacent cryoprobes at −55°C/1°C/s

„right… and −22.5°C/0.5°C/s „left… †21‡

JANUARY 2011, Vol. 133 / 011005-7

 http://www.asme.org/about-asme/terms-of-use



p
t
e
b
p
h
g
t
l
a
b
s
t
t
w
s
t

F
t

0

Downloaded From:
3.1.5 Numerical Analyses of the Stefan Problem for Multi-
robe Insertion in a PCM. Finite element analysis of the tempera-
ure field around two adjacent cryoprobes was presented by Weill
t al. �21�. The infinitely long cylindrical probes were assumed to
e embedded in an infinite medium, initially at a constant tem-
erature �5°C�. For simplicity the medium was assumed to be
omogeneous and isotropic and the effects of both metabolic heat
eneration and capillary blood perfusion were neglected. In order
o test the solution of the developed numerical scheme, the calcu-
ated results of a single embedded probe were compared with
vailable analytical results, Fig. 15. The performance of two em-
edded cryoprobes was calculated for both symmetrical and non-
ymmetrical operations. In the symmetrical mode, the surface
emperatures of both probes was dropped abruptly and maintained
hereafter at this level. Calculated isotherms around each probe
ere circular during the first minute of operation and became

kewed afterwards, “bulging” at the sections away from the cen-
erline separating the probes �21�. The nonsymmetrical operation

ig. 17 Placement of the thermocouple junctions adjacent to
he insertion cryoprobe. Dimensions in millimeter †44‡.

Fig. 18 Measured and estimated isothermal contours for on

operation †44‡

11005-8 / Vol. 133, JANUARY 2011
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involved simultaneously dropping of one probe to −55°C while
the other was dropped to only −22.5°C. In addition, cooling rates
applied were 1°C /min and 0.5°C /min, respectively. Temperature
distributions around both probes are shown in Fig. 16. As is to be
expected, the temperature field generated by the higher tempera-
ture probe lags considerably behind that produced by the lower
temperature probe.

Magalov et al. �42–44� applied ANSYS 7.0 to analyze the ther-
mal behavior of one, two, and three insertion needle cryoprobes
operated by high pressure Argon gas. A single and two
SEEDNET® cryoneedles, placed at varying distances apart, were
tested in Agar gel the temperatures of which were monitored ra-
dially and axially, as shown in Fig. 17 �44�. Figure 18 compares
measured and computed isothermal contours of 0°C, −20°C, and
−40°C for a single probe after 6 min and 10 min, and 0°C and
−40°C isotherms for two probes, 10 mm apart, after 10 min of
operation. The synergistic effects of three cryoneedles were stud-
ied numerically. All probes were operated uniformly and were
placed at the apexes of four triangles, as determined by the 5
�5 mm placement template used in this industry �45�, Fig. 19.
Figure 20 shows the locations of the 0°C, −20°C, and −40°C
isotherms for all placement configurations after 1 min and 10 min
of operation. For all cases studied the volumes enclosed by the
lethal isotherm �assumed here as −40°C�, achieve most of their
size in the first minutes of operation thus obviating the need for
prolonged applications �43�. Furthermore, it was demonstrated
that percentage volumes occupied by this lethal isotherm, relative
to the total frozen volume, after 10 min of operation, will be only
about 6% �single probe�, 6–11% �two probes, varying distances
apart� and 6–15% �three probes, different placement configura-
tions� �43�.

left… and two 10 mm apart „right… cryoprobes after 10 min of

Fig. 19 Insertion configurations for three cryoneedles †43‡. Di-
mensions in mm. „Copyright 2007 by Elsevier. Reproduced with
permission of Elsevier via Copyright Clearance Center.…
e „
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Fig. 20 Top views of 0°C, −20°C, and −40°C isothermal contours for different placement configurations after 1 min and 10
min of operation of three cryoneedles †43‡. „Copyright 2007 by Elsevier. Reproduced with permission of Elsevier via Copy-
right Clearance Center.…
ournal of Heat Transfer JANUARY 2011, Vol. 133 / 011005-9
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3.1.6 Effects of an Embedded Thermally Significant Blood
essel. The effects of an embedded, thermally significant, blood
essel on the temperature field in a tissue-simulating PCM sub-
ected to freezing by a surface cryoprobe were studied experimen-
ally �46–48� and numerically �49�. The surface cryoprobe was
perated by liquid nitrogen and was placed flush with the surface
f the PCM, Fig. 21 �48�. A tube simulating a blood vessel was
mbedded in the PCM parallel and close to the surface, coincident
ith the cryoprobe centerline, Fig. 22 �47�. The tube was perfused
y warm water at a constant temperature. Computer connected
hermocouples were arranged on a single plane inside the PCM

Fig. 23 Measured and computed isotherms in sections A–E

ig. 21 Schematic view of the tumor, embedded blood vessel,
nd surface cryoprobe †48‡
Embedded tube flow rate: 100 ml/min †49‡.

11005-10 / Vol. 133, JANUARY 2011
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and were spaced sparingly, utilizing the symmetry of the setup to
minimize thermal perturbations by the thermocouple wires. Each
experiment involved five repetitions with the probe placed alter-
nately at each one of the sections A–E, Fig. 22.

Variations of the isothermal surfaces in the PCM were interpo-
lated from the recorded temperatures. A numerical solution of the
phase-change problem under these conditions was developed us-
ing ANSYS 7.0. The numerical code was adapted to include the
thermal interaction between the PCM and the water perfused em-

Fig. 22 Cross-sectional view of the test section holding the
embedded tube and thermocouples in the PCM †47‡

the PCM after 20 min of cryoprobe operation at −8°C/min.
in
Transactions of the ASME
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edded tube �49�. Figure 23 compares the measured and computed
sothermal contours in the PCM after 20 min of operation of the
ryoprobe and 100 ml/min flow rate in the tube. Figure 24 depicts
D approximations of the frozen front in the PCM at three in-
tances, clearly showing the gradual engulfing of the embedded
ube by the PCM �47�.

3.2 In Vivo Experiments. Based on the previous work of
udman et al. �39�, Rabin and Shitzer �50�, and Rabin et al. �51�
eveloped a new cryosurgical device, which was tested in vivo on
he skeletal muscle of a rabbit’s hind leg. Cryoprobe-medium in-
erface temperature was controlled to follow the desired trajectory
y activating an electrical heater wrapped around the cryoprobe
haft. Figure 25 shows the histological appearance of muscle cells
days post-cryotreatment. A gradual interface, of about 0.5 mm

hickness, is observed between the cryo-injured tissue and the
djacent noninjured cells. The difference between the two regions
s quite pronounced manifesting the potency of the cryotreatment.

Conclusion
The studies cited in this article summarize work done in our

aboratory of Heat Transfer in Biological Systems for the last
-odd decades. These studies address a variety of issues relating to
he analysis of heat exchange driven by cryoprobes during the
hase-change process in biological and nonbiological media alike.
he studies included the development of both analytical solutions,
herever applicable, and numerical solution schemes, which, re-

ently, rely for the most part on available commercial codes. In
ertain cases experimental studies, conducted both in vivo and in
itro, complemented the analyses.

For cryosurgery to become the treatment-of-choice, much more
ork will be required, among other things to cover the following

ssues:

1. a clear cut understanding and definition of the tissue-specific
conditions that are required to ensure the complete destruc-

Fig. 24 Three-dimensional snap shots of the progression
tube †47‡. Cryoprobe operates from underneath.

ig. 25 Low power magnification of the interface between nor-
al „N… and cryodamaged fibers „C… 7 days post-cryotreatment

51‡. Copyright 1996 by Elsevier. Reproduced with permission

f Elsevier via Copyright Clearance Center.
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tion of a tissue undergoing a controlled cryosurgical process.
The current conflict and resulting ambiguity between speci-
fying either a tissue-specific lethal temperature or, con-
versely, a desired cooling rate at the freezing front, hinder
progress in this inherently complex subject.

2. more comprehensive analyses, which address, in addition to
the freezing stage, the more involved controlled thawing
stage and its consequences on the overall outcome of the
complete freeze/thaw cycle�s�.

3. improved technical means to control the temperature varia-
tions of the cryoprobe to achieve the desired thermal condi-
tions required for tissue destruction.

4. improvement in the pretreatment design process to include
optimal placement schemes of multiprobes and their sepa-
rate and specific operation.

5. understanding the effects of thermally significant blood ves-
sels, and other related thermal perturbations, which are situ-
ated adjacent to, or even within, the tissue to be destroyed.
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