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Abstract
Objective: to describe a suitable model of atrial fibrillation cryoablation
thermodynamic properties. Methods: three different thermal loads were applied to a
cylindrical copper element simulating the cryoprobe, thermally coupled with a
Peltier stack producing the freezing effect, and in contact with a bovine liver
sample. Thermal events occurring inside the samples were measured using Mirror
Image Technique. Results: heat subtracted flux during ice formation and minimum
temperature measured at probe–tissue interface were respectively of 1.33 W/cm2
and -27.8°C for Sample#0, 1.88 W/cm2 and -35.6°C for Sample#1 and 1.82 W/cm2
and 1.44 W/cm2 before and after the ice trigger, respectively, and -29.3°C for
Sample#2. Ice trigger temperature was around -8.5°C for Sample#0 and Sample#2,
and -10.4°C for Sample#1. In all the investigated samples ice front penetration was
proportional to the square root of time and its velocity depended on the heat flux
subtracted. The fraction of the useful energy spent for ice formation was less than
60% for Sample#0, about 80% for Sample#1 and for Sample#2, before the
reduction of the removed heat flux. Conclusion: freezing time exceeding a cutoff,
according to the heat subtracted flux, does not improve the procedure effectiveness
and is detrimental to the surrounding tissues.

Introduction
Atrial fibrillation (AF) is the most common tachyarrhythmia in the general
population [1]. In case the arrhythmia is symptomatic despite an adequate rate
control therapy, a rhythm control strategy, aimed at restoring and maintaining the
sinus rhythm, is recommended. In this perspective, catheter ablation for AF is an
efficient and established procedure, generally as second-line approach after failure
of antiarrhythmic drugs [2]. The main objective of AF ablation is complete
isolation of pulmonary veins (PVs) achievable thanks to different technologies. The
most frequently used catheter ablation strategy is based on the use of
radiofrequency (RF) to induce point-by-point lesions by heating the tissue and
leading cells to necrosis; another option consists in using a cryoballoon catheter to
create a circular lesion by freezing the tissue of PVs in a single step mode. Both
techniques are equally effective for the treatment of drug refractory paroxysmal AF
[3–10]. Since there is currently no evidence to suggest that a rhythm control
strategy, compared to a rate control therapy with adequate anticoagulation therapy,
can improve hard clinical endpoints [11–14], except in the setting of patients with
reduced left ventricle ejection fraction [15], the main purpose of AF ablation is to
improve symptoms and quality of life. For this reason, safety, rather than
effectiveness, must be the key feature of a suitable technique and of an adequate
source of energy. Despite the fact that safety of cryoablation, as well as of RF
technique, has been established clinically, thorough knowledge on the biological
effect of cryoenergy administration on the left atrium is still far to be complete.
Therefore, the assessment of thermal behavior and physical properties affecting ice
formation and growth in the biological tissue is a key step, holding the potential to
improve the safety of cryoablation.

Aim of the present study is to describe a suitable model of the thermodynamic
properties of cryoablation in order to better understand the effects of cryoenergy
delivery.

Materials and methods
The present study was performed aiming to replicate cooling properties, dimension
and probe-tissue interface extension of the clinically used cryoballoon, based on the
information provided by the manufacturer (Arctic Front Advance, Medtronic,
USA).
The experimental arrangement has been previously illustrated in details [16]; Fig. 1
illustrates a schematic drawing of the setup. To simulate the cryoprobe interface
with the tissue, a 25 mm high cylindrical copper element, with a top circular surface
of about 1.77 cm2 (assumed equivalent in size to the portion of a cryoballoon
surface in contact with the tissues to be treated), hereinafter referred to as cold
finger, makes contact with the material under test arranged inside a transparent
measurement vessel of parallelepiped shape (square base of 43 mm on each side,
and 30 mm high). The freezing effect is produced by a Peltier stack, one side
thermally coupled with the cold finger, the other one cooled by a heat exchanger
linked to a cold storage maintained at a low temperature (around -18°C) by a
chiller.
In the calibration tests, the cooling capacity at the cold finger surface in contact
with the tested material (interface I in Fig. 1) was found in the range 0.8 ÷

2.5 W/cm2 , with minimum temperatures of -57°C and -40°C, respectively.

In the experiments no temperature sensors were placed inside the tested material,
and some thermal events occurring within it were indirectly measured using

temperature information at the cold finger only. This methodology is called Mirror
Image Technique, and the cold finger thermally coupled with the sample assumes
the role of both a cooling device and a thermal sensor.
The apparatus setup and the experimental methodology validation using water and
agar-gel as reference materials [16] showed some relevant results including:
•

the beginning of ice formation can be clearly identified by monitoring the
consequent sudden temperature perturbation in the cold probe (analogous thermal
effect was found in the literature [17] in the case of clinical use of a cryoballoon
probe for PV isolation);

•

the time evolution of the ice front inside the tested material, just after the onset,
follows the square root of time and shows a penetration deepness proportional to
the heat flux removed at the cold interface.
Moreover, the early investigation on the ex vivo bovine liver [18] underlined that
the beginning of ice formation and its growth in this tissue match what established
in the case of agar-gel. From these bases, to confirm such results, the same
experimental approach is here proposed to extend the investigation on the ex vivo
bovine liver with other thermal loads and scenarios. More liver samples were
assembled according to the previous setting, and a picture of this arrangement is
shown in Fig. 2. Each sample to be tested is made up by a cylindrical portion of
bovine liver, 32 mm in diameter and a few millimeters thick, assembled at one end
of an open cylindrical container with the same internal diameter and made in
Plexiglas. Reference circular lines engraved on the external surface of the Plexiglas
cylinder at different nominal distances Lref from interface I (z = 0) were used to

estimate the liver thickness and its planarity, with a confidence of ±0.5mm.

In order to obtain for the liver layer a boundary suitable for assuming the heat
diffusion in an ideally semi-infinite medium, the free portion of the cylindrical

container was filled with a solution in distilled water of 2% by weight of agar, of
thickness at least equal to its inner diameter. A sheathed thermocouple was
immersed in the agar, and placed in contact with the liver surface in the axial
position z = L, in correspondence of the liver-agar interface L in Fig. 2.

Tested samples have been prepared with the bovine liver obtained from a local
animal processing facility, incidentally of different beasts. For the analysis and the
comparison of the thermal events occurring inside them, the previously investigated
liver sample [18] of thickness L0 = 5.5 ± 0.5mm has been used as reference, here

identified as Sample #0. Two others liver layers, Sample #1 and Sample #2, were

arranged inside devoted Plexiglas cylinders, each one of different thickness, L1 =

4.5 ± 0.5 mm and L2 = 7.0 ± 0.5 mm , respectively.

In the experiments, with the samples in the center of the measurement vessel
coaxially with the cold finger, starting from thermal equilibrium with room
temperature, different thermal loads were applied by feeding the Peltier stack with a
suitable set of electrical currents.
The sudden temperature increase occurring at the probe-liver interface allowed
identifying the ice trigger time t 0 , and the subtracted heat flux q(τ) versus the
relative time τ = t − t 0 was established by means of the measured temperatures

inside the cold finger [16].

The ice growth 𝑧𝑧𝑓𝑓 (𝜏𝜏) inside tested materials was measured as detailed in [16] for

water and agar gel, and in [18] in the case of bovine liver, all in agreement with a
square root function of the previous defined relative time 𝜏𝜏. In fact, the composition

of the ice penetration 𝑧𝑧𝑓𝑓 (𝜏𝜏) with the square root of the relative time √𝜏𝜏 gives the

function 𝑧𝑧𝑓𝑓 �√𝜏𝜏�, so the ice growth is linear versus √𝜏𝜏 and its variation over a time

increment ∆𝜏𝜏 is given by ∆𝑧𝑧𝑓𝑓 �√𝜏𝜏� = 𝑧𝑧𝑓𝑓 �√𝜏𝜏 + ∆𝜏𝜏� − 𝑧𝑧𝑓𝑓 �√𝜏𝜏�, or simply

proportional to the square root of the relative time ∆𝑧𝑧𝑓𝑓 �√𝜏𝜏� = 𝑚𝑚�√𝜏𝜏 + ∆𝜏𝜏 − √𝜏𝜏�,

where 𝑚𝑚 represents the slope in a plot versus √𝜏𝜏. At the ice trigger time t 0 , the
function 𝑧𝑧𝑓𝑓 �√𝜏𝜏� is zero (no ice penetration).

Taking into account the linear relationship between the removed heat flux q0 (τ)

and the ice penetration zf,0 (τ) as resulting from Sample #0 [18], in the case of
Sample #1 and Sample #2 the ice increment in the axial direction versus square root
of the relative time 𝜏𝜏 was estimated as
𝑞𝑞

𝑞𝑞

𝛥𝛥𝑧𝑧𝑓𝑓 �√𝜏𝜏� = � � 𝛥𝛥𝑧𝑧𝑓𝑓,0 �√𝜏𝜏� = � � �𝑧𝑧𝑓𝑓,0 �√𝜏𝜏 + 𝛥𝛥𝛥𝛥� − 𝑧𝑧𝑓𝑓,0 �√𝜏𝜏��,
𝑞𝑞0

𝑞𝑞0

(1)

where, q and q0 are the average heat fluxes removed within the chosen time
interval Δτ, and the ice penetration becomes

𝑞𝑞

𝑧𝑧𝑓𝑓 �√𝜏𝜏 + 𝛥𝛥𝛥𝛥� = 𝑧𝑧𝑓𝑓 �√𝜏𝜏� + 𝛥𝛥𝑧𝑧𝑓𝑓 �√𝜏𝜏� = 𝑧𝑧𝑓𝑓 �√𝜏𝜏� + � � �𝑧𝑧𝑓𝑓,0 �√𝜏𝜏 + 𝛥𝛥𝛥𝛥� − 𝑧𝑧𝑓𝑓,0 �√𝜏𝜏��. (2)
𝑞𝑞0

Due to the transparency of the agar-gel, the beginning of ice formation at z = L has

been suitably monitored, and the reliability of the ice penetration obtained with (1)
was verified by the measured arriving time τL of the ice front at this axial position.

Furthermore, with the help of the measured temperatures at the interface L, some

thermal events occurred inside the liver samples were predicted. In particular, with
the ice front penetration calculated by (1), considering the frozen and unfrozen
properties of ex vivo liver found in literature [19,20], the fraction f expressing the
heat flux qi (τ) spent for the ice formation with respect to the whole heat flux q(τ)

subtracted by the cryoprobe was obtained by imposing the energy conservation.

In fact, by using the temperatures TI (τ) and TL (τ) measured at both liver interfaces

I and L, with the adoption of a simply lumped thermal model, in which the average
properties (thermal conductivity and volumetric heat capacity) of the whole layer

are determined with a linear combination of frozen and unfrozen material portions,
the energy fraction 𝑓𝑓 has been calculated as

𝑓𝑓(𝜏𝜏) =

𝑞𝑞𝑖𝑖 (𝜏𝜏)
𝑞𝑞(𝜏𝜏)

=1−

𝑞𝑞𝑐𝑐 (𝜏𝜏)+𝑢𝑢̇ (𝜏𝜏)
𝑞𝑞(𝜏𝜏)

, (3)

At a given relative time τ, qc (τ) in (3) represents the axial heat flux due to thermal

conduction through the liver thickness L caused by the neighboring medium (the

agar in our case), while u̇ (τ) denotes the rate of variation of the internal energy per

unit of surface of the liver layer. Such heat flux was supposed proportional to the
temperature difference TL (τ) − TI (τ), while the internal energy was assumed
proportional to its average temperature.

Results
Graphs representing measured temperatures 𝑇𝑇𝐼𝐼 and 𝑇𝑇𝐿𝐿 versus time are shown in

Figs. 3 and 4. The initial time (𝑡𝑡 = 0) of each test corresponds to the start of
cooling once the Peltier stack was fed, and the continuous lines represent Sample
#0 and Sample #1, while the dashed one refers to Sample #2.
Different cooling scenarios have been produced in the tested samples. In the case of
Sample #0 (the reference one), with the assigned feeding currents, the maximum
produced cooling rate was found close to 32 K/min (15 K/min just before the ice
trigger), obtaining a quite constant heat flux subtracted during ice formation of
about 1.33 W/cm2 and reaching a minimum temperature of -27.8 °C at the probeliver interface.
Distinct approaches were adopted for investigating Sample #1 and Sample #2. The
former was cooled in order to obtain a lower temperature than that of Sample #0
during ice formation, while the latter was subject to different cooling processes by
modifying the feeding currents of the Peltier stack during the test.
For Sample #1, with a fixed set of feeding currents, higher than in Sample #0, a
maximum cooling rate of 35 K/min was reached at the beginning of the test (20

K/min just before the ice trigger), getting during freezing a fairly stable subtracted
heat flux of 1.88 W/cm2, with a measured probe-liver minimum temperature of 35.6 °C.
As mentioned, Sample #2 was subjected to a cooling process split in two parts. The
same set of feeding currents employed for Sample #1 was adopted at the beginning
of the test, obtaining the subtracted heat flux of 1.82 W/cm2. Just after the ice
trigger (about 10 s), the current intensities have been reduced in order to produce a
freezing process similar to that found for Sample #0, getting in this case a
subtracted heat flux of 1.44 W/cm2 and a minimum temperature of -29.3 °C.
The magnification in the inset of the diagram of Fig. 3 clearly shows for each
sample the ice onset time 𝑡𝑡0 (the arrows), and the temperature at which it takes

place, around -8.5 °C for Sample #0 and Sample #2, and -10.4 °C for Sample #1.
The star marker in this figure, and other proposed figures, identifies in the case of
Sample #2 the time at which the change on the feeding currents of the Peltier stack
was operated.
Temperature trends at the interface between liver and agar displayed in Fig. 4
depend on the sample thickness, and the thermal events produced at the probe-liver
interface are not observable if the liver layer is thick enough. In fact, in the case of
Sample #2 (the thicker) no thermal consequences are detectable for the ice forming
beginning or for the change on the subtracted heat flux at the interface with the
probe. For the two thinner samples, with a small delay due to the heat capacity of
the liver layer, the ice trigger at the probe-liver interface is noticeable also at the
liver-agar interface by analogous perturbation on the measured temperature trend.
Ice front penetration in axial direction versus the square root of the relative time τ is
illustrated in Fig. 5. The growth was obtained with (2), assuming a removed
average heat flux of 1.33 W/cm2 for Sample #0 and 1.88 W/cm2 for Sample #1.

About Sample #2, the average value of the subtracted heat flux was 1.82 W/cm2
during the first ten seconds after the ice trigger, followed by a value of 1.44 W/cm2
until the whole freezing of the liver layer. In this plot, the evident slope
modification in ice growth is due to the change in shape of the separation surface
between phases, as a result of a physical phenomenon depending on properties of
the tested material, and to the shape of the contact surface between cryogenic probe
and tissue, as discussed in [16]. From the performed tests on Sample #0, a change
in growth was noticed when the ice front penetrates about 2.6 mm inside the liver
layer, and the same behavior was imposed for Sample #1 and Sample #2 when the
calculated ice front reaches that inner position.
Comparisons between the measured and calculated ice front arriving time at the
liver-agar interface 𝐿𝐿 are summarized in Fig. 5, where the continuous lines refer to
Samples #0 and #1, and the dashed one is that of Sample #2. The circular markers

represent the measured values for the arriving time 𝜏𝜏𝐿𝐿 at the interface with agar, and
the error bars refer to the confidence region of ± 10 s in the ice front identification
at that interface, and of ± 0.5 mm in the estimated thickness of the sample. Within
such confidence region, the measured and the predicted beginning presence of the
ice front at the interface 𝐿𝐿 are in good agreement.

In order to investigate the efficiency of the cooling process and to highlight the
possible clinical implications of the study, the fraction 𝑓𝑓 of the useful energy spent
for ice formation calculated with (3) is shown in Fig. 6.

For Sample #0, Fig. 6 shows that after 60 second less than 60% of the energy flux
induces and sustains the ice formation, which is the clinical objective during AF
cryoablation, while the remaining fraction of energy cools the surrounding tissue
without forming new ice. This percentage remains stable until about 240 seconds, at
which ice formation at the liver-agar interface begins (circular marker). The

average ice drift velocity is maximum (≈ 0.2 mm/s) at 𝜏𝜏 = 0 (𝑡𝑡 = 𝑡𝑡0 ), but it
decreases rapidly to approximately stable values (≈ 0.02 mm/s) in a few seconds
(data not shown, see Fig. 8 in [18]). A similar behavior can be noticed for Sample
#2 when the ice front approaches the liver-agar interface (circular marker) with a
reduced heat flux removed (𝑞𝑞 = 1.44 W/cm2 ). Whereas, when the ice begins

forming in the liver the heat removed is higher (𝑞𝑞 = 1.82 W/cm2 before star
marker), the energy fraction 𝑓𝑓 is greater than 80%. This behavior is confirmed by
Sample #1, in which a quite constant heat flux of 1.88 W/cm2 is removed during the

ice formation, and the average value of the energy fraction 𝑓𝑓 is close to 80% within
the time interval taken to reach the liver-agar interface (circular marker).

Discussion
Several clinical trials (AFFIRM [11,12], RACE [13], CABANA [14]) demonstrated
that there are no significant differences between rate and rhythm control with
regard to mortality from cardiovascular causes, except than in patients with heart
failure (Castle AF trial [15]). Therefore, since a reduction of symptoms and a better
quality of life are fundamental objectives, efforts in enhancing ablation procedures
should be directed towards improving the safety profile as well as its effectiveness
and reducing complications rate of the technique.
Catheter ablation for AF is, in fact, an effective and validated procedure for
restoring and maintaining sinus rhythm, whose rationale stems from the description
that PVs foci are triggers of AF [21]. Currently, the standard and best-established
target of paroxysmal and persistent AF catheter ablation is the complete PVs
isolation [2]. Despite the fact that this intervention is widely used and well
established, the procedure-related complication rate is not marginal (7.8%) [22].

Different studies [3–8], including the multicenter randomized FIRE AND ICE trial
[9], proved that cryoballoon ablation is not inferior to RF in terms of efficacy
within patients with drug refractory paroxysmal AF. Nevertheless, there are no
uniform recommendations or guidelines regarding optimal dosing for AF
cryoablation. First recommendations, based on the dosing indications used in the
STOP-AF trial [23], suggested a 4-minute application followed by an empirical
bonus freeze after PV isolation. Subsequently it has been demonstrated that shorter
freezing time, 3-minute application without bonus freeze, was equally effective
[24]. In the last years, on the basis of a tailored medicine approach, similarly to
focal cryoablation used for the treatment of other supraventricular tachycardias
[25], efforts have been directed towards elaborating new dosing protocols based on
objective and quantifiable parameters available during the procedure. In this
prospective, several markers of durable PV isolation have been examined: time to
PV isolation with a cutoff of 60 seconds [26,27] (used as the guiding parameter of
different dosing algorithms tested in prospective studies [28,29]), balloon thaw time
[27,30], and cryoballoon temperature of less than -51°C (for acute PV isolation
[17]). In fact, as shown in Figs. 3 and 4, in our model the temperature curves of the
liver-agar interface reflect, as long as the sample is not too thick (7 ± 0,5 mm of
sample #2 in our experiment), the thermal events occurring at the probe-liver
interface, suggesting that the temperature of the probe or of the cryoballoon can
faithfully reflect the temperature in the sample or in the ablated tissue, respectively.
This relation is supported by the observation that the temperature curve of an actual
cryoballoon probe [17] is very similar to the curves in Fig. 3 and it presents the
sudden temperature increase associated with ice formation onset in the tissue.
However, it must be kept in mind that, in vivo, different elements (e.g. the degree
of PV occlusion, the catheter position, the PVs blood flow) can influence and

modify the two temperatures and the relation between them [27]. Moreover, as
previously demonstrated [16], the contact area between the cryoballoon and the
tissue is a crucial element for ice formation, since a high thermal contact resistance
hampers the ice growth in the ablated tissues. Despite the fact that AF ablation is
not an essential intervention quoad vitam, the major efforts have been directed
towards identifying markers to improve the procedure and not predictors of
complications, which have been studied and are managed especially clinically.
Indeed, alongside these studies on possible indicators of an effective ablation,
evidences on intraprocedural markers of collateral damage to neighboring
structures are still lacking.
The complication rates of AF ablation, both cryoballoon and RF techniques, have
been decreased over years [31], due to increased operator experience and
technological improvement. However, cryoablation may present complications
specific to this ablation strategy and energy source: right phrenic nerve palsy, the
most common complication, lesions to esophageal mucosa or formation of atrioesophageal fistula, and bronchial injury (possibly the underlying mechanism of
hemoptysis and cough occurring after the procedure [32,33]). These complications
affect structures close to the ablation targets, since a crucial element in their
formation is an extreme cooling of the neighboring tissues due to an excessive
cryoenergy delivery; therefore, it is fundamental to investigate cryodynamic of the
procedure and the behavior of the cooling process.
Although the complications are well managed clinically, increased knowledge on
the effects of the cooling process and induction of ice formation in the biological
tissues is needed. No quantifiable and biophysical predictors of complications
during the ablation procedure have been established, and side effects may manifest
after the end of the procedure. Therefore, mainly the patient’s personal risk factors

(age [34,35], anatomical proximity of superior cava vein to right superior PV [36],
right PVs proximity to phrenic nerve course and of the left atrium’s posterior wall
to the esophagus [35,37,38]) and the physician’s experience allow the evaluation of
the probability of complication manifestation.
Our group has previously demonstrated [16] that in distilled water and agar-gel the
liquid-solid transition takes place at a temperature below zero, and that the
progression of ice front penetration and the ice volume are proportional to the
square root of time and the specific heat removed respectively. These results,
except for the ice volume-specific heat removed relation, that has not been
investigated, have been confirmed in the present experimental arrangement
consisting of a bovine liver sample (Fig. 3, Fig. 5). The present work aims at
analyzing, with a model-based approach, the thermodynamic properties of
cryoablation in a biological tissue. As regard to the ice trigger temperature there is
not a unique reason to explain the observed discrepancy among the samples in Fig.
3. Probably it is due to minimal differences of the thermal contact with the liver
sample or to the different amount of liquid phase at the probe-liver interface. In
fact, previous experiments on water and agar-gel [16] had shown the effect of the
thermal contact resistance between probe and tested materials, reducing such
temperature in agreement to its magnitude, and in absence of that resistance ice
forming temperatures of -7.0 °C and -12.4 °C, for case of agar and water
respectively, were found.
The fraction of the useful energy for ice formation as a function of relative time
shown in Fig. 6 and the average ice drift velocity curve of Sample #0 (Fig. 8 in
[18]) demonstrate that ice formation rate within the tissue is already reduced after a
few seconds. Since the ice formation is a crucial element for cellular death, this
finding is fundamental to understand the biology of the cooling process and it

supports the clinically established indication to reduce freezing time of the
procedure. Interestingly, Fig. 6 shows that by increasing the subtracted heat flux,
which, from a clinical point of view, is achieved by improving the contact between
the cryoballoon and the PV and is reflected, for example, in a lower minimum
temperature, the efficiency of the freezing phenomenon is improved (i.e. a greater
fraction of energy is transformed to utile work and not to collateral unwanted
cooling of surrounding tissues). Indeed, since the ice forming fraction of energy in
Sample #1 is greater than that in Sample #0 (about 75% and 55% at 60 seconds,
respectively, according to our model), there is an improved control of cryoenergy
delivery and a lower cooling of the surrounding tissue. This observation is of the
utmost importance since it demonstrates that a low subtracted heat flux subsequent
to a poor cryoballoon-PV contact cannot be simply offset by a longer freezing
ablation time, as, although procedure effectiveness, resulting from transmural ice
formation, may be the same, damage to surrounding tissue would be greater. A
better understanding of the thermal diffusion laws has, in fact, the potential to
suggest a procedural cooling protocol, to date not based on thermodynamic data,
predicting the ideal heat flux achieving the desired effect by limiting to the
minimum unwanted cooling of surrounding tissues. According to Fig. 5 and based
on the temperature curve shown in Fig. 3, it takes about two and a half minutes for
the front of the ice in Sample #0 to reach 4 mm (representative of the outer edge of
the cardiac tissue considering the average atrial thickness), about eighty seconds in
Sample #1 and about two minutes in Sample #2. Since there are differences in the
cooling/heating dynamics between the experimental arrangement and the original
cryoballoon, these values cannot be intended as cutoffs to be used in a clinical
scenario, but they clearly indicate that variations in values of the subtracted heat
flux deeply affect the velocity of ice penetration, and consequently the optimal

ablation duration. Moreover, since the ice front penetration is proportional to the
square root of time, as the ablation proceeds, a longer freezing time corresponds to
a lower advancement of the ice and, since the ice forming percentage of thermal
energy flux decreases, to a greater, unneeded cooling of the surrounding tissues.
Therefore, as time progresses, there is a little advance in ice penetration, at the
expense of a large cooling of the adjacent tissues, which has been demonstrated to
be an important mechanism of complications development. The demonstration of
the hypothesis that the cooling process is a thermal diffusion process was a crucial
aspect of this work. The fact that the formulated thermal diffusion equation reflects
faithfully what was observed and measured during the experiment confirmed that
the model is reliable and rigorously designed, and allowed to make predictions on
the behavior of ice front penetration in a biological tissue. On these bases, it is
possible to study different cooling scenarios being confident that the results are in
keeping with reality. Moreover, it will allow to study and evaluate cooling
protocols different to those actually in use in clinical practice in order to analyze the
thermal behavior of the tissue and to assess the effects and possible advantages of
these protocols. Finally, according to the fact that an increase in the subtracted heat
flux corresponds to a faster ice penetration and a greater ice forming percentage of
thermal energy flux, it must be kept in mind that a cryoablation duration prolonged
beyond what is necessary results in a greater damage to surrounding tissues
especially if the subtracted heat flux is high. Indeed, bearing in mind that a high
subtracted heat flux leads to a greater efficiency, as shown in Fig. 6, an excessive
freezing ablation time with the cryoballoon well positioned and perfectly in contact
with the PV antrum causes greater damage to surrounding tissues, since, once
transmural ice has formed, ice formation progresses more quickly. Hence the
demonstration, on a non-clinical basis, of the need to shorten ablation times if the

intra-procedural cryodynamic parameters are good. These data bring new important
elements in favor of this indication, since in clinical experience it is not common
practice and ablation duration for each PV is often standard 4 minutes.

Limitations
This study presents some limitations. First, the experimental setting, although using
largely validated models and phantoms mimicking the human tissues properties, is
not so accurate to directly transpose the results to the clinical setting. Some
differences directly stem from the necessary ex-vivo experimental arrangement. In
particular, the absence of blood flow modelling, along with the potential
implications of cellular metabolism, different patients’ body temperature and
different thickness of the atrial wall from patient to patient, are all variables that
impact on the cooling dynamics properties of the probe-tissue interface. Although
similar, since both physiologically composed by a homogenous parenchyma of
mostly a single component of cells and a modest portion of adipose tissue, another
limitation relates to differences between hepatic and cardiac tissues. However, the
aim of this work is to evaluate from a thermodynamic point of view the cooling
process and study thermal diffusion in a biological tissue, and not in a homogenous
artificial material, in order to describe general laws of the thermal behavior. These
laws, assessed in a liver sample, would perhaps require correction factors to be
applicable to the heart, however the general considerations arising from this work
would stay valid. Finally, the cryoprobe model used in this experiment, despite its
modelling meant to replicate as closely as possible cryoballoon features, in order to
minimize this bias, is different from the original cryoballoon. The major evident
discrepancy is the cooling/heating dynamics, because the heat capacity of the cold

finger makes obtaining high temperature rates at the probe outer boundary arduous.
With the arranged apparatus, the time interval required to reach a minimum stable
temperature is longer than that expected for the clinical cryoprobe.

Conclusions
The present work describes a reliable model to study thermodynamic properties of
cryoballoon ablation and predict thermal behavior of a biological tissue subjected to
freezing, paving the way for further analysis on differentiated cooling protocols.
Indications to shorten ablation time are mostly driven by clinical studies aimed
mainly at assessing and improving the effectiveness of the procedure, whereas
evidences on the biological effect and the thermal events induced by cryoablation
are poor. This model sheds some light on this aspect of cryoablation, clarifying
some unclear elements and providing new insights, aiming to improve procedure’s
safety: the efficiency of the ablation changes with the variations in subtracted heat
flux; and a longer ablation with poor balloon-PV contact is different to a shorter
ablation with optimal balloon-PV contact, with regard to the effects on surrounding
tissues. Finally, the present model provides additional information for an effective
and safe cryoballoon ablation, suggesting that freezing time above a certain cutoff,
that varies according to the heat subtracted flux, is not useful to improve the
procedure effectiveness and may be detrimental to surrounding tissues.
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Figures

Fig. 1. Experimental apparatus schematic representation.

Fig. 2. Arrangement of the liver sample, and the geometric reference; materials and
their interfaces are also shown.

Fig.3. Evolution in time of temperatures at the probe–liver interface for the three
samples. Inset: magnification of the graphs at the ice triggering instant

Fig. 4. Evolution in time of temperatures at the liver–agar interface for the three
samples

Fig. 5. Estimated ice front penetration versus the square root of relative time τ =

t − t 0 . Circular markers with error bars represent the ice detected at the liver-agar
interface

Fig. 6. Fraction f of the useful energy for ice formation as a function of relative
time τ = t − t 0 .

