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ABSTRACT

Introduction: The aim of this study was to assess the accuracy of a custom-developed ARTICLE HISTORY
numerical simulation of hepatic multibipolar radiofrequency ablation (mbRFA) under Received 26 October
standardized conditions, accounting for temperature-dependent changes in tissue 2025

properties, dehydration and coagulation. The model was specifically assessed for its Revised 25 March 2026
ability to predict vascular cooling effects induced by large vessels using an established ~ Accepted 4 April 2026
ex vivo porcine liver model. A GPU-accelerated finite-difference time-domain (FDTD) KEYWORDS
simulation coupling the quasi-static Maxwell and Pennes’ bioheat equations was Radiofrequency ablation;
implemented to model mbRFA. multibipolar; numerical
Methods: Ex vivo mbRFA were performed using three internally cooled bipolar simulation; cooling
applicators. A saline-perfused glass tube was employed to simulate a standardized effects; liver

blood flow and positioned at five predefined distances from the ablation center in

2.5mm increments. Simulated and experimental ablations were compared using area-,

surface- and classification-based metrics on a standardized two-dimensional (2D) cross

section to evaluate the model’s predictive accuracy.

Results: The numerical simulation reliably predicted the ablation shape for mbRFA

while effectively accounting for vascular cooling effects. Conformity between simulated

and real ablation areas was 96% across all experimental settings. The average similarity

between the ex vivo ablations and the simulation were 0.92 (Dice coefficient) and 0.85

(Jaccard coefficient), respectively. Compared to the reference area, the simulation

overestimated the ablation zone by 4% (false-positive regions) and underestimated it

by 10% (false-negative regions).

Conclusion: Overall, the numerical model demonstrated good spatial agreement with

the experimental ablations, confirming its suitability for quantitative prediction of

ablation geometry.

Introduction

Radiofrequency ablation (RFA) is a well-established minimally invasive treatment option for patients with
primary and secondary malignant liver tumors [1,2]. RFA is particularly beneficial for small tumors, indi-
viduals with unfavorable tumor locations, impaired liver function or significant comorbidities [2-4].
Alongside microwave ablation (MWA), RFA is currently one of the most frequently used procedures for
liver tumor ablation [5]. Conventional RFA, typically performed in mono- or bipolar mode, delivers
high-frequency alternating current into the liver tissue via a single applicator, effectively treating tumors
up to 3cm in size [1,4]. However, local recurrence rates ranging up to 40% have been reported for RFA,
highlighting its limitations, particularly for larger tumors or those located near major hepatic vessels
[3,6-8]. These challenges are largely attributed to the ‘heat sink effect, where the natural liver perfusion
advects thermal energy from the ablation site reducing the efficacy of RFA [9].

To address these limitations, advancements in RFA technology have led to the development of multi-
bipolar RFA (mbRFA) [7,10]. In mbRFA multiple bipolar electrodes are strategically placed around the
tumor in a 'no-touch’ configuration, allowing high-density electrical currents to flow exclusively between
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the electrodes [11]. By avoiding direct tumor contact, the risk of needle track seeding is minimized.
Additionally, mbRFA generates larger and more uniform ablation zones, enabling effective treatment of
tumors larger than 3cm while also ensuring an adequate peritumoral safety margin [12].

Technical success of in-situ procedures can only be assessed indirectly through imaging techniques
like magnetic resonance imaging (MRI) or contrast-enhanced computed tomography (CECT) or ultra-
sound (CEUS) [2,13,14]. Accurate pre-interventional planning is essential to achieve sufficient ablation
margins and minimize the risk of local recurrence in mbRFA. Treatment planning algorithms assist in
predicting ablation size and shape, optimizing parameters and guiding applicator positioning. Various
computational models and validation methods have been developed to support these efforts [15-20].
However, simulation accuracy is influenced by patient- and device-specific factors, such as liver tissue
characteristics (cirrhosis, tumor, chemotherapy-treated, etc.), tumor size, thermal conductivity, tissue
impedance, the ablation device and the set ablation parameters [19]. Among these, vascular cooling
effects and the patient’s unique intrahepatic vascular anatomy remain particularly challenging to model
accurately. While incorporating all relevant parameters could theoretically enhance accuracy, this comes
with an increased complexity and computational burden. Additionally, most simulation models are
designed for monopolar and bipolar RFA configurations, leaving advanced techniques like mbRFA unad-
dressed [15,18,21-23]. Placement of multiple electrodes in close proximity leads to overlapping thermal
fields that act synergistically, producing higher local temperatures and disproportionately larger ablation
zones. Such interactions, considerably complicate the prediction of the overall ablation volume [23].

Rieder et al. developed a simulation software for mbRFA that approximates the ablation zone while
also accounting for vascular cooling effects of hepatic vessels [24]. However, this software has not been
validated experimentally yet. Experimental validation, particularly through ex vivo studies, is critical to
ensure a software’s accuracy and reliability for clinical use [25]. These validations also help to confirm the
software’s ability to predict key factors, such as ablation size and shape, while addressing biological
complexities like tissue variability and the heat-sink effect.

The objective of this study was a systematic evaluation of the numerical simulation software for ex
vivo mbRFA, with a particular focus on its incorporation of vascular cooling effects.

Material and methods
Multibipolar radiofrequency ablation

Multibipolar radiofrequency ablations (mbRFA) were performed in an established ex vivo model with
native porcine livers, that were obtained from an abattoir [26-29]. All experiments were carried out at
room temperature within six hours after slaughtering. A multibipolar ablation system (CelonPOWER
System, Olympus Surgical Technologies Europe, Hamburg, Germany), consisting of a power control unit
(CelonLab POWER, Olympus Surgical Technologies Europe, Hamburg, Germany) and a triple peristaltic
pump (CelonAquaflowlll, Olympus Surgical Technologies Europe, Hamburg, Germany) for internal applica-
tor cooling was used. Energy delivery was controlled by a resistance controlled automatic power mode
(RCAP) through three internally cooled bipolar applicators (CelonProSurge T-20, Olympus Surgical
Technologies Europe, Hamburg, Germany) with an active tip length of 20mm and a diameter of 1.8 mm.
The three applicators were arranged in parallel in a triangular configuration within the porcine liver, with
a fixed spacing of 20mm between them. Precise placement was ensured using a custom-made aiming
device (Figure 1(a)).

A total power of 60W was preset on the generator according to the manufacturer’s recommendations.
Ablations were manually terminated after reaching an energy input of 40kJ. Previous studies have sys-
tematically evaluated vessel diameters and flow rates within clinically relevant ranges, demonstrating
that neither parameter substantially influences the extent of vascular cooling or ablation zone deforma-
tion in thermal ablations [29-34]. Accordingly, a single representative vessel configuration was employed
to isolate positional effects. A glass tube (‘vessel’) with an inner diameter of 3.4mm and an outer diam-
eter of 5.0mm served as an artificial vessel. A peristaltic pump (Watson Marlow Pumps 323E,
Watson-Marlow Limited, Falmouth, Cornwall, UK) delivered room-temperature saline at a continuous flow
rate of 100ml/min. This flow rate was selected based on prior findings that cooling effects occur above
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Figure 1. a) The custom-made aiming device ensured exact positioning of the three applicators (A) and the glass tube
(V) into the liver tissue. It included a preset slit, allowing the liver to be precisely cut orthogonally to the applicators
for a cross-sectional analysis. The liver was sectioned into smaller pieces of approximately 5x5 X 7cm to fit into the
aiming device. b) lllustration of the experimental setup in the cutting plane: applicator spacing was set to 20 mm. Five
different vessel-to-center distances were assessed (V,q, V,5, V5o V;5 and V,q.). €) Exemplary ex vivo cross section of a
test series with a centrally placed vessel (V).

10ml/min and plateau at higher rates [29,31-34]. The study design therefore focused on the spatial rela-
tionship between the vessel and the applicators, with the vessel positioned parallel to the applicators
(Figure 1(a)). Five different experimental settings (each n=6) were planned (Figure 1(b)):

+ V,, = vessel situated in the ablation center (geometrical center point of the three applicators)
« V,. = vessel situated 2.5mm away from the center (on a bisector of the three applicators)

+ Vg, = vessel situated 5.0mm away from the center

+ V,, = vessel situated 7.5mm away from the center

+ V40 = vessel situated 10.0mm away from the center

After mbRFA, ablations were bisected orthogonally to the applicators at the level of the insulator -
positioned between the two electrodes of each applicator - to achieve the largest cross-sectional area
and ensure a consistent and reproducible cutting process (Figure 1(c)). This procedure was applied iden-
tically to all ablations. The ablation halves were photographed next to a millimeter scale. Subsequently,
the photographs were imported into a custom-made analysis software previously developed by the
Fraunhofer Institute for Digital Medicine MEVIS (Bremen, Germany) for RFA [17,24]. The software performs
an initial calibration of the photograph, computationally corrects distortions caused by cutting the liver
specimen using a thin-plate spline landmark registration and outlines the ablation area [24]. Ablation
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geometry and size of the so-called white zone (WZ) were measured, with the WZ referring to an ablation
area where the liver tissue has undergone irreversible damage [13,35,36] (Figure 1(c)). All photographs
were geometrically aligned according to the position of the vessel and the three applicators for statistical
analysis. Shape-based averaging was used to generate averaged ‘necrosis masks’ of the ablation area [37].

Numerical simulation

The computation of RFA proceeds iteratively: firstly, the heat source term is simulated using a quasi-static
approximation to Maxwell’s equations, then the thermal field is computed. The thermal field subse-
quently drives dose field calculation. Next, material properties are updated from the thermal field and
the source term is recomputed [19]. Then both the thermal and dose fields are recalculated using the
updated material properties for the new time value. The mathematical model used for the simulation of
mbRFA was derived from an existing numerical simulation for mono- and bipolar RFA, which solves the
quasi-static Maxwell equation [22]

V(o-Vg)=0 (1)

where ¢ is the electric potential, so that V¢ represents the electric field and o [A/(V-m)] is the spatially
and thermally dependent electrical conductivity (Appendix A). The source term, g, is computed using the
position in the tissue and knowledge of the specific applicator geometry. Nonzero Dirichlet boundary
conditions are imposed at the electrode surfaces, where the electric potential ¢ is fixed according to the
applied bipolar voltage. The exterior boundary conditions assume the computational domain is suffi-
ciently large so that ¢ = 0.

The absorbed energy is modeled via Joule heating and is proportional to the square of the voltage, that is,

q=),c7|V<p|2[W/m3}, (2)

where the scaling factor A accounts for the efficiency of the device, given by the ratio of the effective
power, p,, and the total power, p,,..

- 4 psetupRtissueRl

e 3)
p ! (Rtissue + RI )2
UZ
Rtissue = (4)
total
Poa =[| Vo [ dx, (5)

where p,,, is the driving power, R, is the internal resistance of the generator [Q], Ry, denotes the elec-
trical resistance of the tissue and U[V] is the difference between the potential on each electrode, i.e. U= 2V
as bipolar.

As the electrodes were internally cooled, a Dirichlet boundary condition was imposed for the elec-
trodes, fixing the temperature as the ambient temperature. To model the heat sink effect of large vessels,
an interior Dirichlet condition was also imposed, and the temperature within the vessel fixed to the
temperature of the saline solution, which is used in Penne’s bioheat transfer equation, which computes
the temperature T via

pcvaa—::V~(k-VT)+q (6)

In this equation p is the density [kg/m3], ¢, is the specific heat capacity [J/(K-kg)] and k the thermal con-
ductivity [W/(K-m)] (Appendix A).

The multibipolar model used in this study is based on a previously developed and experimentally
validated numerical framework for mono- and bipolar hepatic RFA by Kroeger and Rieder et al.
[17,21,22,24,38]. In the present work, this framework was extended to a multibipolar applicator
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configuration and adapted to the experimental setup with a saline-perfused, vessel-mimicking glass
tube. The model employs a coupled system of two partial differential equations to simulate temperature
progression over time [22,24,38]. The modeling of electrical conductivity was based on former experi-
ments with porcine liver and incorporated the combined effects of temperature, dehydration and coag-
ulation factors derived from an Arrhenius damage model [22,39]. Phase transitions and evaporation were
simulated using a predictor-corrector scheme to account for tissue dehydration, which significantly
affects heat transfer and electrical conductivity.

In our ex vivo experiments, vessel cooling was induced by a saline-perfused glass tube, numerically
modeled as a Dirichlet boundary condition at constant saline temperature to reproduce experimental con-
ditions rather than capture the full complexity of in vivo hepatic perfusion. The heat sink effect was mod-
eled with Pennes’ bioheat equation, while the Arrhenius equation was used to determine tissue damage [40]:

Q=[Ae " gt (7)

where the R = 8.314 [J mol/K] is the universal gas constant and the Arrhenius parameters for liver tissue
are given by A= 7.39x10%* [1/s] and E,= 257,700 [J/mol] (Appendix A). The governing equations were
solved using finite-difference time-domain methods which were first order accurate in time, and second
order accurate in space. The discretized system was solved using a GPU using a preconditioned
conjugate-gradient solver exploiting the sparsity of the system. The spatial resolution was set to 1mm,
which could resolve the glass vessel. The domain sizes were (128, 128, 128). The Courant-Fredrichs-Lewy
number did not exceed 0.3. Ablation volumes were computed by summing the voxels with' >1.Convergence
tests were performed on the spatial resolution to ensure that ablation volumes were the same as finer
resolution simulations.

Data analysis

Macroscopical ablation zones (G=ground truth) were statistically compared to the numerically simulated
ablation zones (S=simulation) in order to validate the accuracy of the software. The two necrosis masks
were compared quantitatively using the following area, surface and classification-based measures:

The Dice and Jaccard coefficients were calculated for an area-based comparison. The Dice coefficient
quantifies the similarity of two sets G and S, with values ranging from 0 to 1 [41]. It is calculated by
2|Gm5|
e
Jaccard coefficient measures the proportion of the intersection area relative to the union of both sets,

|G|
|Gus|
and |Gu5| denotes the size of their union. For a surface-based comparison, the Hausdorff distance was
employed, quantifying the maximum of the shortest distances between points on the simulation mask
and their nearest counterparts on the ex vivo necrosis mask. The maximum surface distance (max_d(s,G)
and the mean surface distance (mean_,d(s,G) were determined. Additionally, the false positive rate (FP)
and the false negative rate (FN) were calculated to assess simulation accuracy. The FP rate, FP=|S|—|G,
reflects the extent of overestimation of the simulation, while the FN rate, FN:|G|—|S|, indicates underes-
timation (Figure 2). The true positive rate, TP:|Gm5|, represents the intersection of the simulation and
the averaged necrosis mask of each experimental setting, quantifying the area accurately predicted by
the software. To validate the simulation against ex vivo results, classification-based metrics were applied

dividing twice the intersection of the two sets by the sum of their areas, expressed as The

also ranging from 0 to 1 [42]. It is defined as , Where |Gm$| represents the size of their intersection

and specificity

. s TP
to evaluate the agreement between the masks. Typically, sensitivity TN are
+

TN +FP
employed. However, specificity depends on the true negative (TN) rate, which corresponds to the image
background. As a result, it is influenced by the size of the selected image rather than the extracted mask.

Therefore, the positive predictive value (PPV: TPTPFPJ was applied instead.
+

SPSS (IBM SPSS Statistics, version 29 for Windows, Armonk, USA) was used for statistical analysis. To
characterize the distribution and stability of summary statistics in the presence of small sample sizes
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a)

Figure 2. a) Example of the simulation software and b) a shape-based averaged necrosis mask with overlays of FP
(dark grey), FN (medium grey) and TP (light grey) masks. A: applicator; V: vessel; TP: true positive; FP: false positive; FN:
false negative.

(n=6 per distance), the robustness of mean-based measures was evaluated using coefficient of variation,
interquartile range (IQR)-based outlier detection and non-parametric bootstrapping (10,000 resamples) to
obtain 95% confidence intervals. For descriptive reporting, mean £standard deviation (SD) was used as
the primary summary measure; median and IQR were additionally calculated to assess sensitivity to data
dispersion. Ablation times were compared between groups defined by vessel distance using the
non-parametric Kruskal-Wallis test.

Data availability statement

The datasets analyzed in our study are available from the corresponding author on reasonable request.

Results

In total, 30 mbRFA with five different ablation settings (n=6) were conducted. The cross-sectional abla-
tion area was 914mm? (715-1318 mm32). The mean ablation time was 25min and 39s (meanz=SD:
1539+98s). No difference in ablation time was observed between the different experimental groups
(p=0.05).

The average similarity between necrosis mask and simulation was 0.92 (Dice coefficient) and 0.85
(Jaccard coefficient; Figure 3(a)), respectively. The average area of congruency (TP) between the necrosis
mask and the simulation was 816 mm?, resulting in a PPV of 96%. The numerical simulation underesti-
mated (FN) the thermal necrosis by 10% (94 mm?; Figure 3(b)). Therefore, the sensitivity of the simulation
was 90%. The surface distance between the simulation and the regions where the software underesti-
mated necrosis (FN), was 0.9 mm (median) and 2.8 mm (maximum), respectively (Figure 3(c)). Overestimation
of necrosis (FP), which potentially is relevant for local tumor recurrence after RFA, was 4% (35mm?
Figure 3(b)). The surface distances for FP were 0.5 mm (median) and 1.5mm (maximum), respectively. The
mean surface distance remained within the simulation’s sampling accuracy, as the voxel size of the com-
putational domain was 0.5mm (Figure 3(c)).

The accuracy of the simulated calculations was influenced by the vessel’s position. False negative
results (FN, underestimation) increased as the vessel positioned was further away from the ablation cen-
ter. False positive results (FP, overestimation) exhibited an inverse relationship, decreasing with greater
vessel distance (Figure 4, Table 1).

Table 1 shows the corresponding areas between ablation masks and numerical simulation. For Area
TP, the low coefficients of variation together with the narrow bootstrap confidence intervals indicated
that the mean was a stable estimate. Mean+SD was therefore considered representative for this
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Figure 3. a) Average Dice and Jaccard coefficients marking average similarity between the simulation and the ex vivo
necrosis marks. b) Values for the overestimated area (FP), the underestimated area (FN) and the area of congruency
between the simulation and the measured necrosis mask (TP). €¢) Maximum as well as mean distances from measured
necrosis surface distance to the underestimated (FN) and overestimated surface (FP) distance are shown.
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Figure 4. Shape-based averaged necrosis masks were generated with corresponding vessel distances from the center
point: @) 0.0mm, b) 2.5mm, ¢) 5.0mm, d) 7.5mm and e) 10.0mm with perfusion. Vascular cooling effects around the
vessel (V) were observed in all test series. The blue mask indicates congruence (TP) between the measured ex vivo
ablations and the simulation, orange represents overestimation (FP) and green denotes underestimation (FN) by the
simulation. The voxel size of the numerical simulation was 0.5 mm.

Table 1. Median values for true positive (TP), false positive (FP) and false negative (FN) areas for all test series.
Vessel distance from the ablation center

0mm (n=6) 2.5mm (n=6) 5.0mm (n=6) 7.5mm (n=6) 10.0mm (n=6)
TP Congruency (%) 92 92 98 98 99
Area (mean+SD, mm?) 784+ 34 777 £45 79929 827126 877+15
FP Overestimation (%) 8 8 2 2 1
Area (mean+SD, mm?; 75+34 69 [39] 67 +44 67 [60] 30+29 18 [42] 26+26 20 [45] 13+£15 9 [14]
median [IQR])
FN Underestimation (%) 7 5 14 15 15

Area (mean+SD, mm?;
median [IQR])

Data are presented as mean+standard deviation (SD); n=number of samples per distance. For variables with higher variability (area FP and
FN), median and interquartile range (IQR) are additionally reported to indicate robustness.

6729 63 [30] 72+63 44 [61] 142+108 129 [80] 152+96 150 [166] 188126 155 [56]

parameter. In contrast, Area FP and FN showed higher variability, evidenced by larger differences between
mean and median as well as wider confidence bounds. To reflect this variability, median and IQR were
additionally reported for these measures in Table 1. The underestimation (FN) of necrosis increased with
increasing distance of the vessel from the center point, while the overestimation (FP) showed a negative
relationship.

Discussion

This study aimed to validate a numerical planning software for multibipolar radiofrequency ablation
(mbRFA) under ex vivo conditions. Five experimental setups were conducted using a perfused glass tube
to mimic a hepatic vessel. The resulting macroscopic necrosis masks were compared with the corre-
sponding simulation outputs to assess accuracy. Our results showed an overall conformity between the
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simulated and actual ablation areas of 96% across all experimental settings. Similarity between the ex
vivo ablations and the simulation were quantified by a Dice coefficient of 0.92 and a Jaccard coefficient
of 0.85. Compared with the necrosis mask, the simulated ablation areas were overestimated by 4%
(false-positive regions) and underestimated by 10% (false-negative regions).

Pre-therapeutic treatment planning is crucial in RFA, particularly because imaging modalities used to
evaluate technical success have inherent limitations in their accuracy [13]. Ablation procedures are com-
monly planned according to manufacturer guidelines, which are normally derived from ablations per-
formed under ideal conditions (ex vivo with the absence of vascular cooling effects). Software-based
numerical simulations offer a more precise alternative by integrating patient-specific variables, including
vascular cooling effects, liver tissue characteristics (cirrhosis, tumor, neoadjuvant therapy, etc.) and spe-
cific parameters of the ablation system [18,19,24,43]. The wide range of approaches, varying levels of
accuracy and high computational demands make it challenging to identify a model suitable for clinical
implementation [19]. Moreover, simulations for advanced techniques such as mbRFA are scarce [24].

Our findings demonstrate that the numerical simulation accurately predicted the ablation shape for
mbRFA while incorporating vascular cooling effects. Congruency (TP) between the necrosis mask and the
simulation was 96%. According to literature, Dice similarity coefficients describing the overlap between real
and simulated RFA range from 0.42 to 0.73, with maximum surface deviations reported between 1.1 and
8.67mm [19]. In comparison, our study demonstrated a much higher Dice coefficient of 0.92 and a maxi-
mum surface distance of 1.5mm (FP regions) and 2.8 mm, respectively (FN regions; Figure 3(c)). However,
it must be noted that replicating and predicting ablation zones in vivo is significantly more challenging due
to factors such as tissue heterogeneity and blood perfusion. These complexities result in comparatively
lower Dice coefficients and PPV values than those observed in controlled ex vivo experiments [19,22,44].

The numerical simulation examined in this study underestimated thermal necrosis (FN) by 10%, with
a maximum false negative distance of 2.8 mm (Figure 3(c)). This indicates a potential risk of unintended
tissue damage within 2.8 mm of the simulated necrosis. While it is essential to address these discrepan-
cies to avoid unnecessary damage to adjacent healthy tissue, a small degree of underestimation may
provide a safety margin during clinical application. To ensure complete and safe destruction of the target
tissue, a safety margin of at least 5.0-10.0mm around the ablation zone should be added [2,8,45]. This
safety margin is consistent with guidelines for RFA procedures, which emphasize the importance of
accounting for both thermal gradients and vascular cooling effects to reduce the risk of incomplete
ablation or unintended tissue damage [3,45]. No universally accepted thresholds for metrics such as false
positives/negatives, Hausdorff distance, Dice or Jaccard indices in the context of ablation simulation
accuracy exist. This is why ablation margins are used in clinical practice: accuracy is assessed against a
safety boundary that compensates for uncertainties in tumor shape, size and imaging. Thus, accuracy
cannot be defined by absolute metric values alone but must always be interpreted in the context of the
intended safety margin.

False positive (FP) regions, where the simulation predicts thermal destruction, but viable tumor tissue
remains, are clinically significant due to their potential to cause local recurrence [46]. The most accurate
simulation results were observed when the vessel was located at the ablation margin, with FP areas
limited to just 1% for a vessel distance of 10mm from the ablation center (Table 1). Conversely, when
the vessel was positioned at the ablation center, the simulation overestimated the ablation by 8%. Errors
in predicting ablation size can result in over- or under-treatment, posing specific risks to the patient [43].
Both false positive (FP) and false negative (FN) areas represent distinct clinical challenges in thermal
ablation procedures. While FP regions can lead to local tumor recurrence due to incomplete ablation, FN
regions increase the risk of unintentional thermal damage to adjacent organs or critical structures [47].

Overall, the numerical simulation demonstrated a strong correlation between the predicted necrosis
masks and the actual thermal ablations observed, effectively modeling vascular cooling effects in mbRFA
under standardized ex vivo conditions. The simulations could be extended by including effects of laminar
flow of blood, however in vivo simulations may require detailed vascular maps, beyond the spatial reso-
lution of many clinical imaging systems. Deformation due to thermal expansion, or coagulation could be
incorporated to increase accuracy. Further in vivo studies are needed to validate these findings and refine
the integration of numerical simulations into clinical practice.



INTERNATIONAL JOURNAL OF HYPERTHERMIA e 9

Certain limitations of our study should be considered when interpreting the results. We used an estab-
lished ex vivo porcine liver model in our study, as porcine liver is widely recognized for its anatomical
and physiological resemblance to human liver tissue [26-29]. We consider ex vivo validation a necessary
intermediate step before advancing to in vivo studies. Notably, ablation procedures are typically planned
according to manufacturer guidelines, which are often based on data obtained under idealized ex vivo
conditions [20,48]. To minimize inaccuracies due to autolysis, liver specimens were processed within six
hours postmortem. While hepatocellular carcinoma (HCC) tumor models are available, we opted for
native liver tissue to ensure an ethical and cost-effective approach [49]. Parameters such as thermal con-
ductivity, electrical conductivity and density vary depending on tissue composition and differ between
tumors and healthy liver parenchyma. These variations are further affected by cirrhosis, hepatic steatosis
and prior treatments like systemic therapies or transarterial chemoembolization (TACE) [19]. Tissue prop-
erties of hepatic tumors and native liver parenchyma are well-documented and can directly be applied
as parameters in the simulation software [39].

Both the ex vivo experimental setup as well as the numerical simulation represent simplified models of
vascular cooling under controlled conditions and are not intended to fully reproduce physiological in vivo
perfusion. The primary objective of this study was to assess the accuracy of the numerical simulation soft-
ware, focusing on its ability to account for vascular cooling effects caused by a large vessel, rather than on
reproducing the full complexity of hepatic vascular anatomy. To achieve a highly standardized yet experi-
mentally demanding setup with a specific focus on localized cooling effects, a single saline-perfused glass
tube was used to represent a large vessel. Previous research has demonstrated that glass tubes exhibit
thermal properties comparable to those of hepatic vessels [50]. Within this controlled setting, the software
successfully predicted cooling effects of large vessels. However, in vivo studies are required to investigate
diffuse cooling, also known as ‘perfusion-mediated tissue cooling, which arises from capillary liver perfusion
[9]. This phenomenon limits the size of the ablation zone but does not alter its shape [31].

The use of a single vessel enabled reproducible positioning and systematic variation of vessel-antenna
spacing, which is the primary factor affecting temperature distribution and vascular cooling effects
[51,52]. We focused on systematically varying the vessel position rather than exploring hemodynamic
parameters in detail, as these have been thoroughly investigated and were therefore not reexamined in
the present study. While our setup inherently limited assessment of different vessel diameters and flow
conditions — preventing a full sensitivity analysis — these parameters exert only limited influence beyond
certain thresholds according to existing ex vivo and in vivo studies [29-32,53]. Accordingly, a saline flow
rate of 100ml/min and an outer vessel diameter of 5mm were selected to ensure stable and reproduc-
ible cooling conditions. Our experiments were performed at room temperature. Because the thermal
gradient relative to body temperature is higher under these conditions, cooling effects may appear more
pronounced. This can be explained by the smaller thermal gradient between the ablation zone and the
vessel at 37°C compared with room temperature. However, previous studies indicate that macroscopic
results obtained at room temperature and body temperature are generally comparable [32].

The multibipolar model employed in this study builds on a previously developed and validated
numerical framework for mono- and bipolar hepatic RFA [17,21,22,38]. Electrical conductivity was mod-
eled as a combined function of temperature, dehydration and coagulation via a predictor-corrector
approach with Arrhenius damage modeling, rather than adopting purely temperature-based piecewise or
exponential laws. While alternative piecewise-exponential formulations of temperature-dependent electri-
cal conductivity have been proposed to improve accuracy especially at lower temperatures, comparative
analyses have demonstrated only minor differences (<3.5%) in predicted ablation size between linear and
exponential models [54-56]. In a high-temperature regime relevant for RFA, phase transitions and tissue
dehydration — captured here through a predictor-corrector approach — predominantly govern electrical
and thermal behavior [57]. Accordingly, the established formulation was retained.

The present study did not aim to introduce a novel temperature-dependent electrical conductivity
formulation. Instead, our contribution lies in extending a validated modeling framework to multibipolar
RFA in the presence of a vessel-mimicking glass tube and in its systematic validation against ex vivo
experiments. Vessel and applicator interfaces were modeled using prescribed boundary conditions to
ensure numerical stability and reproducibility. Model validation was restricted to a single, predefined
vessel orientation relative to the applicators. The validity of the simulation for alternative configurations,
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such as perpendicular vessel-applicator arrangements, was not assessed within the scope of this study.
Validation was performed on a standardized two-dimensional cross-section of the ablation center, reflect-
ing a highly controlled experimental setup with a specific focus on localized vascular cooling effects and
minimizing registration uncertainty caused by tissue deformation and shrinkage. Although the simulation
framework is capable of three-dimensional predictions, the present analysis was intentionally limited to
a two-dimensional evaluation, single-plane evaluation. This prevented potential distortions of the abla-
tion geometry associated with multiple sectioning of the soft liver tissue.

While the model reliably reproduced relative cooling patterns of large vessels under these standard-
ized conditions, the results are limited to relative, localized cooling effects under controlled conditions.
Further in vivo studies with three-dimensional validation are required to generalize predictions to whole
ablation volumes.

Conclusion

This study advances numerical therapy planning for mbRFA, showing that the presented simulation pro-
vides accurate predictions of ablation outcomes and effectively models vascular cooling effects under
standardized ex vivo conditions. The strong correlation between the predicted and the actual ablation
zones underscores the simulation model’s potential for enhancing mbRFA planning. However, further in
vivo validation is essential to confirm these findings and optimize the integration of a numerical simula-
tion for mbRFA into clinical routine.
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Appendix A

The material properties are computed using interpolation from piece-wise polynomial segments over small temperature intervals.
Note that no hysteresis effects are included, which given a single cycle of heating was performed, is a justifiable assumption.

The electrical conductivity is linearly dependent on temperature, coagulation and dehydration. The dependence on each factor
is applied separately, so that the temperature-dependent electrical conductivity is scale by the water content ratio, and then the
coagulation ratio. The water content and coagulation are both temperature dependent, with coagulation being directly determined
by the temperature-dependent damage integral:

o(T.y.Q)=0,(T)-0,(r) 0,(Q) (8)

For 0. =0, +(T—TO)C71T, where ¢,=0.306 [S/m] is the base value at room temperature, T, and O'1T = 0.17, which characteriz-
es the linear increase in the electrical conductivity with respect to temperature. The dehydration factor is given by

o,=0,+(T-T,)o, 9)
So that when T=100, o, =0. Similarly, for coagulation
o =0,+(T-T,)oc; (10)

where g, is the baseline value, and 019 is such that at T=100 then 6 ,=0.45. The thermal conductivity is modeled as quadratic
function of temperature up to 90°C, and then as a linear function of temperature.

k,T> +kT+k,, T<90

k=1 R an
kT +ko, T>90

K 0.594727 W/(m-K)

ko —0.004702 W/(m-K2)
1

k 7.25253E-7 W/(m-K3)
2

i 0.706636 W/(m-K)
0

- 0.0005818 W/(m-K?)

ki

The specific heat capacity properties and density are derived from Equation (6). The specific heat follows the same quadratic-linear
relationship as the thermal conductivity.

o, T’ +cT+c, T<90

c=4_ (12)
aT+co T>90

c 0.594727 J/(kgK)
0

c -0.004702 J/(kg-K?)
1

c 7.25253E-7 J/(kg-K3)
2

- 0.706636 J/(kg-K)

Co

- 0.0005818 J/(kg-K?)

C1

The Arrhenius rate parameters are derived from Equation (7), where the universal gas constant is given by Rg= 8.314 [J mol/K],
the activation energy is Ea= 257,700 [J/mol] and the frequency factor A0= 7.39x10% [1/s].


https://doi.org/10.1007/s11517-017-1699-6
https://doi.org/10.1007/s11517-017-1699-6
https://doi.org/10.3390/s20103004

	Evaluation of a numerical simulation for multibipolar radiofrequency ablation
	Christina A. Neizert, David Sinden, Christian Rieder, Tobias Preusser, Hanne Ballhausen, Ole Gemeinhardt, Kai S. Lehmann, Franz G. M. Poch
	Nutzungsbedingungen / Terms of use:
	CC BY 4.0  

	Evaluation of a numerical simulation for multibipolar radiofrequency ablation
	ABSTRACT
	Introduction
	Material and methods
	Multibipolar radiofrequency ablation
	Numerical simulation
	Data analysis

	Data€availability statement
	Results
	Discussion
	Conclusion
	Acknowledgement
	Author contributions
	Disclosure statement
	Funding
	ORCID
	References


