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Abstract: The objective was to explore variations of temperature distribution and coagulation zone
size computed by a two-compartment radiofrequency ablation (RFA) model when including
simultaneously reversible changes in the tissue electrical conductivity (o) due to temperature and
irreversible changes due to thermal coagulation. Two-compartment (tumor and healthy tissue)
models were built and simulated. Reversible change of o was modeled by a piecewise function
characterized by increments of +1.5%/<€ up to 100 <€, and a 100 times smaller value from 100 €
onwards. Irreversible changes of o were modeled using an Arrhenius model. We assumed that both
tumor and healthy tissue had a different initial o value (as suggested by the experimental data in the
literature) and tended towards a common value as thermal damage progressed (necrotized tissue). We
modeled a constant impedance protocol based on 90 V pulses voltage and three tumor diameters (2, 3
and 4 cm). Computer simulations showed that the differences between both models were only 0.1
and 0.2 cm for axial and transverse diameters, respectively, and this small difference was reflected in
the similar temperature distributions computed by both models. In view of the available experimental
data on changes of electrical conductivity in tumors and healthy tissue during heating, our results
suggest that irreversible changes in electrical conductivity do not have a significant impact on
coagulation zone size in two-compartment RFA models.
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1. Introduction

Computer modeling has been widely used to study temperature distributions during
radiofrequency (RF) tumor ablation (RFA). Up to now, this method involved solving an
electrical-thermal coupled problem using a mathematical framework based on the Laplace equation
to solve the electrical problem and the Pennes' equation for the thermal problem. The first computer
models mimicked an RFA on non-tumor tissue, i.e. the tissue sub-domain was assumed to be
homogencous and constituted by a ‘single compartment’ [1-3]. Computer modeling was later used to
explore temperature distributions in tumors with non-healthy tissue properties, for which
two-compartment models were proposed: one compartment (or sub-domain) representing the tumor
and the other the healthy tissue. Some two-compartment models considered a tumor with a
cylindrical shape [4,5], while others assumed a spherical shape [6—8] or a two-layer setup [9]. About
the RF applicator, some studies considered a multi-prong [6,7] while others modeled a single-needle
RF applicator as the Cool-tip model [10-12].

The reason for two-compartment models was the experimental evidence that found that tumor
electrical conductivity (o) at RF frequencies is higher than that of healthy tissue. For instance,
Haemmerich et al [13] measured o at 1 MHz in in vivo tissues and reported mean values of 0.461
S/m for healthy liver and 0.523 S/m for tumor tissue. Prakash et al [14] reported mean values of
0.271 S/m for healthy ex vivo liver tissue and 0.471 S/m for tumor tissue (at 1 MHz). Haemmerich et
al [15] reported mean values of 0.26 S/m for healthy liver and 0.504 S/m for tumor tissue (at 460
kHz) and Laufer et al [16] reported mean values of 0.15 S/m for healthy liver and 0.25 S/m for tumor
tissue (at 400 kHz). This data hence suggested that RF power could be preferentially deposited in the
tumor. In fact, the simulations conducted with two-compartment models showed more effective
tumor destruction (in terms of temperature reached and coagulation zone volume) than those
conducted with homogeneous (single compartment) models [10,11].

All the two-compartment models proposed to date have considered a change of o exclusively
dependent on temperature, based on an increase up to 100 € (e.g. +1.5%/<€) and then a drop of
several orders of magnitude to mimic the water loss associated with vaporization at this temperature
(see Figure 1A) [4-7]. These models therefore did not consider irreversible changes of o due to the
accumulated thermal damage reported for non-tumor (i.e. healthy) tissues subjected to hyperthermic
heating [17—20]. For instance, Pop et al [17] characterized the change of o in ex vivo kidney at 460
kHz during and after heating at constant temperature (with target values between 48 and 78 <€) and
separated the changes in o due to the reversible temperature effect (with a rate of +1.62%/<€) from
the permanent structural effect, which was modeled by an Arrhenius model. In general, they
observed that in the samples heated to between 64.3 and 71.2 <€, during cooling o dropped to a
higher value than for native tissue (as suggested by the orange line in Figure 1B). In this context, the
adjective native refers to tissue that has not undergone heating, as opposed to denatured, which has
been subjected to heating. Interestingly, Pop et al also reported ‘aberrant’ behavior in samples heated
to 78.5 €, in which o fell during cooling to a lesser value than samples heated to 71.2 <€ or lower
(as suggested by the red line in Figure 1B). This behavior was associated with tissue desiccation,
since the measurements were made after slow heating for several minutes.

Zurbuchen et al [18] measured o at 470 kHz in ex vivo and in vivo liver samples subjected to
heating and observed a plateau around 80 <€ (see green line in Figure 1C) and a return to the initial o
value after cooling (as suggested by the blue line in Figure 1C). Suspecting that the plateau was due
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gradual tissue desiccation at slow heating, Macchi et al [19] measured o at 480 kHz in ex vivo liver
samples and compared changes in o with temperature at fast and slow heating rates. They found that
with fast heating the plateau disappeared and o rose gradually to 100 €€ (maximum temperature used
in their experiments), therefore returning almost to the starting point in Figure 1A (see black line in
Figure 1D). These authors conducted RFA simulations considering different mathematical
expressions to model the dependence of o, ranging from those that only take temperature into
account (as shown in Figure 1A) to those that included accumulated thermal damage at slow (Figure
1C) and fast (Figure 1D) heating rates. Interestingly, they did not find any large differences in terms
of coagulation zone volume, although it should be remembered that they only simulated up to the
first roll-off (impedance jump to 300 Q). Macchi’s study did not measure values of post-heating o,

i.e. during cooling. These results were later confirmed by Deas Yero et al [20], who measured o at
500 kHz in ex vivo liver samples subjected to slow and fast heating.
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Figure 1. Overview of the proposed relationships between electrical conductivity (o) and
temperature (T) (see text for details) (A—D). Our modeling study seeks to compare the
results obtained considering irreversible changes only (E) versus also considering
irreversible changes, which means that the o values of tumor and healthy tissue become
more similar as ablation progresses, from cnative (NON-heated) t0 Gdenatured (totally ablated).

If the studies on irreversible changes in o with temperature in healthy tissues are not abundant,

there is even less data on what occurs in tumor tissues. To our knowledge, only Haemmerich et al [15]
reported o values at 500 kHz in tumor tissue before and after ablation. Although these values were
taken from a single patient, it is remarkable that while the healthy tissue o was considerably lower
than in the tumor before ablation (in agreement with other studies [13—-16]), the difference between
tumor and healthy tissue o was greatly reduced after ablation. Although this finding may seem
irrelevant, we think that it would be reasonable from a physical point of view to imagine that the
difference in o values of healthy tissue and tumor could be smaller after ablation because the two
tissue types ‘tend towards a similar physiological state’, which is that of heat-induced necrotized
tissue. If this were true, the advantage of tumor over surrounding healthy tissue in terms of improved
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electrical conduction would not be sustained throughout several minutes of ablation, but would only
exist before tumor ablation. Our goal was thus to explore how temperature distribution and
coagulation zone size computed from a two-compartment model could vary in the case of including
simultaneously reversible changes due to temperature, as suggested in Figure 1E, and irreversible
changes due to thermal coagulation as suggested in Figure 1F (where o could be modulated by an
Arrhenius function Qg, as previously done by Macchi et al [19] in case of homogeneous tissue) in
the specific case of assuming that the differences in o between healthy and tumor tissue disappear as
tissue passes from native state to denatured state.

2. Materials and method
2.1. Modeling of tissue electrical conductivity

As in most two-compartment models, the electrical conductivities (o) of healthy and tumor
tissue were considered to be different, as has been reported in some experimental studies [13-16].
We used the values reported by Haemmerich et al [15]: 0.26 S/m for healthy liver and 0.504 S/m for
tumor tissue (assumed to be taken at room temperature, 22 €).

The reversible change of o associated with temperature was modeled using a piecewise function
®(T) (as shown in Figure 1E) characterized by an increase of +1.5%/<€ until 100 <€, followed by a
reduction of two orders of magnitude between 100 and 101 <€, and a constant value thereafter. This
allows modeling the tissue desiccation associated with vaporization [19]. To sum up, the reversible
change of o with temperature was expressed as:

a(T) = onative © P(T) 1)

where onative IS the electrical conductivity of healthy or tumor tissue at 22 <. On the other hand, the
irreversible changes associated with the heating for each o were modeled by assuming that both
onative (tumor and healthy tissue) tend towards an identical value (ouenatured) as the ablation progresses
(as shown in Figure 1F). We assumed a ogenatured Value equal to the mean value between the two
Onative 1.6. 0.38 S/m (at 21<€). To model the change from Gnative 10 Guenatured We Used an Arrhenius
model as proposed by Pop et al [17], which determines the first-order kinetic rate for the irreversible
changes in electrical conductivity. The parameter Q. represents the expected fraction of cells
unaffected by irreversible changes, and is computed as follows:

¢ _AEg
Qs (T, t) = As [, e RT™dt (2)

where Ac is the frequency factor (6x10%* s1), AEs is the activation energy for the irreversible
reaction (2.38x10° J/mol), R is the universal gas constant (8.314 J/mol K) and T(7) is the absolute
temperature (K) as a function of time. The values of A-and AE-were taken from [17] and were those
of ex vivo kidney tissue (none are available for liver). The parameter Q. (associated with irreversible
changes) was combined with Eq. 1 (associated with reversible changes) to obtain a full expression
for changes of o

U(T; Qa) = [Unative + (Udenatured - Unative) : (1 - e_QG)] ' 60'015(T_Tref) (3)
where Tref is the temperature at which the values of onative and Odenatured Were considered (22 <€).
Figure 2 shows the change of o with temperature (reversible changes) and Q. (irreversible changes)
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both for healthy and tumor tissues.
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Figure 2. Change of o with temperature (reversible changes) and Qs (irreversible
changes) both for tumor (A) and healthy (B) tissue.

2.2. Description of the model geometry

A two-compartment model was built and solved by the Finite Element Method using Comsol
Multiphysics software (Burlington, MA, USA). The geometry of the problem was represented by a
2D axis symmetric model, which consisted of a cylindrical subdomain mimicking healthy liver tissue
and a spherical subdomain mimicking tumor with different diameters (2, 3 and 4 cm) (see Figure 3).
It also included a 3-cm 17G RF Cool-Tip applicator placed in the center of the tumor. The dispersive
electrode was modeled as an electrical boundary condition V = 0 on all the outer boundaries except
the symmetry axis. The internal cooling of the active electrode was modeled by setting a constant
temperature of 10 <€, while temperature was 37 <€ on all the outer boundaries except the symmetry
axis. The model was based on a coupled electric-thermal problem in which the governing equation
for thermal problem was the Bioheat Equation:

7]
pcse=V- (k- VT) = pycy(T = Ty) + Qm + Qgr @)

where p is tissue density, c tissue specific heat, T temperature, k tissue thermal conductivity, o blood
density, c» blood specific heat, T body temperature (37 <€), @ blood perfusion coefficient (at
temperature Tp), Qm metabolic heat generation per unit volume (which can be negligible compared to
other terms), and Qrr heat source term due RF energy. Eq. (4) was applied to each region of the
model by substitution of the appropriate properties. To calculate Qrr wWe solved the electrical
problem, which for RFA can be calculated by:

- - —,2 2
Qrr =] - E = o|E| = a|-VV| (5)

where f is the current density vector (A/m?), E electrical field vector (V/Im), o electrical

conductivity (S/m) and V voltage (V). We used quasi-static approximation to solve the electrical
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problem where conduction currents were assumed to dominate compared to displacement currents.
The electric voltage was computed by solving the equation [14]:

V- (o) =0 (6)
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Figure 3. 2D axisymmetric model used to study the temperature distributions during RFA. It
consisted of a cylinder of healthy liver tissue surrounding a spherical tumor of diameter
varying between 2, 3 and 4 cm. The active electrode is inserted into the center of the tumor.
A and B are the axial and transverse diameters, respectively (dimensions in mm).

Table 1. Characteristics of the materials used in the computational model [15,21].

Material p(kg/m®) o (S/m) cAkgK) k(W/mK) o (l/s)
Healthy tissue 1080 0.26 3455 0.502 0.016
Tumor 1045 0.504 3760 0.5 0.009
Blood 1046 - 3639 - -
Metal (electrode) 8000 7.410% 480 18 -
Plastic (insulated trocar) 70 10-° 1045 0.026 -

p- density, o electrical conductivity, c: specific heat, k: thermal conductivity, w:
blood perfusion. Tissue properties assessed at 37 T (see text for more details

related to o thermal dependence).

Table 1 shows the values of the properties of the materials [15,21]. The accumulated thermal
damage is the effect of exposing it to a high temperature for a prolonged time. A traditional way to
predict the probability of irreversible thermal damage is the Arrhenius reaction rate model (as done in
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Eqg. (2)) in which the parameter Q is related with the expected cellular survival fraction and is
computed as follows:

,
Q(T,t) = A [ e RT®dr (7)

where A is the frequency factor (7.3940%° s1), AE is the activation energy for the irreversible
damage reaction (2.557 40° J/mol), and R is the universal gas constant (8.314 J/mol K). The
parameters A and AE were taken from [10]. A value Q = 4.6 (99% cell death probability) was used to
compute the coagulation zone volume. Note that although Qs and Q have the same type of
mathematical formulation (both are Arrhenius models), the former models the irreversible changes in
tissue o, while the latter models the vital state of the tissue.

We assumed that blood perfusion ceased once tissue was destroyed. This cessation was
simulated by a first order kinetic model [7]:

(T, t) = wy - e M0 (8)

where ax is the blood perfusion coefficient at temperature Th.

In order to compare the two formulations (Eq. (1) vs. Eg. (3)), we conducted computer
simulations with models: the one that considers only irreversible changes in o (Model 1) vs. the one
that also considers irreversible changes (Model 2). The computer simulations mimicked a
controlled-impedance pulsed protocol as described in [22]. Basically, a constant voltage of 90 V is
applied until the impedance exceeds a threshold of 100 Q (roll-off). The voltage is then discontinued
for 15 s, and the initial voltage value is reapplied. This is repeated every time a roll-off occurs for a
total duration of 12 min, after which the computer simulates a 10 min cooling period in order to
include the thermal latency and the subsequent enlargement of the coagulation zone [23]. The isoline
Q = 4.6 was used to compute the axial (A) and transverse (B) diameters of the coagulation zone (see
Figure 3).

The models were verified in terms of mesh size, time-step and outer dimensions as described in [22].
The value of the maximum temperature reached in the tissue at the end of the ablation was used as a
control parameter and a difference of less than 0.5% as a criterion between simulations.

3. Results
3.1. Verification of the model

Models 1 and 2 were verified in terms of spatial (mesh size) and time (time-step) discretization,
along with the outer dimensions. Convergence tests were conducted to verify that the values used in
the computer model represented the RFA with sufficient accuracy. The meshing size at the
electrode-tissue interface was ~0.003 mm and at the point furthest from the active electrode was ~16
mm. The optimal time-step was ~0.5 s and the number of triangular elements ranged from 1300 to
1550, depending on the tumor size.

3.2. Effect of including irreversible changes of o

Table 2 shows the axial and transverse diameters of the coagulation zone computed from the
model considering only reversible changes of o and from the model including also irreversible
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changes. The differences between both models were 0.1 and 0.2 cm for axial and transverse
diameters, respectively. This small difference between the results predicted by both models is also
reflected in the marked similarity between the temperature distributions computed, as shown in
Figure 4. There were hardly any differences between the number of roll-offs during RFA predicted
by both models (29-32).

Table 2. Diameters of the coagulation zone computed from a model considering only
reversible changes in o (Model 1) and from the model also including irreversible changes

(Model 2).
Tumor diameter  Axial diameter (cm) Transverse diameter (cm)
(cm) Model 1  Model 2 Model 1 Model 2
2 5.0 5.1 3.6 3.4
3 5.2 5.3 3.7 35
4 5.0 5.1 3.4 3.6

T(°C)
A 106

Reversible
changes

Coagulation /
zone = 80

Reversible and
irreversible changes

Figure 4. Temperature distributions computed after 12 minutes of RF ablation in tumors
of 2, 3 and 4 cm diameter using two models with different changes of electrical
conductivity during ablation: 1) reversible changes with temperature only (A—C), and 2)
both reversible changes with temperature and irreversible changes associated with tissue
denaturation (D—F). Coagulation zone limits corresponded with the isoline Q = 4.6
computed from the Arrhenius model (Eq. (7)). Scale in €.

Due to the intricate mathematical formulation developed to model the reversible and irreversible
changes in o during RFA (see Eq (3) and Figure 2), it was crucial to check that each point of the
domain (including tumor and healthy tissue) behaved as expected. In this regard, Figure 5 shows the
evolution of the spatial distribution of o at the beginning of the RFA (0 s), just after RF power
application (720 s) and at two times during the cooling period following the cessation of RF power
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(900 and 1320 s). As expected from a two-compartment model, at the initial time both models clearly
show different o values for the tumor and healthy tissue (see Figure 5A and 5 E). These are the
values of tissue that has not undergone ablation, i.e. onative. In both models, a desiccated tissue area is
clearly visible surrounding the electrode at the end of ablation (720 s). This is a narrow strip (blue in
Figure 5B and Figure 5F), representing the extremely low values of reversible o changes.
Interestingly, at the same time, the model that only includes reversible changes (Figure 5B) is seen to
keep a high o value in the entire tumor sub-domain (red), while this does not occur in the model that
also includes the irreversible changes (Figure 5F). During the cooling phase (i.e. when the RF power
has been switched off), the o values in healthy tissue and tumor are seen to return to their initial
values in the reversible change-only model (see Figure 5C and 5D). The small differences just
around the active electrode are due to the electrode cooling effect. However, in the model with
irreversible changes it can be seen how the o values in tumor and tissue tend to equalize in the areas
affected by coagulation (they tend to value ogenatured) and in fact they never return to their initial
values (Figure 5G and 5H).

RF ON RF OFF
< > <

Reversible
changes

Reversible and
irreversible changes

Figure 5. Spatial distributions of the electrical conductivity in tumor and healthy tissues
before (t = 0 s), just after (t = 720 s) RFA and during the subsequent cooling period in
which RF power is not applied (t = 900 and 1320 s). The plots are those of an RFA on a
2-cm tumor in two models with different changes of electrical conductivity during
ablation: 1) reversible changes with temperature only (A-D), and 2) both reversible
changes with temperature and irreversible changes associated with tissue denaturation
(E-H). Scale in S/m.
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4. Discussion

Despite the current absence of experimental data on the variations in o values of healthy and
tumor tissue during and after RF-induced heating, we proposed a new mathematical formulation to
be included in two-compartment RFA models in order to include both reversible and irreversible
changes in o. Using the currently available values and assuming the difference between o values of
healthy and tumor tissue disappear as tissue passes from native state to denatured state (due to
thermal coagulation) we conducted simulations to assess how a two-compartment model would
predict coagulation zone volume when considering or ignoring irreversible o changes. Our results
show that after 12-minutes of RFA the results in terms of coagulation zone size are almost identical
by both including and excluding irreversible changes. In other words, the coagulation zone size
predicted by two-compartment RFA models is very similar if irreversible o changes are either
considered or ignored. This result is in agreement with that reported by Macchi et al [19], who found
that the simulation results of constant power RFA on homogeneous tissue were almost identical for
the different ways of modeling o (both including and ignoring irreversible changes), although they
argued that the Arrhenius-based model (which takes the irreversible changes into account) would be
the most suitable since it automatically adjusts the o value according to the thermal history. Our
conclusions could obviously be different as new experimental values of o become available for
healthy and tumor tissue subjected to heating. Meanwhile, our contribution proposes a new model
and checks its performance in a specific ablation case. The new formulation could also be applied to
other models of other electromagnetic hyperthermic techniques focused on tumor ablation in which
tissue electrical conductivity plays a relevant role [24], such as microwave ablation, or even to
mathematical models based on other types of energy such as HIFU [25], since it is possible that other
tissue characteristics (e.g. related with the fluid transport in the tissue [26,27]) have the same
behavior as that hypothesized here for electrical conductivity, i.e. that normal and pathological tissue
tend to have the same characteristics once coagulated.

Furthermore, the concept of a two-compartment model could be extended to ablation of other
substrates (not just tumor), i.e. a generic model based on a central zone that mimics pathological
tissue (target) and another surrounding zone that mimics healthy tissue, e.g. RF ablation of cardiac
arrhythmias [28], in which the substrate causing the arrhythmia could be an area with differentiated
electrical properties [29]. If we assume that the difference in o values between healthy cardiac tissue
and the ablation target (arrhythmogenic focus, post-infarct scar, etc.) will be smaller after ablation,
the conclusions of the present study could have implication for more general two-compartment
models. The concept of two-compartment model could also be applied to any RFA technique in
which the target area has been doped with nanostructures [30—32]. Note that the properties of the
zone ‘seeded with nanostructures’ could maintain different properties than the unseeded zones once
both have been coagulated, in which case our conclusions would not be valid.

4.1. Limitations of the study

The study’s main limitation is hence a certain amount of speculation in assuming that the o
values of tumor and healthy tissue will tend to equalize when they are subjected to RF-induced
heating. In spite of this limitation, our contribution is to propose a novel mathematical formulation to
model combinations of reversible and irreversible o changes. The second limitation was using kidney
data [17] to build the Arrhenius function (Eq. (2)) that modeled irreversible o changes in both
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healthy and tumor tissue (no liver or tumor data are currently available). The third is the lack of
experimental validation for the proposed models, which is shared by all the two-compartment models
proposed to date [4-12], due to the complexity of ablating tumor tissue under controlled conditions
of size, position, electrical and thermal characteristics, etc. We also must recognize that the
differences in coagulation zone size between models that include or ignore irreversible o changes
may not be so small under other ablation settings (duration, power).

Our two-compartment model took the differences in o into account exclusively since it
determines how electrical power is spatially deposited in the tissue. In fact, the development of a
two-compartment model was motivated by the experimental evidence that tumor o at RF frequencies
is higher than that of healthy tissue, which suggests that targeting potency within the tumor would
have a positive effect. However, we should point out that thermal properties (such as specific heat
and thermal conductivity) could also show differences between tumor and healthy tissue and so
could be included in future two-compartment models.

Finally, it is important to point out that our model was based on the Bioheat Equation. This
equation assumes an infinite speed of heat transmission, which limits its use in some cases where
large amounts of heat are applied to the tissues for very short times, as usually occurs in laser
applications in which a change in the formulation is necessary, for example using the hyperbolic heat
equation with a single or dual phase lag formulation. The time fractional approach has also been
considered as an alternative formulation for heat transmission in tissues such as the cornea, which are
also usually treated by laser. However, the RFA application conditions in the range of time and
temperature gradients do not hinder the continued use of the Bioheat equation, so that the results do
not change with these alternative formulations. Another assumption of the Bioheat Equation is that it
assumes a uniform perfusion ratio and does not differentiate between blood and tissue, regardless of
the direction of blood flow. A review of the models applied to hyperthermia treatments can be found
in Andreozzi et al [33]. As there are currently no results that show a significant difference between
the results obtained with the alternative models and those obtained with the Bioheat Equation, we
here used the Bioheat Equation as the model.

5. Conclusion

This work analyzes the temperature distribution and coagulation zone size computed by a
two-compartment radiofrequency ablation (RFA) model when including simultaneously reversible
changes in the tissue electrical conductivity (o) due to temperature and irreversible changes due to
thermal coagulation. The computer simulations showed that the differences between both models
were only 0.1 and 0.2 cm for axial and transverse diameters, respectively. This suggests that
irreversible changes of electrical conductivity do not have a significant impact in terms of
coagulation zone size on two-compartment RFA models, which means the mathematical framework
of the two-compartment models for tumor RFA could be simplified.
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