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Abstract: The paper presents a set of experiments to characterize the ice front propagation in ex vivo bovine liver samples.
Based on previous successful experiments using water and agar-gel as tested materials, the methodology infers the ice evolution
in the sample from temperature measures obtained at the cooling device only, with a technique known as mirror image. No an-
alytical or numerical solutions are proposed for the phase change propagation inside the tested material, such as for instance the
Stefan approach as a classical free boundary problem for a parabolic partial differential equation. Thermal events inside the
tested material, such as the heat flux released during the phase transition, have been deduced by the measured temperatures and
the numerical solution of the thermal field inside the cooling device, conceived to mimic some thermal features of an actual
cryogenic probe. The application domain for these experiments is in the cryoablative therapy, and the aim is to help providing an
increased knowledge on the thermal effects to better deduce the effectiveness of the treatment and reduce recurrences, while at
the same time avoid damages in the proximal anatomical structures. Results show that it is possible to detect the triggering of ice
formation at the interface between the liver samples and the cooling device and predict the ice front propagation according to a
law linear on the heat subtracted per unit of area. In a few tens of seconds, the maximum ice penetration distance is about 2 mm
inside the liver tissue, with a penetration rate that goes from 0.2 mm/s to 0.02 mm/s. Moreover, adopting a special sample con-
figured as an agar-gel coating superimposed to an ex vivo liver layer, the arrival time of the ice penetrating the liver and the
temperature at the interface between these materials were detected, in order to estimate the part of the heat flux useful to the ice
formation with respect to that spent for cooling the surrounding medium. Based on this preliminary result, to improve the cry-
oablation effectiveness it could be useful to increase the heat flux per unit of surface at the beginning, instead of the ablation
duration.
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within tissues that leads to cell damage [1-3], and a wide lit-
erature is devoted to analyzing the damage on living tissues
caused by the temperature level and cooling rates [4-10].
During a clinical treatment the knowledge of thermophys-
ical quantities relevant to the cryogenic probe, such as its
temperature level, heat flux and cooling rate, is not the guar-
antee of an effective application, but it may be useful to en-
hance its success. Some of these quantities are directly ac-
cessible from the equipment available to the clinician, others
can be attained with well oriented technical improvements,
but for a successful application the major trouble is probably
the lack of knowledge of what happens just beyond the

1. Introduction

The cryoablation theme is one, among various, on which a
profitable collaboration between medical doctors and engi-
neers can be developed. Everything related to the heat ex-
change mechanisms and interface phenomena, the thermo-
dynamic processes of multi-phase and multi-component sys-
tems, constitute a common ground on which to share skills and
knowledge.

As known in cryoablation, whatever is the actual biological
mechanisms responsible for cell death, it is the ice formation
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probe-tissue interface.

The collaboration with cardiologists of the Cardiology Di-
vision of the Department of Medical Sciences, Citta della
Salute e della Scienza, Hospital University of Turin, aims to
understand the influence of some thermophysical quantities
involving the treatment of cardiac arrhythmia [11-12, 18-19].
The assessments on physical behavior and technical aspects of
cryogenic probes have been addressed to preserve the clinical
requirements in reducing recurrences [20-21], increasing the
thermal effectiveness on treated biological tissues, avoiding
damages in the proximal anatomical structures [22-23].

According to these needs, an investigation path has been
planned to deepen the knowledge on the thermophysical be-
havior of a biological tissue subject to freezing at the probe
interface, with the aim of looking for the useful criteria for
optimizing the cryogenic probe. Since the analysis of heat
exchange at the inner and outer interfaces of the cryogenic
probe is seen as a key step to drive efforts toward the expected
clinical improvements, different experimental approaches
obtained with various apparatuses have been considered.

The inspection of the inner probe interface requires to re-
produce an experimental context very close to that of a real
cryoprobe, in which the freezing criterion and some probe
features (materials, shape, etc.) must be preserved. On the
contrary, in the analysis of the outer interface, tested material
and outside boundary conditions assume a main role, while the
shape of the probe and the way in which the freezing effect is
produced appear at first less important.

The outer interface has been first investigated employing
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the experimental setup already described and validated by
Giaretto and Passerone, adopting the experimental method-
ology summarized in the next section [13]. The preliminary
tests performed using water and agar-gel showed, among
others, some relevant results, for which the beginning of ice
formation is clearly identified by the monitored sink (probe)
temperature, and the time evolution of the ice front inside the
tested material follows a typical power law (square root of
time) of thermal diffusion phenomena.

In this paper, using the mentioned apparatus with the same
experimental approach, the preliminary tests on the ex vivo
bovine liver are presented. The choice of liver was driven by
its physical characteristics, approximately homogeneous and
isotropic. Results show the analogous behavior already found
for water and agar-gel, about the onset of the beginning of the
phase transition, and a similar maximum ice front progression
measured in the case of agar versus the square root of the rel-
ative time.

In the experimental method, based on previous obtained
results in the case of water [13], a linear relation between the
heat removed per unit of area and the maximum ice front
progression has been successfully verified in case of ex vivo
bovine liver. Moreover, an attempt to determine the useful
duration of an ablative treatment to avoid damage in the
proximal anatomical structures (e.g. the phrenic nerve palsy)
was made by splitting the heat removed by the probe in useful
and useless components, where the former induces the ice
formation inside the tissue, while the latter produces the
cooling of the surrounding tissue only.
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Figure 1. Schematic drawing of the experimental arrangement and a geometric sketch of the copper cold finger (h = 25 mm, d = 15 mm), with the location of the
thermocouples. The measurement vessel is of parallelepiped shape, square base of 43 mm on each side, and 30 mm high.

2. Methods

The arrangement employed in the experiments is described
and validated in a previous paper [13], therefore the detailed

description of the apparatus components is here omitted, and
the schematic drawing in Figure 1 only recalls the main parts
of the cooling system jointed to the measurement vessel with a
symbolic representation of the tested material, and a geomet-
ric sketch of the copper cold finger, including main dimen-
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sions, with the location of the thermocouples.

The freezing effect is induced by a probe of appropriate
shape named cold finger, whose top circular surface (about
1.77 cm®) makes contact with the material under test arranged
inside the vessel, while its square base is thermally joint with a
Peltier stack assembled with four modules, fed by separated
power supplies, and cooled by a heat exchanger linked to a
cold storage maintained at a low temperature by a chiller.

The adopted measurement technique named mirror image is
described by Giaretto and Passerone [13]. With this experi-
mental technique, thermal events inside the tested material are
deduced from thermal measurements outside of the material
itself. In this way, the probe (the cold finger in our case) is
both a cooling device and a thermal sensor, and temperatures
collected in some spots inside it make possible to obtain the
thermal heat flux subtracted at the interface with the tested
material, and the expected signal regarding the occurring
change of phase.

Heat flux density subtracted at the mentioned cold interface
was obtained assuming the one-dimensional transient heat
diffusion for an isotropic and homogeneous medium (the cold
finger), with the measured temperatures at z =0 and z = -h as
Dirichlet boundary conditions at a given time t. The solution
of the heat diffusion equation was obtained numerically [13].

Following this approach, the beginning of ice formation at
the probe interface and its penetration inside the tested mate-
rial can be identified by monitoring the probe temperature
only. In previous experiments, these occurrences were verified
on mimicked tissue, comparing the measured thermal re-
sponse with data obtained by a digital camera. These experi-
ments were possible because previous tested materials (both
water and agar-gel) are transparent in the visible spectrum,
and the ice growth history inside these were easily related with
the thermal events measured at the interface.

After the onset of liquid-solid phase transition, the ice
growth along the probe normal direction (the symmetrical axis
of the cold finger in our case, i.e. the maximum penetration)
follows a linear trend versus the square root of time, whose
slope depends on both the material features (structure, com-
position, etc.), and the heat subtracted per unit area at the solid
interface. In fact, a different slope depending on the shape of
the ice volume inside the material structure were found for
water and agar-gel, and a linear agreement was attained with
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the increasing ice volume and the heat removed per unit area
in the case of water.

Consequently, the maximum ice penetration can be as-
sumed proportional to the heat flux density subtracted by the
probe. For example, denoting the heat rate subtracted per unit
area as q, supposing that the ice has penetrated up to distance z
from the cold interface after a given time interval At, in case
the heat subtracted is q’, within the same time interval, the
penetration of the ice should reach the position z’ given by:

7z’ (At)=z (At)q’/q )

The experimental methodology validated in previous ex-
periments and summarized above is now employed for inves-
tigating the behavior of ex vivo bovine liver with the follow-
ing targets:

identify the onset of ice formation at the probe-tissue in-
terface with the help of temperatures measured at the probe
only, and compare the obtained results with data found in the
literature about a real cryoprobe application in actual clinical
treatments;

verify in the case of ex vivo bovine liver the linear rela-
tionship between the maximum ice front penetration and the
square root of time previously found in the case of water and
agar-gel, and check the linear link between the heat flux re-
moved per unit of surface and the maximum ice front pene-
tration expressed by (1).

Two samples of the liver of a bovine obtained from a local
animal processing facility have been produced with different
shapes. The prepared liver samples have been stored in a small
refrigerating cell maintained at about 6°C, and before the
apparent deterioration of liver samples occurred in about 48
hours, only two samples were employed in the experiments.
The first, named Sample #1 (whole), was made from a liver
slice about 5 mm thick, prepared using the sharp disk of a
slicer to obtain as flat and parallel surfaces as possible. From
this layer, a cylindrical portion of bovine liver 32 mm in di-
ameter was formed through a die-cutter. The slice thus pre-
pared was then assembled at one end of an open cylindrical
container made in Plexiglas, with the same internal diameter,
and height suitable to contain an adequate portion of agar-gel
of thickness at least equal to its diameter.

. Sheathed (0.5 mm) thermocouple at
. the axial positionL =5.5+ 0.5 mm

Reference circular line at the

- vertical positionL,.+«=5mm

- Plexiglas cylinder
" (32 mm inner diameter)

Figure 2. Picture of Sample #1. The sample includes a layer of bovine liver (thickness 5.5 + 0.5 mm), on which a thick layer of agar-gel is superimposed.
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Figure 3. (a) Schematic representation of the arrangement inside the measurement vessel of the symmetric portion of Sample #2. (b) Picture of the symmetry

surface of Sample #2, taken just before the test starts.

For this purpose, a solution in distilled water of 2% by
weight of agar was prepared by heating and homogenizing the
mixture at a constant temperature not higher than 40°C. Tak-
ing care to minimize the temperature difference between the
liver and the agar solution, the latter was directly filled over
the liver in the free part of the cylinder, waiting for the com-
plete gelification at room temperature.

The ex vivo tissue is the actual investigated material; the
overlying agar layer is conceived to give an adequate separation
from the external environment, and allows placing a temperature
sensor (type K sheathed thermocouple, 0.5 mm in diameter) in
contact with the upper surface of the liver along the vertical axis,
as shown in Figure 2. The axial position L of the thermocouple
has been determined with the help of the reference circular line
engraved on the external surface of the Plexiglas cylinder, at the
nominal distance L.y = 5 mm from the liver-probe interface.
Considering the irregularities of the liver upper surface, the tip of
the thermocouple falls within an axial coordinate in a range be-
tween 5 and 6 mm, therefore assuming L= 5.5+ 0.5 mm.

In this way, the temperatures T; and T measured on the
liver boundary, at the probe-tissue interface and axial position
L (tissue-agar interface), respectively, allow discriminating
some thermal effects inside the tissue layer, as discussed in the
next section.

The second sample, named Sample #2 (half), was made
using a thick slice of the same bovine liver employed for the
preparation of first the sample, approximately of parallelepi-
ped shape, with dimensions similar to the measurement vessel
in width and height, but half deep, as shown in Figure 3. This
massive shape was chosen to take advantage of the axi-
al-symmetry condition with which the freezing effect is gen-
erated inside the tested material. In fact, covering with the
material only a half portion of the top circular surface of the
cold finger, assuming as adiabatic both the uncovered part of
the cold finger and the vertical free surface of the material
itself, the thermal response inside the latter is expected to be
equal to the thermal response resulting by covering the whole
surface.
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Figure 4. Temperatures measured at the top edge of the cold finger versus relative time, in the case of Sample #1 (solid line) and Sample #2 (dashed line); t,is the
time at which the phase transition occurs. On the right side a magnification of temperature trends around the sudden ice trigger.
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Figure 5. Removed heat flux versus relative time involving both samples; t, is the time at which the phase transition occurs. The displayed heat flux densities refer
to the average values calculated after the beginning of ice formation, omitting the measured values close to the peak.

The adiabatic assumption for both free vertical surface of
the sample and half circular surface of the cold finger is valid
as a first approximation only. Despite some difficulties in po-
sitioning the biological sample on an actual half portion of
the probe, and the lack of planarity of the vertical portion of
the liver (because of the defective cut and its own weight),
from the experimental point of view, this arrangement allows
investigating with a digital camera the trigger of the phase
transition and the propagation of the ice front inside the liver,
as obtained for a transparent material.

3. Results and Discussion

In tests performed on both samples, the Peltier devices in
stack were fed with the same set of electrical currents, each
one independently in the range 1 — 5 A.

Figure 4 and Figure 5 show the measured temperatures at
the probe-tissue interface and the resulting heat flux sub-
tracted for both samples versus the relative time (t - t,), re-
spectively, where t, is the time at which the liquid-solid phase
transition occurs inside the liver samples. The beginning of ice
formation corresponds to a sudden release of heat (the peak of
heat flux shown in Figure 5) that increases quite rapidly the
sink (probe) temperature, as displayed in the enlargement on
the top right of Figure 4. The heat flux densities q and q' dis-
played in the labels inside Figure 5 close to the graphs refer to
their average values calculated after the ice formation, omit-
ting the measured values close to the peaks. Note that the heat
flux density for Sample #2 is higher than the density for
Sample #1 because the area of contact with the probe is
smaller.

The behavior found for the bovine liver perfectly matches

what was previously observed in the case of water and
agar-gel [13], confirming that the ice triggering in the frozen
material can be identified by the measured temperature inside
the probe. The thermodynamic state at which the phase tran-
sition occurs is also in this case supercooled, with an interface
temperature of about -8.5°C, practically equal for both sam-
ples. Because the heat capacity of the cold finger is relatively
high, and the heat released during the sudden phase change not
so high, the measured temperature increment is quite small, in
this case less than one degree Celsius.

Regarding the ability to detect the onset of ice formation, it
is interesting to observe what happens by using an actual
cryoballoon (Arctic Front, 28-mm diameter, Medtronic Cry-
oCath LP, Pointe-Claire, Quebec, Canada) for a pulmonary
vein isolation in patients with atrial fibrillation. For this pur-
pose, as a useful example, the temperature data for the ex-
panded gas leaving the cryoballoon, representative of suc-
cessful and unsuccessful clinical treatments, have been de-
duced in a fairly accurate way from the graph reported by
Fiirnkranz et al. ([14], page 822), and displayed in Figure 6.

In the figure, continuous and dashed lines refer to suc-
cessful and unsuccessful vein isolation respectively. Both
temperature trends show a sudden increase in temperature that
could refer to the mentioned onset of the phase transition. In
this case the observed temperature increase is greater than that
observed with the massive cold finger, since the thermal ca-
pacity of the probe is evidently smaller. In fact, by using a
cryoballoon, the freezing effect is produced by throttling a
small flow rate of a fluid (typically some tens of milligrams
per second of N,O), and the heat capacity depends on both the
mass flow and its latent heat of vaporization.
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Figure 6. Temperature trends recorded by a cryoballoon (Arctic Front, 28-mm diameter, Medtronic CryoCath LP, Pointe-Claire, Quebec, Canada) in the case of
successful (solid line) and unsuccessful (dashed line) pulmonary vein isolation. The temperature values versus time have been deduced from the graph reported
reported by Fiirnkranz et al. ([14], page 822).

However, it is possible to state that also for an actual cry- _Data
ogenic probe the ice triggering can be identified by the tem-
perature of the sink, and a quick evaluation of the heat flux
subtracted by the probe during ablation could be useful on  At=100,2=3.52
predicting the effectiveness of a treatment.
In our experiments, the ice growth in both liver samples was
identified in different ways. In the case of Sample #2, arranged
in the measurement vessel as shown in Figure 3, the ice

growth evolution in time was easily detected on the observa- At=144, 7=4.60

ble symmetry surface by a standard digital camera, employing

a digital image processing technique on the recorded frames at

each time step [13, 15]. Some frames recorded by the camera

at d1ff§rent times after ice formation inside the tissue are A=196, =5.90

shown in Table 1.

Table 1. Selected video frames from the onset of the phase transition (t = ty) in

Sample #2 and afier various time intervals. The parameters in the data col-

umn are the relative time A t = t-t, (s), and the penetration distance z (mm).

Data Frame At=256, z=7.10

At=0, z=0

The selected frames in the table show an imperfect sym-

At=1, z=0.20 metry of the ice growth on the visible face of the liver due to
previous mentioned non-planarity of this surface. Although
this may seem improper, a good agreement with a linear

At=4, 7=0.61 growth of the ice front versus the square root of time was
nevertheless found, as shown in the graph of Figure 6 dis-
cussed later. At the beginning the shape of the frozen portion

At=16, z=1.31 . .. . .
of the liver is like the cold finger footprint; afterwards, the ice
propagation inside the tissue becomes more symmetric, and its

At=36, =2.00 shape more closely reproduces the expected thermal diffusion
in a homogenous and isotropic material. In the last images,
due to the humidity of the air in the measuring vessel, ice

At=64, z=2.66

needles on the uncovered cold interface are evident. By the
estimated volume of ice formed, this leak of energy is evalu-
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ated around some percent.

In the case of Sample #1, because the ice evolution inside
the sample was not directly observable, the maximum ice front
penetration was estimated by the ice growth assumption in-
troduced with (1). A constant ratio between the different av-
erage values of heat flux density found in the experiments with
Sample #1 (q' = 1.33 W/cm®) and Sample #2 (q = 1.72 W/cm?)
was adopted. So, at each relative time (t - ty) the maximum ice
penetration z'(t - t) inside Sample #1 was estimated propor-
tionally (q'/q = 1.33/1.72 = 0.773) to the measured penetration
z (t - to) inside Sample #2, where t, is the ice onset time for
each sample. Moreover, through the transparency of the agar
layer arranged over the top of the liver slab forming Sample #1,
it was possible to identify the beginning time of the ice
forming at the axial position L, on the separation surface be-

41

tween the materials. The arriving time has been detected
manually, observing the light scattering near the axial position
L, estimating the beginning of ice formation in a time t - t,
ranged between 248 s and 258 s (which corresponds to V/(t - to)
=16 s‘/z). Furthermore, the complete freezing of the separation
surface was detected at a time close to 305 s. These results are
shown in Figure 6, where the maximum ice front measured
and estimated for both samples is reported versus the square
root of relative time (t - ty), in addition to the beginning of ice
forming at the separation surface of materials with its confi-
dence region estimated from the conceived accuracy ranges
for time and vertical position. In the figure, the ice growth
measured in a previous experiment performed on the sole
agar-gel is also shown.
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Figure 6. Maximum ice front penetration in the axial direction versus the square root of the relative time t-t), estimated by (1) in case of Sample #1 (dashed line),
measured in case of Sample #2 (thick solid line) and agar-gel (thin solid line) from [13]. The penetration distance is measured from the edge of the cold-finger.
Ice growth is linear versus the square root of relative time, and for Sample #2 the slope is approximately 0.332 mm/s" up to t-ty = 90s, and 0.595 mm/s" af-
terwards. The beginning of ice forming at the liver-agar separation surface of Sample #1 is represented by the cross mark inside its confidence region (dotted

elliptic line).
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The good agreement between the detected time for the be-
ginning of ice forming at the axial position L (253 +5; 5.5 +
0.5 mm) and its estimated growth with (1), confirms the
suitability of the thermal diffusion process involving the ice
growth inside materials and biological tissues with a signifi-
cant water contents. Comparing the ice growth inside the liver
with that previously measured in the agar, the similar behavior
obtained with different heat flux densities allows hypothe-
sizing that materials have an analogous structure, but a dif-
ferent water content, higher in the case of agar 2% by weight.

Regarding the temperature of ice forming inside the bovine
liver layer of Sample #1, the measured values obtained by the
thermocouple placed at the vertical axial position L, on the
separation surface between liver and agar, are shown in Figure
7 versus the relative time (t - t). In the figure the temperature
measured at the probe interface and the temperature difference
across the whole liver layer are also shown.

The temperature at which the beginning ice is formed at the
inner position L (T = -12°C) is lower than the temperature for
the ice triggering at the probe-liver interface (T; = -8.5°C).
When ice is forming at the probe interface, the liver temper-
ature T at position L is widely greater than zero, and the onset
of the phase transition produces a visible change in the tem-
perature trend anywhere inside the liver layer. After the initial
trigger, the ice forming inside the tissue does not produce
evident signals traceable from the trend of the individual
temperatures measured inside the material. It is interesting to
note that the difference between the temperatures that delimit
the liver layer shows a transition when the ice starts forming at
the liver-agar interface, because of the different water content
and the changing of thermal diffusion properties when the
liquid-solid transition occurs.

Focusing on the behavior of the bovine liver layer of Sam-
ple #1 after ice triggering, the heat flux subtracted by the probe
produces the ice growth inside the tissue and the cooling of the
neighboring medium. The ice transition and its growth inside
the tissue are the expected useful effects, while the simple
cooling of neighboring tissues may be useless or harmful for
the proximal anatomical structures.

Despite the different thermal properties of the frozen and
unfrozen states, no direct information on ice growth inside the
liver can be obtained observing the trend versus time of the
temperature measured at the layer interfaces. However, it is
possible to evaluate some thermal contributions involving the
heat conduction through the layer, the latent heat for ice for-
mation and the energy spent for cooling the whole layer before
and after ice formation. Considering the frozen and unfrozen
properties of ex vivo liver found in the literature (see [16-17]),
by using a simple thermal model in which the average prop-
erties of the whole layer are determined with a linear combi-
nation of frozen and unfrozen material portions, weighting up
by the ice front propagation with (1), referring to a unit of

probe surface it is possible to write:
Or=loLlFlocldu/dt] @)

where, @ is the absolute value of the calculated specific heat
flux subtracted at the probe interface, |po| the latent heat of ice
forming inside the layer, depending on its growth rate, |¢c| the
contribution due to the neighboring medium, depending on the
measured temperature difference Ty - T}, and |du/dt| the rate of
variation of the average internal energy of the layer depending
on both its average temperature and the frozen-unfrozen liver
portion.

The interest is to highlight the part |p;| of the heat flux
subtracted by the probe devoted to ice formation with respect
to the remaining part |@c| + |du/dt| spent for cooling the liver
layer and the neighboring medium. Introducing the ratio f as:

=loLl/o=1-(|oc+du/dt])/ o 3)

its trend versus the relative time (t -t) is reported in Figure 8.

In the figure, at the ice trigger the estimated ratio f is very
close to the unitary value and decreases quite rapidly after-
wards. At the beginning of the phase transition the energy
subtracted by the probe is primarily addressed to ice formation
and only marginally to cooling the neighboring material, on
the converse with increasing time.

This behavior estimated for Sample #1 agrees with the ice
progression measured for Sample #2 (compare data and
frames shown in Table 1), and agrees with the estimated ice
drift velocity in Sample #1 depicted in Figure 8. The penetra-
tion rate goes from 0.2 mm/s at the very beginning to 0.02
mm/s after about one minute, and then remains quite constant
with only a slight decrease. On this basis, to improve the
cryoablation effectiveness it could be useful to increase the
heat flux subtracted per unit of area, in order to improve the
beginning of ice formation within the tissue contacting the
probe, and decrease the ablation duration, to reduce the pos-
sible damages from cooling in the proximal anatomic struc-
tures.

4. Conclusions

The performed experimental investigation on samples of ex
vivo bovine liver allows highlighting some essential points.

The ice formation at the probe-liver interface produces a
temperature perturbation inside the tested material similar to
that previously found for water and agar-gel. As expected,
such thermal effect can be indirectly identified by tempera-
tures measured with the probe only. In particular, the results
carried out in the experiments agree with data found in liter-
ature about a real cryoprobe application in case of pulmonary
vein isolation, for which the monitored sink temperature gives
a useful signal for identifying the beginning of ice formation.
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Figure 8. Fraction of the total heat removed spent for the ice forming inside Sample #1 (thick solid line) versus the relative time t-t,. Estimated ice drift velocity

in Sample #1 (thin solid line) and its regression (dashed line).

After the ice starts at the probe interface, its penetration
inside the tested material depends on the rate of heat removed
by the probe, and previous investigations show that its growth
in normal direction (maximum penetration) can be assumed
linear with the heat subtracted per unit of surface. This be-
havior was confirmed in the case of liver, for which the ar-
riving time of ice at a given inner position matches the one
estimated by the theoretical model, through which is affirmed
that the ice growth is linear also with the square root of time,
and the penetration distance at a given time can be propor-
tionally conformed to heat removed per unit of surface.

In summary, monitoring the sink temperature and the heat
rate subtracted by the probe, an effective estimation of the ice
penetration inside the tissue may be provided, especially in
first moments after the ice formation, in which the energy
taken off by the probe is primarily spent for removing the la-
tent heat of solidification rather than cooling the surrounding
medium. In the case of bovine liver few tens of seconds are
sufficient to reach a maximum penetration distance of about 2
mm for the ice front inside the tissue.

This methodology may be applied to current cryoprobes,
which already provide some of the physical quantities re-
quired in the presented technique, to drive cryoablation in
order to enhance its effectiveness, avoiding prolonged ineffi-
cient cooling.
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