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Background: The numerical modeling of radiofrequency ablation (RFA) has improved considerably in recent
years. Successful modeling requires a detailed understanding of the properties of biological tissue. Due to their
anatomical structure, skeletal and cardiac muscles exhibit anisotropic properties that can lead to different
conduction of electrical current and heat transfer depending on fiber orientation. We therefore investigated
whether tissue anisotropy also has an influence at the relatively high frequencies used in RFA (~500 kHz).
Methods: In a time-dependent study, we used the finite element method to model the electrical currents and heat
transfer to calculate the temperature distribution in vivo. We investigated the effects of the anisotropic electrical
and thermal properties of the muscles on the accuracy of the model. The model was compared with the
experimental results and the accuracy of the model was quantitatively evaluated using the Sgrensen-Dice
coefficient.

Results: Despite the relatively high frequency of the alternating electric current used in RFA, the anisotropy of the
electrical conductivity of the muscles has a significant effect on the accuracy of the model. The numerical model
with an anisotropy ratio of 1.5 achieved the highest average Sgrensen-Dice coefficient. However, the anisotropy
of the thermal conductivity does not seem to affect the model accuracy (no significant change compared to the

model without anisotropy).

1. Introduction

Radiofrequency ablation (RFA) is a commonly employed technique
for treating cardiac arrhythmias[1]. The aim of catheter ablation in the
heart is to destroy arrhythmogenic tissue, or, in the case of atrial
fibrillation (AF), the most common cardiac arrhythmia, to electrically
isolate the pulmonary veins from the rest of the atrium, by creating a
contiguous lesion around the ostium of the veins, as this is where most of
the triggers of atrial fibrillation are located [2]. Ablated myocardium
does not regenerate, but is instead replaced by fibrotic tissue, which
does not conduct action potentials. Although recent rapid adoption of
pulsed field ablation is moving the field away from RFA,[3] RFA still
represents a considerable fraction of all global procedures, especially in
the ventricles. During the years of evolution of RFA technology, various
methods and biomarkers were investigated to improve lesion durability
and procedural success. These include, for example, electroanatomical
mapping, [4] which helps to navigate inside the heart and reliably
determine the distances between lesions, and the measurement of
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contact force, which ensures good contact with the tissue and is also
used as a surrogate marker for lesion size [5,6] Interestingly, a recent
publication using a temperature-controlled catheter showed no signifi-
cant dependence of lesion depth on contact force in a thigh skeletal
muscle tissue surrogate model [7]. However, a detailed examination of
the images obtained in these experiments revealed relatively large var-
iations in lesion width and shape, which we hypothesize to be related to
muscle fiber orientation.

One important property of striated muscle tissue is its inherent
anisotropy [8,9]. The myocardium exhibits a highly organized fibrous
structure [10], leading to directional variations in electrical conductiv-
ity. Anisotropy is also present in skeletal muscle, that is used in the thigh
model [11]. These anisotropic characteristics affect the electric current
and electric field distribution and consequently tissue heating and
potentially heat conduction and dissipation in tissue. The temperature
distribution is dependent on the heat dissipation and conduction during
the RFA treatment, which affects the lesion size, shape, and depth.
Myocardium and skeletal muscle have long been known to have

Received 1 June 2025; Received in revised form 27 August 2025; Accepted 14 October 2025
0017-9310/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0001-6286-4563
https://orcid.org/0009-0001-6286-4563
https://orcid.org/0000-0003-3506-9449
https://orcid.org/0000-0003-3506-9449
https://orcid.org/0000-0001-6219-7046
https://orcid.org/0000-0001-6219-7046
mailto:bor.kos@fe.uni-lj.si
www.sciencedirect.com/science/journal/00179310
https://www.elsevier.com/locate/ijhmt
https://doi.org/10.1016/j.ijheatmasstransfer.2025.127976
https://doi.org/10.1016/j.ijheatmasstransfer.2025.127976
http://creativecommons.org/licenses/by/4.0/

R. Fichter et al.

anisotropic conductivity [8,12-15]. The anisotropy ratio between the
longitudinal (along the fibers) and transverse (across the fibers) con-
ductivity is frequency dependent. It is most pronounced at low fre-
quencies (<1 kHz), but with increasing frequency the two conductivities
become very similar. This is consistent with the j relaxation region of
tissue dielectric properties, during which the cell membranes which
present a barrier to low-frequency current become transparent to the
current due to capacitive coupling across the thin membrane [16].
Recently, also a small anisotropy in thermal conductivity has been re-
ported in muscle tissue [17].

Recent RFA modelling studies suggested a possible effect of tissue
anisotropy on lesion size and shape. Perez et al. have shown a small
change in lesion size when considering anisotropic tissue properties
[18]. Molinari et al. [19] have used ex vivo myocardium slices harvested
from a commercial slaughterhouse and noticed a marked influence of
tissue anisotropy on lesion shape, although they do not report the
elapsed time between tissue excision and experiments.

With our study, we aim to investigate the role of anisotropic skeletal
tissue properties on RFA lesion formation in the thigh muscle model,
examining their impact on lesion geometry. We hypothesize that elec-
trical conductivity anisotropy has an important effect on the shape of the
lesion. We also hypothesize that thermal conductivity does not, because
the cell membrane is too thin to present an effective thermal barrier. We
investigated relative contribution of tissue conductivity of tissue elec-
trical and thermal conductivity on RFA by comparing temperature dis-
tribution obtained in numerical modeling with experimental in vivo
lesion size and shape.

2. Material and methods
2.1. Numerical model geometry and tissue properties

Numerical modeling was performed using COMSOL Multiphysics
(version 6.2, COMSOL AB, Stockholm, Sweden). The muscle was
modeled as a cuboid with dimensions of 20 cm in length, 20 cm in width,
and 10 cm in height (Fig. 1).

The experimental setup [7] was recreated. The cup with blood
perfusion that was placed on the muscle surface was modeled as a cyl-
inder with a radius of 22.5 mm and a height of 85 mm. A numerical
representation of the Diamond Temp catheter was made using mea-
surement and drawings of the physical device.

The electrical conductivity of tissue 0 was considered to increase by
+1.5 % per degree Celsius up to 100 °C [20]. At a baseline temperature
of 37 °C, the conductivity of the skeletal muscle was 0.541 S/m , but
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when approaching 100 °C it was decreased to 1.371 x 107* S/m to ac-
count for the tissue desiccation process [21]. Thermal conductivity was
set to 0.531 W-(m-K)™! [22]. The properties of swine blood were used to
model the blood flow within the cup. The blood was kept at constant
body temperature.

2.2. Numerical model setup

We performed a time-domain heat transfer simulation to determine
the initial temperature values in the outermost layers of the muscle that
were subjected to convective cooling by air exposure during the exper-
iment. The air exposure results from the experimental protocol in which
the thigh muscle was surgically opened and, after a certain delay, the
cylindrical cup was positioned on its surface to maintain blood perfusion
around the catheter. These results were validated using the temperature
measurements of the thermocouples at the catheter tip, which were
measured before the start of ablation.

To take this into account, a transient heat transfer model was solved
over the exposed muscle area. The relevant heat transfer equation with
convective transport was:

pCPU'VT+ Vq = Qutectrical

Where p is the tissue density, C, is the specific heat capacity, u is the
velocity field (nonzero in perfused regions), T is the temperature, q is
the conductive heat flux, Q is the volumetric heat source (Joule heating,
during ablation).

The conductive heat flux was defined according to Fourier’s law:

q=—kVT

with k the thermal conductivity of the tissue.

The ablation itself was modeled using a time-domain simulation in
which the quasi-static calculation of the electric fields in the tissue and
the resulting ohmic heating and heat transfer were coupled. Although
the catheter used in the experiments is temperature-controlled and the
electrical power is reduced as soon as the target temperature measured
by the thermocouples on the catheter is reached, we used a constant
power of 50 W in the simulations, as the target temperature of 60 °C was
not reached in the majority of the experiments. The ablation electrodes
were set up as a terminal boundary condition, and the indifferent elec-
trode positioned at the bottom of the cuboid. The frequency was 500
kHz. In a separate study, laminar flow was modeled in the blood
perfusion chamber to contribute to heat advection due to blood and
saline perfusion.

The electric potential distribution was calculated by solving the
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Fig. 1. (A) Side view cross-section of the computational geometry without the cylindrical domain representing the blood flow. (B) Geometry of the computational
domain implemented in COMSOL Multiphysics®, showing the main structural components and associated dimensions used in the numerical model.
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following coupled equations across the entire computational domain:

V-J = Qyv),J = oE+J,
E=-VV

where J is the current density, o the electrical conductivity, E the
electric field, V the electric potential, and J. the externally applied
current source. The Joule heating term represents the volumetric heat
source due to electrical current.

A terminal boundary condition was applied to the ablation electrode,
and an electric ground was set at the indifferent electrode located at the
bottom of the cuboidal domain. The frequency was 500 kHz. Electrical
insulation was applied to all other external boundaries, using the Neu-
mann condition:

nJ=0

to ensure no current leakage across the outer surfaces.

The initial blood temperature was obtained by using catheter tip
sensor measurements (~35 °C). A laminar saline solution flow rate of 8
ml/min was established within the catheter. While the blood flow within
the cylindrical cup was set at 12 cm/s at the inlet of the cup. The blood
inlet was defined on a surface corresponding to half of the base of the
cylindrical cup. The cylinder was longitudinally divided into two equal
halves, with a constant blood flow velocity of 12 cm/s imposed at the
inlet surface of one half, assuming flow exited through the opposite
outlet surface.

To replicate the experimental setup, the cylindrical domain was
longitudinally divided into two equal halves. A constant velocity of 12
cm/s was imposed on the inlet surface of one half of the cylinder base,
while the outlet was defined on the opposite surface of the other half,
enabling continuous flow through the volume.

The fluid flow was assumed laminar and incompressible, governed
by the Navier-Stokes and continuity equations, which were solved over
the fluid domain as follows:

(p(u-Vu=V:[-p2I + K]
pVu=0

Where p is the fluid density, u is the velocity vector, p is the
pressure, I is the identity tensor, K represents the viscous stress tensor.

The computational domain was discretized using the finite element
method in COMSOL Multiphysics®. An unstructured mesh was gener-
ated, with localized refinement around the electrode-tissue interface
and within the muscle domain to ensure higher resolution in regions
exhibiting steep thermal and electrical gradients. The final mesh con-
sisted of 1130,756 domain elements.

This mesh configuration was chosen after a convergence analysis to
ensure that further refinement did not significantly alter the tempera-
ture distribution or lesion dimensions. The refined region under the
catheter was essential to accurately capture the localized heat transfer
mechanisms critical to lesion formation during RFA.

To ensure that the numerical solution is independent of the mesh
resolution, a mesh independence study was performed. Different grid
densities were generated with local refinement around the ablation
catheter, where steep thermal and flow gradients are expected. Two
refinement levels were tested in the catheter region (fine and extra-fine),
while in the remaining domain medium and fine grids were employed.
The key monitored quantities were the maximum tissue temperature
and the average heat flux at the catheter-tissue interface. The results
show that no significant variation was observed between the fine and
extra-fine meshes around the catheter, with differences below 0.2 % in
both maximum temperature and heat flux. Therefore, the fine mesh was
considered sufficient to accurately capture the relevant physics while
reducing computational cost. This mesh configuration was adopted for
all subsequent simulations.
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2.3. Experimental image processing and analysis

We used a previously obtained dataset of images depicting experi-
mental lesions induced by radiofrequency ablation (RFA) on swine thigh
muscle stained with TTC dye. This dataset comprised approximately 400
lesions with temperature-controlled power-limited ablation times of 5's,
10 s, and 15 s was provided by Medtronic [7].

ImageJ software was used for image processing, with which the le-
sions could be isolated and measured. The spatial scale was calibrated
using the ruler reference from the photographs. An optimal thresholding
procedure was then applied, adjusting the hue, saturation and bright-
ness parameters to selectively identify lesion pixels. Given the vari-
ability of image features, manual adjustments were required on a case-
by-case basis to refine the thresholding process and ensure accurate
segmentation of lesions. To ensure consistency of analysis, the experi-
mental binary lesion images were standardized in size using a pre-
defined scale. An image section of 10 mm x 10 mm was chosen to
capture the largest lesions while avoiding unnecessary enlargement of
the image dimensions. To correct for the deviations that occurred during
sample preparation and imaging, the images of the binary lesions were
rotated to compensate for the tilt caused by the sectioning and imaging
angles. In addition, all images were aligned so that the horizontal area
corresponding to the catheter placement was centered within the frame.

To enable a direct comparison between the experimental and theo-
retical results, it was necessary to extract data from the computational
model in an appropriate format. Using MATLAB, the time-dependent
variation of temperature within the modeled muscle during RFA was
obtained. A temperature threshold of 50 °C was applied to determine
lesion size across different ablation durations. The computational
models were segmented into three configurations, corresponding to the
experimental ablation times of 5 s, 10 s, and 15 s.

We evaluated several models of cell death to identify the most
appropriate fit for the experimental data. These included a classical first-
order Arrhenius model [23], a three-step Arrhenius model [24], and
various fixed temperature threshold models. Each approach yielded
different outcomes in terms of lesion prediction accuracy. Among them,
the best overall agreement with experimental observations was the one
using a temperature threshold of 50 °C [25,26], which was therefore
adopted as the reference model in this study.

2.4. Estimation of fiber orientation

One of the limitations of the experimental raw images was the lack of
important information about the alignment of the muscle fibers. Iden-
tifying whether the lesion cross-section represents fibers that are aligned
with the cut or oriented at an angle was not possible without additional
experimental analysis, such as microscopic examination to determine
the primary fiber direction.

To overcome this challenge, a comparison algorithm was imple-
mented to retrospectively estimate the most probable fiber orientation.
Within the model, four predefined planes were selected, each rotated by
a different angle relative to the muscle fibers. The first plane represented
a normal cross-section, modeling a cut perpendicular to the fiber
orientation, ie. 90° Three other planes were considered at an angle of
30° and 60° relative to the fiber direction and one plane parallel to the
fibers ie. 0° The accuracy of each model plane was determined by
comparing each of the simulated lesion shape with the experimental
image. The configuration with the highest accuracy was selected as the
best matching fiber orientation. The Sgrensen-Dice coeeficient was used
to compare the experimental results and the numerical model.

3. Results
Anisotropy of electrical current flow, electric field distribution, and

current tissue heating were implemented with different anisotropy
values (20 %, 50 % and 70 %). Implementing 20 % anisotropy in
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electrical conductivity implies that conductivity is reduced by 20 % in
all directions orthogonal to the muscle fiber orientation, relative to the
conductivity along the fiber axis. When a 20 % value was assessed, the
median value of accuracy was not significantly different than in the
reference model (p < 0.05) but still, a small increase in accuracy was
observed. For higher values of anisotropy, results were significantly
better with a median value of accuracy that increases up to 0.80 and
0.78 for 50 % and 70 % of anisotropy respectively (Table 1).

Fig. 2 Comparative analysis of lesion overlap between two compu-
tational models incorporating different degrees of anisotropy in elec-
trical conductivity. The first model assumes isotropic electrical
conductivity (0 % anisotropy), (Fig. 2B and E) while the second accounts
for a high degree of anisotropy (70 %) (Fig. 2C and F). The first row
depicts a lesion where the impact of anisotropy on lesion morphology is
significant (Fig. 2A), whereas the second row illustrates a lesion where
anisotropy appears to have a lesser influence on the lesion shape
(Fig. 2D). The results indicate that incorporating anisotropic conduc-
tivity into the model alters lesion shape, primarily by increasing lesion
width along the direction of the fibers. This effect can be attributed to
enhanced electrical current propagation along the myocardial fiber di-
rection, leading to a more extended lesion shape.

Fig. 3 shows boxplots of Sgrensen-Dice coefficients scores for
different ablation durations and different degrees of anisotropy applied
to different physical properties. Panels A, B and C correspond to ablation
times of 55, 10 s, and 15 s, respectively. In each case, the Sgrensen-Dice
coefficient is shown as a function of the percentage of anisotropy for
thermal conductivity (purple), electrical conductivity (orange), and
their combination (blue). The yellow field corresponds to the reference
model without anisotropy. Panel D shows a consolidated comparison of
the influence of the anisotropy of electrical conductivity across all
ablation durations. The statistical analysis performed for the four groups
shown in panel D revealed a significant overall difference between the
groups (p < 0.025, one-way ANOVA).

Post hoc analysis revealed that statistically significant differences (p
< 0.01) were concentrated around the 50 % anisotropy model. Specif-
ically, significant differences were observed between the 20 % and 50 %
anisotropy models, as well as between the isotropic model (0 %) and the
50 % anisotropy model. In contrast, no significant difference was found
between the 0 % and 20 % models, nor between the 50 % and 70 %
anisotropy models (p > 0.025).

In Fig. 3, panel A (5 s ablation), the highest Sgrensen-Dice coefficient
values are observed for models with 70 % anisotropy in electrical con-
ductivity and in the combined anisotropic case, indicating improved
prediction accuracy under these conditions. Conversely, anisotropy
applied only to thermal conductivity does not appear to significantly

Table 1

Median Sgrensen-Dice coefficient obtained for different anisotropy configura-
tions applied to thermal conductivity, electrical conductivity, and their combi-
nation. The third row (“Isotropic™) corresponds to the baseline model, in which
no anisotropy was considered. Each value corresponds to the median model
accuracy across all evaluated samples, for a given percentage of anisotropy.

Ablation Time 5s 10s 15s Total
Sample size 130 165 141 436
Isotropic 0.56 0.69 0.73 0.67
Electrical conductivity anisotropy

20 % 0.60 0.71 0.75 0.69
50 % 0.70 0.81 0.81 0.80
70 % 0.71 0.80 0.80 0.78
Thermal conductivity anisotropy

20 % 0.57 0.70 0.74 0.68
50 % 0.59 0.73 0.76 0.71
70 % 0.61 0.76 0.78 0.74
Electrical & Thermal conductivity anisotropy

20 % 0.60 0.72 0.76 0.71
50 % 0.69 0.80 0.80 0.79

70 % 0.73 0.79 0.76 0.78
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affect model performance. Similar trends are observed in panels B and C
(10 s and 15 s ablation), where optimal agreement between model and
experiment is achieved for anisotropy levels between 50 % and 70 % of
the electrical conductivity. Finally, panel D confirms that the best
overall agreement between predicted and experimental lesions is
consistently achieved when the anisotropy of the electrical conductivity
is considered in the range of 50-70 %, independent of the ablation
duration.

4. Discussion

All results show that a higher degree of anisotropy in the electrical
conductivity leads to a better agreement between the model predictions
and the experimental data. As summarized in Table 1, the lowest model
accuracy is observed for samples subjected to a 5-second ablation, with
the reference (isotropic) model yielding a mean Sgrensen-Dice coeffi-
cient of 0.5624. In contrast, the highest values for this ablation duration
are obtained when a 70 % anisotropy is applied to the electrical con-
ductivity (0.7141) and to the electrical and thermal conductivity
(0.7330). Similar trends are observed for the 10- and 15-second abla-
tions: the best results are consistently obtained with an anisotropy
applied to electrical conductivity. The overall performance, as shown in
the total row of Table 1, confirms that the best prediction accuracy is
achieved with a 50 % anisotropy of electrical conductivity (mean
Sgrensen-Dice coefficient of 0.8006). Comparable values are obtained
for a combined anisotropy of electrical and thermal conductivity at 50 %
(0.7844) and 70 % (0.7860). In contrast, anisotropy applied only to
thermal conductivity leads to less significant improvements, with
Sgrensen-Dice coefficient of 0.6836, 0.7088 and 0.7388 for anisotropy
levels of 20 %, 50 % and 70 % respectively. Compared to the reference
model (mean Sgrensen-Dice coefficient value of 0.6741), these values
show that the anisotropy of thermal conductivity alone does not
significantly improve the predictive performance of the model, espe-
cially when compared to the effects of the anisotropy of electrical
conductivity.

The presence of outliers in Fig. 3, represented by circles, is particu-
larly noticeable in some test samples, which are characterized by
abnormally small lesion sizes. These deviations may indicate suboptimal
catheter—tissue contact during the ablation procedure, resulting in
limited energy delivery and suboptimal lesion formation.

The results obtained in this study support the hypothesis raised by
previous works regarding the influence of skeletal muscle anisotropy on
lesion development in RFA [18,19]. The observed preferential propa-
gation of electrical current along the muscle fiber direction suggests that
anisotropic properties may significantly affect both lesion size and shape
prediction during radiofrequency ablation (RFA) procedures.

The study has several limitations. The direction of fibers was not
extracted from experimental images but was deduced by matching the
best fitting simulated lesion on the experimental lesion. The external
cooling by circulating blood in the thigh prep model was not modelled to
a high fidelity, as the exact geometry of the experimental apparatus was
not available.

5. Conclusions

The results of our study show that considering electrical conductivity
anisotropy improves the agreement between simulated and experi-
mental RFA size and shape of lesions when a 50 °C isotherm is assumed
as the ablated volume. Although the ratio of tissue anisotropy at high
frequencies (500 kHz for RFA) is smaller than at lower frequencies,
sufficient anisotropy remains to justify its inclusion in the numerical
evaluation of radiofrequency ablation. The anisotropy of thermal con-
ductivity, on the other hand, does not improve the agreement between
experiments and simulations.
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Fig. 2. Representative comparison between experimental lesions and model predictions, with and without anisotropy. (A) Experimental lesion. (B) Superposition of
the lesion shown in (A) with the model prediction without anisotropy. The experimental lesion is shown in green, the model output is pink, and the overlapping
region is white. (C) Superposition of the lesion shown in (A) with the model prediction incorporating 70 % anisotropy on electrical conductivity, oriented along the
principal direction of anisotropy. (D) Experimental lesion for a case exhibiting low anisotropy along the fiber direction. (E) Superposition of the lesion shown in (D)
with the model prediction without anisotropy. (F) Superposition of the lesion shown in (D) with the model prediction including 70 % anisotropy.
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