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Abstract. Radiofrequency ablation is a medical procedure that is becoming increasingly used for disease
treatments. During this procedure, part of dysfunctional tissues is ablated by using the heat, typically
generated from medium frequency electric current. It is a field of medicine where mathematical and com-
putational models play a substantial role in assisting clinical practitioners with quantifications of some
of the most critical characteristics, including temperature distributions and ablated volumes. In this con-
tribution, we describe a framework for the development of coupled thermo-electro-mechanical models
in this field. While our framework and the described validation procedures can be applicable to a variety
of ablation modalities and treatments, a major focus has been given to some of the pecularities related
to cardiac ablation at tissue-cellular scales and a role played by cell organelles such as microtubules, as
well as by the cell nucleus. We have discussed the effects their inclusion makes on the calculation of the
main characteristics of the radiofrequency ablation procedures. The importance of domain heterogene-
ity, as well as the integration of fluid-structure interaction in the developed framework along with other
effects, have been highlighted and the details on ablation modalities in the context of clinical experi-
mental research have been given. Finally, future generalizations of the proposed framework with hybrid
stochastic-deterministic models have been put forward.

1 INTRODUCTION

The application of radiofrequency ablation (RFA) has been widely explored in treating various types of
diseases and pain, including cardiac arrhythmias. Computational modelling provides a safe and viable
alternative to ex vivo and in vivo experimental studies for quantifying the effects of different variables
efficiently and reliably, in addition to providing a priori estimates of the ablation volume attained during
such procedures.

In a quest for minimizing the deviations between the numerically predicted and experimentally obtained
ablation volumes during the RFA procedures, different strategies have been explored. In this contribution,
we report a fully coupled thermo-electro-mechanical model [1] for a more accurate prediction of the RFA
treatment outcomes. While the developed modelling framework is applicable to a range of problems in
RFA, a major focus here has been given to cardiac ablation procedures. This has been motivated by the
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fact that minimally invasive radiofrequency cardiac ablation (RFCA) has emerged as one of the most
promising and efficient modalities for treating certain types of cardiac arrhythmias. Around 35 million
people worldwide are affected by various forms of arrhythmias, with 2% to 3% of the population in
Europe and North America. It is a common cardiac disease related to abnormal heart rhythms that can
cause symptoms like heart palpitations, shortness of breath, and low energy.

During RFCA, a catheter is navigated into the heart to locally heat and destroy a small tissue region, to
electrically isolate the regions that generate or propagate arrhythmia and makes it inactive. Nowadays,
computational modeling and simulations have become a significant player in the design and development
of new systems along with the improvement and optimization of the existing protocols of RFCA [2].

A three-dimensional model comprising of cardiac tissue and cardiac chamber has been developed in
which an electrode is inserted perpendicular to the cardiac tissue to simulate actual clinical procedures
[3, 4]. Temperature-dependent specific heat, electrical and thermal conductivities, along with damage
dependent blood perfusion rate have been considered to model a more realistic scenario. The effects
of intramyocardial capillary blood flow, elastic moduli and Poisson’s ratios on the efficacy of such a
fully coupled model of RFA has been systematically investigated. A multiscale model of cardiac tissues
has also been developed in the context of quantification of the RFA effects at the cellular level with a
particular focus on microtubules [5], modelling of which has been discussed along with other organelles.

The rest of the paper is structured as follows. First, we describe the core modelling components, essential
for the development of coupled models in this field. Then, we focus on the importance of domain
heterogeneity, providing insight into the coupling of macroscale models at the tissue level and microscale
models at the cellular level, as well as highlighting the increasing attention to subcellular changes relevant
to the medical procedures we study here. Details of our initial model validations are described next in
the context of TTFields applications where we also give further specifics on the role of microtubules and
other anchoring organelles of the cell, as well as of the cell nucleus. In the remaining parts of the paper,
having cardiac ablation in mind, we center our attention on some of the key features of the integration of
fluid-structure interaction and incorporating other effects in the developed framework. This is followed
by the discussion on ablation modalities, related experimental studies, and conclusions.

2 THE CORE EQUATIONS AND FURTHER DEVELOPMENTS

The starting point of the model development includes the perfusion-based biological heat transfer equa-
tion [1, 6, 7]:

ρtct
∂T
∂t

= ∇(kt∇T )−ωbρbcb(T −Tb)+Qm +Qp, (1)

where the four terms in the right hand side part accounts for the heat conduction, blood perfusion,
metabolism, and electric power, respectively, with subindeces t and b indicating tissue and blood prop-
erties. For example, the last term is responsible for the volumetric heat generation within the biological
tissue during the thermal ablative procedure and is given by Qp = σ|E|2. The equation (1) is coupled
with a simplified version of the Maxwell equations, used in the quasi-static approximation:

∇ ·
[
σ+ iωε∇V

]
= 0, E =−∇V, J = σ ·E, (2)

where the main notations used in this coupled system are: T is the temperature, E is the electric field,
J is the current density, σ is the electric conductivity, ε is the relative permittivity, ω is the angular fre-
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quency, ρ is the denisty, k is the thermal conductivity, ωb is the blood perfusion rate, and c is the specific
heat capacity. In the context of cardiac ablation, the myocardium tissue has been modeled as a nearly
incompressible, isotropic and homogenous hyperelastic material, with the Green strain energy function
described by the Mooney-Rivlin model, so the above system was suppelement by the thermoeleastic part
describing wave propagation applicable in the case of nonrigid mechanics:

ρ
∂2u
∂t2 = σ̄i j, j +Fi, σ̄ = J−1 ∂W (F)

∂F
FT , (3)

where σ̄ is the Cauchy stress tensor for the hyperelastic material, J is the total volume ratio, and W
describes Green’s strain components as mentioned above, with further details given in the above cited
papers.

The first analysis of dynamic changes in cells subjected to pulsed RFA, accounting for microtubules, was
presented in [8]. While pulsed radiofrequency (PRF) treatments are less destructive compared to their
continuous counterparts, they can still adversely affect microtubules and microfilaments of the cells both
(i) directly, acting by PRF electric fields on their charged structures and (ii) indirectly, causing damage to
the mitochondria and degrading the microtubules and microfilaments. Within the developed framework,
this phenomenon can be assessed quantitatively, which is quite important for medical applications of
RFA.

2.1 Domain heterogeneity and tissue-cellular scales

The models for RFA are multiscale as they couple macroscale models at the tissue level and microscale
models at the cellular level. In its turn, each of these scale levels has its own sub-structures. For example,
at the tissue level, we couple together the thermal (bio-heat transfer and thermal damage), mechanical,
and electromagnetic models for predicting (a) temperature distribution and ablation volume, (b) tissue
deformation, (c) electric field and resistive heating. Whereas at the cellular level, in addition to the
single-cell knowledge, we may need to include subcellular changes which can be quantified in various
cell types such as neurons and microglia. These latter peculiarities are receiving increasing attention
in the literature, partly because activation of the sympathetic nervous system is a hallmark of heart
failure as it is positively correlated with disease progression [9]. Hence, more studies include selective
ablation of neurons and measurements of cardiac autonomic tone, function, and arrhythmia incidence,
demonstrating an important role of such neurons in cardiac autonomic imbalance, arrhythmogenesis
and cardiac dysfunction. Furthermore, the complexity of clinical cardiac syndromes of heart failure,
that affect dozens of million people worldwide, requires also a closer look at cellular and molecular
levels of neuroinflammation in heart failure which may even have to include brain regions involved in
sympathetic control [10]. Notably, in the context of RFA, nerve locations with respect of other tissues
may play a critical role [11], and the nerve tissue response deserves a separate detailed analysis [12].
The above considerations made it clear that we deal with problems which are highly heterogeneous
at the patient, tissue, cellular, and molecular levels, and this multiscale heterogeneity poses significant
challenges for the development of effective therapies, and hence for computational modelling. This
issue has been recently addressed in various contexts of RFA in [13, 14], where it was demonstrated
that the consideration of heterogeneity within the computational domain results in distorted electric field
distribution and leads to a significant reduction in the attained ablation volume during some of RFA
applications. Further details have been provided in a recent review paper on thermal ablation of biological
tissues [7].
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2.2 Role of microtubules and other anchoring organelles of the cell

The importance of cellular scales, highlighted in the previous section, makes us look into additional
details at the cytoskeleton of a cell which provides its support through a sophisticated network of pro-
tein fibers supporting cell shape and anchoring organelles within the cell. Among them there are three
main structural components: (a) microtubules (MTs), formed by tubulins, (b) microfilaments, formed by
actins, and (c) intermediate filaments. Recently, the effect of mechanical degradation of the cytoskeleton
on the electro-elastic response of the cell has been analyzed in [15] where a general framework has been
developed for more accurate quantification of the mechanical/electrical transduction within the biological
cells that can be critical for capturing the complex mechanisms at cellular length scales.

These studies are important in the context of the cardiac MT networks which regulate contractile am-
plitudes and kinetics by acting as a cytoskeletal shock-absorber [16]. However, given that MTs provide
breakable cross-links in the cytoskeleton, resisting rapid length changes during shortening/stretching and
that MTs increase myocyte viscoelasticity, these findings also suggest that further developments of our
models may be necessary to account for a viscoelastic mechanism. The role of MTs and associated
mechanisms of viscoelasticity in the context of therapeutically intractable features of heart failure have
recently been confirmed by experimental studies as well [17]. As we pointed out in the previous section,
a subcellular level may also be necessary to be accounted for, because of the regulatory properties of MTs
and MT-associated proteins which are critical for the correct function of a range of tissues. Indeed, there
is increasing evidence to suggest that perturbations of the tubulin code can be linked to various diseases,
including neurodegenerative, whereas the tubulin code can provide the key to our better understanding
of MT mechanical and dynamic properties [18]. A recent review on cardiac microtubules, as well as on
the functional roles and multi-leveled regulation of the cardiac microtubule cytoskeleton, can be found
in [19].

The initial testing of the modelling framework was done for the computational domain represented in Fig.
1a). The results obtained (e.g., Fig. 2a) were validated while comparing them with [20] where the authors
considered a single cell model in the context of TTFields applications. Further results were obtained in
quantifying the effects of the introduction of organelles and cell nucleus within the cell domain (Fig. 1b).
Specifically, for this experiment, we introduced membrane-bound cell organelles, mitochondria, and the
results of comparisons of the electric field distributions with and without these additions can be seen in
Fig. 3. Our subsequent analysis included organelles and the cell nucleus as described above. Given that
our initial validation of the developed coupled model was done in the context of TTFields applications,
a few additional representative examples included the analysis of the effect of increasing frequencies
on the electric field which is typical in that context (see Fig. 4). Among other characteristics analyzed
during the validation process, we present here electric potential distributions for different applied field
strengths (Fig. 5) and the dynamics of temperature evolution within the cell exposed to RF procedures
(Fig. 6).

Having in mind a generalization of the computational domain represented schematically in Fig. 2b,
further analysis has been carried out. By using a coupled model, the electro-mechanical behavior of
microtubules has recently been systematically investigated based on a continuum-based finite element
framework [21]. The results suggest that the electro-elastic response of microtubules is significantly
dependent on both the magnitude and direction of the applied forces, whereas the output potential is
linearly proportional to the predicted displacement and the electric potential within the microtubule.
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(a) (b)

Figure 1: Computational domain related to the model validation: (a) without organelles/nucleus and (b)
with mitochondria organelles and nucleus in place.

(a) (b)

Figure 2: (a) Results of the test for the electric field distribution at 60 Hz. (b) Schematic of the compu-
tational domain with mitochondria/nucleus and microtubules in place.

Further, the effect of mechanical degradation of microtubules on their electro-elastic response has been
quantified in [22] and a more complete analysis that includes microtubules has been reported in [15].
These studies provide useful insight on the role of microtubules in different applications of biomedical

5



Sundeep Singh and Roderick Melnik

(a) (b)

Figure 3: Electric field distrubutions (a) without organelles (mitochondria) and cell nucleus and (b) with
them included into the computational domain. Results are pesented for 500 kHz.

(a) (b) (c)

Figure 4: An example related to the coupled model validation in the context of TTFields applications:
the effect of increasing frequencies (100, 300, and 500 kHz) on the electric field.

(a) (b)

Figure 5: Electric potential distrubutions for different values of applied field strength at 500 kHz, pre-
sented for 10 V/cm (a) and 50 v/cm (b).

engineering, such as biocompatible nano-biosensors for health monitoring, drug delivery, as well as
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(a) (b) (c)

Figure 6: Dynamics of temperature evolution within the cell exposed to 500kHz RF, presented for the
initial condition (a), at 4 s (b), and at 10 s (c) after the application of the procedure.

noninvasive diagnosis and treatments, including cardiac ablation.

2.3 Integration of fluid-structure interaction and incorporating other effects

Further developments discussed here can also include more refined nonlinear models to account for ad-
ditional features of thermo-electro-mechanical effects in cardiac tissues such as different thermo-electric
and nonlinear conductivity properties [23]. In particular, this can be useful for further advancing the
models with RFA on the side of cardiac tissue deformation [2]. Indeed, most modeling studies on RFCA
reported to date have clearly neglected the influence of tissue deformation due to the insertion of the
catheter. In a quest for minimizing the deviations between the numerically predicted and experimentally
obtained lesion volumes during RFCA, the fully coupled electro-thermo-mechanical model that accounts
for the tissue deformation has been demonstrated in [2] where the computational domain comprised of
the cardiac tissue and the cardiac chamber in which the catheter has been inserted that is surrounded
by the circulating blood (cardiac chamber). Moreover, in order to more precisely predict the treatment
outcomes during RFCA, temperature-dependent electrical and thermal conductivities, heat capacity, and
blood perfusion rate have been considered. At that point, the effect of linearly elastic and hyperelastic
models of myocardium tissue on the efficacy of the RFCA has been quantified, and the effects of blood
flow, the elastic modulus of myocardium tissue, and tissue-catheter contact force on the lesion volume
obtained from the fully coupled model of RFCA have been systematically investigated. From the results
obtained, it was concluded that the efficacy of RFCA is significantly dependent on the electro-thermo-
mechanical parameters and the material models of the cardiac tissue.

At the cellular scale, a novel coupled model has recently been developed to better understand the complex
behaviour of biological cells subjected to piezoelectric and flexoelectric properties of their constituent
organelles under the application of external forces [15]. The study took into account the nucleus, mito-
chondria, microtubules, cell membrane, and cytoplasm. It was revealed that flexoelectricity could be a
dominant electro-elastic coupling phenomenon in biological cells, exhibiting electric fields that are four
orders of magnitude higher than those generated by piezoelectric effects alone and that the mechanical
degradation of the cytoskeleton results in the enhancement of both the piezo and flexoelectric responses
associated with electromechanical coupling.

The important part of the consideration in the development of models for RFA of cardiac tissues repre-
sents the incorporation of fluid-structure interaction. Indeed, hemodynamics factors are critical for our
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better understanding of the cardiac function which, in its turn, should be helpful in improving diagnos-
tics, prognosis, and therapy for a large number of pathologies [24]. Even without the RFA component,
the cardiac hemodynamic modelling constitutes a challenge. It often involves the employment of special
fluid-structure-interaction methods and composite approaches to muscular dynamics to simulate the com-
plex interaction of nonlinear elastomechanics with hemodynamics. Additionally, it may include mod-
elling components of the human circulatory system to derive the systemic pressure response, rheological
models for the non-Newtonian behaviour of the blood, as well as other features, but the incorporation
of electrodynamical models to include the possibility to predict the effects of arrhythmia or therapeu-
tical ablation on the heart function has remained largely unaddressed [24]. At large, the human heart
function results from a complex interplay of biochemistry, structural mechanics, and blood flow. Hence,
coupled mathematical models have been a decisive player in the field of cardiovascular hemodynamics
[25] and have been discussed in a number of reviews (e.g., [26]). At the same time, when it comes to
RFA procedures, the area remains largely unexplored.

Following our earlier works on incorporating a number of other effects into the modelling framework for
RFA, including relaxation times [1] and nonlocal effects [15], in the context of RFCA the first attempts
have recently been undertaken in [27] to develop a fully-integrated coupled modelling framework which
includes also non-Fourier effects and fluid-structure interaction.

Among other recent developments, we mention a fully coupled electro-thermo-mechanical model for
a more accurate prediction of the treatment outcomes during RFCA, recently reported in [6, 28]. A
numerical model comprising of cardiac tissue and the cardiac chamber has been developed in which
an electrode has been inserted perpendicular to the cardiac tissue to simulate actual clinical procedures.
Temperature-dependent heat capacity, electrical and thermal conductivities, and blood perfusion rate
have been considered to model more realistic scenarios. The effects of blood flow and contact force of
the electrode tip on the efficacy of this fully coupled model of RFA for the treatment outcomes have
been systematically investigated. The numerical study demonstrates that the predicted ablation volume
of RFA is significantly dependent on the thermo-electro-mechanical parameters of the cardiac tissue, and
in particular on the blood flow rate in the cardiac chamber, as well as on the tissue deformation, induced
due to electrode insertion depth of 1.5 mm or higher.

2.4 Ablation modalities and related experimental studies

Different modalities have been used for cardiac ablation, depending on the disease in question. Ex
vivo and in vivo experiments have been carried out on lesion characteristics and tissue temperatures
and the results were compared between continuous and interrupted/pulsed RFA with equal total ablation
duration and contact force [29]. Such experiments have been motivated by the quest on the evaluation of
the extent that ablation interruption affects lesions, given the fact that interrupted ablation is increasingly
proposed as part of high-power short-duration RFA strategies and may also result from loss of contact
from respiratory patterns or cardiac motion. The modelling frameworks for continuous, as well as pulsed,
RFA in various medical applied contexts have been reported earlier (e.g., [13, 11] and [30], respectively).
In cardiology, the pulsed-field ablation has been receiving larger attention as an ablative modality that
uses short living, the strong electrical field created around the catheter to create microscopic pores in
cell membranes, providing also the basis for electroporation [31]. The latter treatment technology has
important implications for cardiac patients and a series of recent studies have been devoted to its various
aspects, including the observed effects of electroporation pulses delivered in close vicinity of the cardiac
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pacemaker or its electrodes [32]. Moreover, recent advances in cardiac electrophysiology and related
ablation procedures may lead to the development of new biomarkers for patients with heart disease [33].

3 CONCLUSIONS

In this paper, we have described the main features of the recently developed framework for coupled
thermo-electro-mechanical modelling of ablation processes, paying special attention to cardiac ablation,
as well as to the important role of domain heterogeneities which include the cell nucleus and various
organelles such as microtubules. One of the directions for possible generalizations of the developed
framework would be an incorporation of hybrid stochastic-deterministic components. In particular, such
components would be useful for the cases described in this contribution when we further need to account
for: (a) polarization of the cells (see, e.g., an interesting new model recently reported in [34]) and (b)
non-equilibrium self-assembling/disassembling dynamics of microtubules. In the latter case, one of
the approaches that can be pursued is based on the fact that microtubules are polymers of tubulin that
form part of the cytoskeleton and are created from tubulin by spontaneous polymerization. Hence, the
dynamics of microtubules can be modelled by using the ideas developed for gelation processes where
hybrid models have been extensively used.
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