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Computer 3D modeling of radiofrequency
ablation of atypical cartilaginous tumours
in long bones using finite element
methods and real patient anatomy
Ricardo Rivas Loya1* , Paul C. Jutte2, Thomas C. Kwee3 and Peter M. A. van Ooijen1

Abstract

Background: Radiofrequency ablation (RFA) is a minimally invasive technique used for the treatment of neoplasms,
with a growing interest in the treatment of bone tumours. However, the lack of data concerning the size of the
resulting ablation zones in RFA of bone tumours makes prospective planning challenging, needed for safe and
effective treatment.

Methods: Using retrospective computed tomography and magnetic resonance imaging data from patients treated
with RFA of atypical cartilaginous tumours (ACTs), the bone, tumours, and final position of the RFA electrode were
segmented from the medical images and used in finite element models to simulate RFA. Tissue parameters were
optimised, and boundary conditions were defined to mimic the clinical scenario. The resulting ablation diameters
from postoperative images were then measured and compared to the ones from the simulations, and the error
between them was calculated.

Results: Seven cases had all the information required to create the finite element models. The resulting median
error (in all three directions) was -1 mm, with interquartile ranges from -3 to 3 mm. The three-dimensional models
showed that the thermal damage concentrates close to the cortical wall in the first minutes and then becomes
more evenly distributed.

Conclusions: Computer simulations can predict the ablation diameters with acceptable accuracy and may thus be
utilised for patient planning. This could allow interventional radiologists to accurately define the time, electrode
length, and position required to treat ACTs with RFA and make adjustments as needed to guarantee total tumour
destruction while sparing as much healthy tissue as possible.

Keywords: Bone neoplasms, Bone and bones, Catheter ablation (radiofrequency), Computer simulation, Finite
element analysis

Key points

� Radiofrequency ablation is a technique with great
potential to treat bone neoplasms.

� There is, however, little information regarding the
expected outcomes, making planning challenging.

� Computer models using the finite element method
could be used to simulate the interventions.

� Computer simulations could help planning safe and
effective interventions.
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Background
Radiofrequency ablation (RFA) is a minimally invasive
technique that has been commonly used for the treat-
ment of neoplasms in the liver, kidney, adrenal
glands, bone, lung, and breast [1]. Its use for the
treatment of bone tumours has been mostly focused
on osteoid osteoma, but there has been an interest in
the treatment of other types of bone tumours, par-
ticularly the ones in the benign spectrum, such as
chondroblastoma [2–6] and osteoblastoma [7–9], but
also atypical cartilaginous tumours (ACTs) [10, 11].
Due to its minimal invasiveness, in contrast to more
aggressive treatments such as open surgery, it allows
for shorter recovery times, targeted tumour destruc-
tion, and low complication rates [12].
To guarantee optimal treatment, i.e., total tumour de-

struction while minimising damage to healthy tissue [1],
it is important to know the extension of the ablation
zone. There is, however, little to no data concerning the
size of the ablation zone for RFA of bone tumours, par-
ticularly for tumours other and larger than osteoid oste-
oma (i.e., > 2 cm). Given the interest of our research
group to expand the use of RFA from osteoid osteoma
to other tumours such as ACTs, accurate and reliable
planning are needed to guarantee safe and effective
tumour ablations. In a previous initial study by our team
in patients with an ACT in which the resulting ablation
diameters after RFA treatment were measured, it was
observed that the ablation zones grew larger than ex-
pected, particularly in contrast to those after RFA in
other tissues, such as the liver and kidney [11]. Similar
findings were observed by Neeman et al. [13], who per-
formed RFA of a chordoma and suggested the larger
than expected ablation volume may be due to the high-
water content of the tumour and its relatively poor vas-
cularity, resulting in higher electrical and thermal con-
ductivities than that of liver or kidney tissue.
To further understand the effects of the bone and

tumour tissue on the resulting ablation zone, a previous
and yet to be published study by our research group
used computer models with the finite element method
(FEM) to simulate the RFA of ACT. The implementation
used a simplified two-dimensional (2D) geometry of the
patient and a fractional factorial analysis to determine
optimal parameters to replicate clinical cases with the
computer model. These models had limitations, as they
did not take into account the full three-dimensional
(3D) characteristics of the anatomic location of interest.
To further test, the validity of these assumptions and in
an attempt to develop an accurate patient-specific plan-
ning system for clinical use in RFA of ACTs, this study
aimed to develop 3D models of the patient’s anatomy
and test the computational model’s accuracy in replicat-
ing the ablation zones seen in clinical practice.

Methods
This study consisted of the following steps:

1) Collection, segmentation, and manual registration
of preprocedural and intraprocedural images of
cases of ACT that were treated with RFA;

2) Collection of the relevant clinical parameters of the
intervention, such as the size of the active RFA
electrode (either 2- or 3-cm long) and the amount
of time the energy was applied;

3) Generation of standard triangle language (STL) files
from the segmented images which were then
transformed into 3D meshes;

4) Application of a FEM utilising the 3D patient-
specific models from patient data;

5) Measurement of the ablation diameters on post-
RFA magnetic resonance (MR) images and the
computer models.

Image segmentation and registration
Cases from a previous study [11] of patients that had
undergone computed tomography (CT)-guided RFA of
ACT were used to create the patient-specific meshes.
Only patients that agreed and signed a written form at
the time of the intervention about the potential use of
their anonymised data for scientific research were in-
cluded in the study. Only cases in which it was possible
to determine the final position of the RFA electrode
from the intra-procedural CT images and in which it
was possible to properly segment the tumour and sur-
rounding bone were chosen. The pre-RFA MR images
(were used to segment the tumour, because tumour
boundaries are usually not clearly visible on CT). The
MR images were acquired using a 1.5 T MRI scanner
(Siemens, Erlangen, Germany) with a surface coil. Fat-
suppressed Short Tau Inversion Recovery (STIR) T2-
weighted sequences (TR/TE/TI: 8270/160/19 ms, 4-mm-
slice thickness) and T1-weighted images (TR/TE: 500/19
ms, 4-mm-slice thickness) were acquired before and
after the administration of an intravenous gadolinium-
based contrast agent (0.1-mmol gadoterate meglumine
(Dotarem®; Guerbet) per kilogram of body weight). As
part of the routine MRI protocol, the images were ac-
quired in two planes (transversal and either coronal or
sagittal). The intraprocedural CT images (Somaton Def-
inition AS, Siemens Medical Systems, Erlangen,
Germany; 100 kVp, 49 mAs, 0.8 mm pitch) were used to
segment the bones and the electrode.
All segmentations were done with Materialize Mimics

(https://www.materialise.com) by the first author and
later assessed by a musculoskeletal radiologist to confirm
their accuracy. The segmentations were exported to STL
format and Gmsh [14] (https://gmsh.info), and a 3D fi-
nite element mesh generator was used to generate the
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3D meshes using the STL files. Because of the artifacts
caused by the electrode on the CT data, the segmented
electrode was only used to find the location of the elec-
trode and then it was replaced by a modeled electrode,
generated on Gmsh, replicating its dimensions. Gmsh
was also used to create a mesh for the muscle tissue,
which was assumed as a large cube surrounding the cor-
tical bone. The surface of the trabecular bone was deter-
mined by applying an offset of -2.5 mm on the surface
of the segmented cortical bone.
Using MeshLab [15] (https://www.meshlab.net), meshes

of multiple characteristic lengths were created and a mesh
convergence analysis was done for each of the models,
with the electrode having the smallest triangles (0.1−0.25
mm) and the muscles having much larger triangles. With
Autodesk Meshmixer (http://www.meshmixer.com), man-
ual refinement and reduction of triangles were performed,
reducing the triangles in sections of the bone far away
from the electrode and increasing them close to the
tumour and electrode. All models were defeatured, re-
moving fine details to reduce the tetrahedron needed and
thus also reduce the computational requirements.

Clinical parameters
The radiologist who performed the RFA registered the
amount of time with the electrode at the desired target
temperature of 90 °C and also indicated the amount of time
with the applicator at a temperature higher than 60 °C. The
length of the active electrode used during each intervention
was also registered, which was either 2 or 3 cm.
A musculoskeletal radiologist with 10 years of experi-

ence measured the ablation diameters in three orthog-
onal directions on the post-RFA MR images (same
sequences used before RFA) that were acquired 3
months after the intervention. The results from the sim-
ulations were measured by the first author, with 5 years
of experience in image processing, and who ran the
computer simulations. The results were measured in
three orthogonal directions as to match the measure-
ments by the radiologist, and both results were com-
pared. Note that the first author was blinded to the
radiologist’s measurements and vice versa. The measure-
ments were labeled as “longest,” “shortest,” and “other”
ablation diameters, with the longest diameter being the
diameter along the electrode axis and the other two or-
thogonal to it.

Finite element model
To determine the thermal damage over time of RFA of
ACT with a non-cooled temperature-controlled ablation
protocol with a control temperature of 90 °C, finite
element models were created, in line with a previous, yet
to be published, a study from our research group. The

implementation was done in FEniCS, a solver for finite
element problems [16].

Equations governing radiofrequency ablation
In RFA, an alternating current of approximately 500 kHz
is applied with an electrode into a target tissue. The
current induces heating in the tissues surrounding the
electrode, causing thermal damage to cells exposed to
high temperatures. To simulate RFA, a coupled electric-
thermal problem has then to be solved, where tissue
heating is due to Joule heating. Additionally, since the
thermal damage is also dependent on the time exposed
to a given temperature, a cell death model has to be
utilised to relate temperature, time, and the robustness
of the tissues to thermal damage.
For the electrical problem, a quasi-static approach can

be taken, as the tissues can be seen as totally resistive to
the current in the RF range [17]. The heat source, QRF,
is given by:

QRF ¼ σ i Tð Þ Ej j2 ð1Þ

where σi is the temperature-dependent electrical con-
ductivity (S/m) of each tissue and E is the electric field
intensity in (V/m), which is then defined by the Laplace
equation, where V is the root mean squared value of the
applied voltage V:

∇ � σi Tð Þ∇V ¼ 0 ð2Þ

The RFA procedure used for these patients was a
temperature-controlled procedure, in which the voltage is
automatically regulated by the RFA machine to maintain a
predefined target control temperature, set by the interven-
tional radiologist. To mimic that, a proportional-integral
controller can be used, defining the root mean square
(RMS) voltage (V) applied at the electrode boundary,
VRMS., as follows:

VRMS: ¼ Kp Ttarget−T tð Þ� �

þ Ki

Zτ

0

Ttarget−T tð Þ� �
dt ð3Þ

For the controller, the initial voltage is set to zero and
then modulated as a function of the difference between
the target temperature Ttarget and the temperature at the
electrode’s tip T(t) at the time t, the error proportionally
constant Kp, and the integral proportionality constant Ki.
These constants are model dependent, but values of Kp

= 1.15 V/K and Ki = 0.06 V/K/s have been found to be a
good approximation for ex vivo bone RFA [18].
The temperature-dependent properties of the electrical

conductivity can be modeled with a piece-wise function
[19]. First, there is a linear increase of 1.5%/°C until the
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point of tissue vaporisation, where then a sudden drop
in the electrical conductivity occurs, defined as follows:

σ i Tð Þ ¼
σ i þ Δσ i T−37°Cð Þ; T≤100°C

σ100°C þ σvap−σ100°C
� � T−100°Cð Þ

5
; 100°C < T≤105°C

σvap; T > 105°C

8><
>:

9>=
>;

ð4Þ
where Δσi corresponds to the 1.5% linear increase in
the electrical conductivity per °C from the baseline
electrical conductivity, σi, at 37 °C. σvap is the electrical
conductivity of vaporised tissue, with a value of σvap =
10x10−3 (S/m) [19].
The thermal problem is governed by Penne’s bioheat

equation [20], which is a modified version of the heat
equation. If tissues get close to the boiling point, tissue
vaporisation occurs, which has important effects on both
the electrical and thermal problems. Additionally, to ac-
count for the phase change into vapor, the enthalpy
method [21] is utilised:

∂h
∂t

¼ ∇ � ki Tð Þ∇Tð Þ þ QRF−Qp

where h is the enthalpy, which is a piece-wise function
that relates the density and specific heat to temperature
and accounts for phase change at high temperatures, ki
is the temperature-dependent thermal conductivity (W/
m ∙K), T is the temperature, QRF the heat source (W/
m3), and Qp is the blood perfusion heat loss (W /m3),
defined as follows:

Qp ¼ ωi Ωð Þρbcb T−Tb½ � ð5Þ

where ωi is a tissue-dependent perfusion coefficient (s−1)
that depends on the cell viability Ω, from the cell death
model, and indicates whether a cell is alive (with blood
perfusion) or death (without blood perfusion). ρb is the
density of the blood (kg/m3), cb the specific heat of the
blood (J/kg ∙ K), and Tb the temperature of the blood (K).
To account for the temperature dependency of the heat

capacity, a linear increase is first considered, followed by a
sudden change in heat capacity at boiling temperatures,
modeled using the enthalpy method [19, 21]:

h ¼
ρici T−37°Cð Þ; 37°C≤ T ≤99°C

h 99ð Þ þ hfgCi
T−99°Cð Þ

100°C−99°Cð Þ ; 99°C < T ≤100°C

h 100ð Þ þ ρvapcvap T−100°Cð Þ; T > 100°C

8>><
>>:

9>>=
>>;
ð6Þ

where ρici are the baseline values of density ð kgm3) and spe-
cific heat ð J

kgKÞ of each tissue, hfgis the latent heat of

vaporisation (2.25x106 J
kg), Ci is the water fraction of each

tissue, and ρvap(370
kg
m3) and cvap (2156 J

kgKÞ are the dens-

ity and specific heat of the vaporised tissue [19].

For the temperature dependence of the thermal con-
ductivity, ki, of each tissue, a linear increase (Δki) of 0.33%
per degree Celsius was considered until the point of
vaporisation, at which a maximum value was set [22, 23],
as defined as follows:

ki Tð Þ ¼ ki þ Δki T−37°Cð Þ; T ≤100°C
ki þ Δki 100°C−37°Cð Þ; T > 100°C

� �

ð7Þ
Finally, for the cell viability Ω, relating the robustness

of each tissue to thermal damage, the temperature, and
exposure time, the Arrhenius damage model [24] was
utilised:

Ω tð Þ ¼
Z t

0
Ae−

ΔE
RT τð Þdτ; ð8Þ

where A, a frequency factor, and ΔE, the activation en-
ergy for irreversible damage reaction, are cell-line-
dependent parameters, and R is the universal gas con-
stant. Because most of the thermal damage occurs in
bone, osteocytes were chosen for the cell-line parame-
ters, with values of A = 8.99 x 10133s−1 and ΔE = 838 kJ/
mol [25]. Additionally, to assess the thermal damage and
measure the extension of the ablation zone, a value of Ω
= 4.6, corresponding to a 99% probability of cell death,
was chosen as threshold, which was also the threshold to
stop blood perfusion in Eq. (5).

Boundary conditions
A Dirichlet boundary condition [26] corresponding to
the body temperature (37 °C) and one of zero voltage
corresponding to the grounding pad were set at the
outer boundaries of the muscle tissue for the thermal
problem and electrical problems, respectively. At the
electrode surface, a Dirichlet boundary condition equal
to the applied RMS voltage was also set, which varies on
time as defined by the proportional-integral controller.
At the bottom side of the electrode, however, a Neu-
mann boundary condition of zero was set for both the
thermal and electrical problems, as that side is, in prac-
tice, part of a larger insulated piece with no heat or elec-
trical flux. The insulated section of the electrode, which
comes from the outside of the patient to the target site,
was not modeled to simplify the 3D meshes. A cross sec-
tion of one of the resulting meshes and the different tis-
sues is shown in Fig. 1.

Tissue properties
In a previous and yet to be published by our research
group, optimal values tissues’ properties were found by
taking the average values of electrical conductivity, blood
perfusion, density, specific heat, and thermal conductiv-
ity of each tissue. For the tumour and its immediate
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surrounding tissue, trabecular bone, a special consider-
ation was taken, where their values were varied within
the maximum and minimum ranges reported in order to
find the best fitting values. Additionally, for tumour tis-
sue (ACT), the values from healthy cartilage were taken,
except for the electrical conductivity, were twice the
value of the electrical conductivity of healthy cartilage
was needed in order to replicate the clinical cases, which
was assumed based on the fact that multiple tumourous
tissues have electrical conductivities higher than twice
that of their healthy counterparts [27–29]. With all other
properties kept at their average reported values, multiple
combinations of the values for tumour and trabecular
bone were tested. Using a fractional factorial model to
avoid a full factorial analysis, the Taguchi method, with
an array with ten variables and three levels (the five tis-
sue properties of tumour and trabecular bone with their
minimum, average, and maximum values), was utilised.
A simplified 2D axisymmetric FEM model was utilised
for this, replicating a simplified version of an actual clin-
ical case, until the resulting ablated zone from the simu-
lations was within acceptable range from the clinical
results. The resulting optimised parameters replicated
the ablated zone in the direction along the electrode, but
slightly over-estimated the results on the direction per-
pendicular to it. These resulting parameters were tested
in another 2D axisymmetric model of a different patient
with similar results. The resulting values are shown in
Table 1.

Ablation time
The radiologist who performed the RFA procedure re-
ported the ablation time in two ways: time ≥ 60 °C and
time at 90 °C. The most important duration is the time
at 90 °C, which is the desired target temperature for the
procedure. Since the interventional radiologist may have
difficulties reaching the target temperature, and because
60 °C is seen as an important threshold for tissue dam-
age, both of these durations were reported to highlight
the time needed to reach the target temperature and the
time since thermal damage was certain to be happening.
To replicate the cases, the simulated proportional-
integral controller was set to 60 °C, and once reached,
the target temperature was linearly increased depending
on the time difference between both reported durations
and the remaining 30 °C needed to reach 90 °C, after
which it was finally set to 90 °C for the time indicated by
the interventional radiologist as time at 90 °C.

Results
From the fifteen patient cases available, seven cases were
found where the final position of the electrode was vis-
ible and the imaging data allowed for good segmentation
and registration of the MR and CT images. Eight cases
were excluded because the final position of the electrode
was missing or because of a limited field of view or reso-
lution that did not allow for a good image segmentation
or registration. Figure 2 shows the pre- and intra-
operative images of one of the cases, indicating the

Fig. 1 Cross-sectional view of one of the cases. The numbers indicate (1) the electrode, (2) tumour, (3) trabecular bone, (4) cortical bone, and (5)
muscle. Boundary conditions were applied on the surface of the electrode and the outer surface of the muscle layer. *Indicates the bottom
surface of the electrode was thermal and electrical no-flux boundary conditions were applied
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tumour and electrode, whereas Fig. 3 shows the resulting
image segmentation of the same case.
The ablation diameter on the post-RFA images seemed

to stop at the boundary with the cortical bone. However,
this was not observed in the computer simulations,
where the ablation radius extended beyond the cortical
bone, as seen in Fig. 4 a, c. The reported ablation radius
from the simulations was the full diameter beyond the
cortical bone, and this was the source of the largest dis-
crepancies between the simulations and the radiological
measurements, except for case number two, where there
was an unexpectedly large ablation diameter along the
electrode.

A total median error of -1 mm was achieved with
interquartile ranges from -3 to 3 mm. The ablation di-
ameters for the radiological images and computer
models are shown in Table 2. The error, calculated as
the radiological measurements minus the results from
the computer models, is presented in Table 3 and shown
as boxplots in Fig. 5. The computer simulations overesti-
mated the shortest ablation diameter in most of the
cases and underestimated it in the other two directions.
The effect of the more complex 3D anatomy was par-

ticularly noticeable in the early stages of the ablation
procedure but less so towards the end. After the proced-
ure had reached steady state, as shown in Fig. 6a, heat

Table 1 Tissue and material properties

Material/tissue Electrical conductivity (S/m) Blood perfusion
coefficient (x 10−3s−1)

Density (kg/m3) Specific heat
(J/kg ∙ K)

Thermal conductivity
(W/m/K)

Active electrode a 1.00 R + 08 0 6,450a 840 18

Tumour 0.4 b 0 1,150 3,664 0.487

Trabecular bone 0.05 0.167 1,080 2,060 0.36

Cortical bone 0.022 0.167 1,908 1,313 0.32

Muscle 0.446 .6167 1,090 3,421 0.49

All values were obtained from [30], except where indicated. aValues as described in [31], which are of a nickel-titanium electrode, bassumptions for the electrical
conductivity of the tumour, which are twice the value of normal healthy cartilage, also obtained from [30]

Fig. 2 a, c, and d Preoperative magnetic resonance images in different planes to evaluate an atypical cartilaginous tumour located in the
metaphysis of the distal femur, with the tumour being indicated by the red notched arrow. b An intraprocedural computed tomography image
demonstrating the final location of the tip of the radiofrequency ablation electrode
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Fig. 3 Example of the resulting three-dimensional models from the image segmentations. The electrode is shown in blue, the tumour in pink,
and the bones in different shades of grey. The model corresponds to the case shown in Fig. 1

Fig. 4 a, b Resulting ablation diameters on the magnetic resonance imaging (MRI) study performed 3 months after the radiofrequency ablation
(the same case of Figs. 2 and 3). c, d Resulting ablation diameters from the simulations. The ablation zones are represented as a transversal cut at
the height of the electrode, inside the three-dimensional geometry, to match the direction of the MRI measurements. c The green line is the
measurement of the ablation diameter as if it were to be taken until the cortical bone and is shown here as an example of the main difference
between the results from the simulations and the radiological measurements
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concentrated close to the cortex causing damage more
quickly in that direction. However, as time passed, the
thermal damage became more evenly distributed, as
shown in Fig. 6b.

Discussion
This study demonstrated that patient-specific simula-
tions of RFA of bone tumours could potentially be used
to predict the resulting ablation zone. Although the
number of patients was relatively limited in our series,
with a median error of < 3 mm in all directions mea-
sured, the tissue properties utilised in the simulations
seem to be accurate enough to predict the outcomes
within a reasonable range and could potentially be used
for patient planning.
The simulations tended to produce uniform ablation

zones, with the largest ablation diameter in the direction
of the longitudinal axis of the electrode, and with an ab-
lation diameter that was roughly uniform in length in all
perpendicular directions measured. In contrast, patient
data showed more variations, which could also be due to
anisotropies in the bone that were not taken into ac-
count in our models. On the clinical post-RFA MRI
scans, ablation zones did not seem to extend beyond the

bone in most cases, but our simulations did not show
this effect. In fact, when the tumour was next to the cor-
tical bone, heat seemed to concentrate in that area. This
effect was, however, not noticeable in the steady state of
the system after several minutes had passed, where the
ablation zone was more evenly distributed.
Given the slow rate at which the bone heals in con-

trast to the muscle and that the post-RFA MR images
were taken approximately 3 months after the procedure,
it is possible that the damage to the muscle may not
have been visible anymore. Lee et al. performed RFA in
the distal healthy femurs of seven dogs, showing that
MR images could be reliably used to measure the extent
of the ablation zone and that the resulting ablation zones
clearly extended beyond the cortical bone, as shown on
contrast-enhanced fat-suppressed T1-weighted images
taken 4 to 7 days after the procedure [32]. Thus, it is
possible that the apparent overestimation in our simula-
tions, with the ablation zones extending beyond the cor-
tex, could be much more accurate than it seems. This
difference was particularly remarkable in cases 1, 3, and
8, which were tumours close to a cortical wall and which
had errors of 10, 8, and 8 mm, respectively, in the
“shortest direction,” whereas the errors were small when

Table 2 Cases, length of the electrode used, timings, and the resulting ablation diameters from the radiological measurements and
the simulations

Case Electrode
length (cm)

Time (min)
> 60 °C

Time (min)
at 90 °C

Ablation
shortest (mm)

Ablation
other (mm)

Ablation
longest (mm)

Simulation
shortest (mm)

Simulation
other (mm)

Simulation
longest (mm)

1 2 12 10 26 40 42 36 39 41

2 3 10 8 41 52 63 42 42 54

3 3 10 6 28 39 48 36 36 48

4 2 10 9 40 42 43 39 40 43

5 2 9 9 43 48 51 42 42 45

6 3 10 8 37 34 46 45 38 41

7 2 10 9 24 30 30 27 29 37

Table 3 Absolute (in mm) and relative (as percentage, deviating from 100%) errors, including the median and interquartile ranges
(IQR) per measured direction, and the total error taking every measurement into account

Case Error shortest (mm)/percentage Error other (mm)/percentage Error longest (mm)/percentage

1 10 138% -1 98% -1 98%

2 1 102% -10 81% -9 86%

3 8 129% -3 92% 0 100%

4 -1 98% -2 95% 0 100%

5 -1 98% -6 88% -6 88%

6 8 122% 4 112% -5 89%

7 3 113% -1 97% 7 123%

Error interquartile ranges (IQR) Total error

IQR1 (mm) 0 -4.5 -5.5 −3

Median (mm) 3 -2 -1 -1

IQR3 (mm) 8 -1 0 3
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the simulated ablation zone did not extend significantly
beyond the cortical wall.
Another issue of our study was the relatively low reso-

lution of the MR images. The original idea was to com-
pare the volumes of the segmentation on post-RFA MR
images to those of the simulations, but this proved to be
very imprecise due to the large MR slice thickness (5
mm), making the segmentation of the ablation zone very
difficult and imprecise at the boundaries, particularly be-
cause of the diffuse ring that defines it. These errors
compound when taking all directions into account as in
the 3D segmentations, which could result in large

differences in volume. Because of this, we opted to re-
port and compare the diameters rather than the vol-
umes. Moreover, the ablation diameters are what
radiologists usually report and clinicians use for follow-
up purposes.
Another source of uncertainty came from the reported

durations of the procedure, as in case number five,
which stated identical durations at temperature ≥ 60 °C
and at 90 °C, and thus, it was not clear what the time
was to reach from 60 to 90 °C. The durations where not
reported in detail, and some assumptions had to be
done. Additionally, the electrode could have been moved

Fig. 5 Boxplots of the errors of the resulting diameters for the three directions measured and the “total error” taking into account every
measurement. All values are in millimeter

Fig. 6 Progression of the ablation zone of case three with an atypical cartilaginous tumour in the distal femoral metaphysis at two selected
times. Both ablation zones are represented as a transversal cut at the height of the electrode, inside the three-dimensional geometry. a The
ablation zone after 150 s, when the ablation zone is still rapidly growing. b The ablation zone at the end of the procedure after steady state has
been reached. The measurements were taken from the centre of the electrode and perpendicular to it. All measurements are in centimeter
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during the intervention, and the final CT scan taken
may not represent the actual final position of the elec-
trode. Given how much both the procedural time and
the position of the electrode affect the ablation zone, this
may have affected the predicted size of the ablation
zone. In case number two, for example, where the result-
ing ablation zone was considerably larger even when
compared to cases with almost identical parameters (like
case number 6), it seems possible that the large error in
the unusually large ablation zone may be due to a repo-
sitioning of the electrode that was not registered and
thus also resulting in a large error when compared to
our simulations.
There are currently no guidelines to predict the result-

ing ablation zone in RFA of ACT in the long bones,
which are needed for accurate and safe patient planning.
Our results seem to indicate that, if planned prospect-
ively, with an accurate position of the electrode and
exact duration of the procedure, computer simulations
could predict the ablation diameters within a reasonable
accuracy and be thus utilised for patient planning, as
shown in our results, where a total median error of -1
mm was achieved. The tissue properties of the tumours
have not been studied yet, but this study demonstrated
that they could be reverse-engineered within reasonable
accuracy for planning, and they could be made more re-
liable with more patient data to fit the loss function.
This could allow interventional radiologists to accurately
define the time, electrode length, and position required
to treat ACT with RFA and make adjustments as needed
to guarantee total tumour destruction while sparing as
much healthy tissues as possible.

Abbreviations
2D: Two-dimensional; 3D: Three-dimensional; ACT: Atypical cartilaginous
tumour; CT: Computed tomography; FEM: Finite element method;
MR: Magnetic resonance; RFA: Radiofrequency ablation; RMS: Root mean
square; STL: Standard triangle language

Authors’ contributions
All authors conceived the present idea. Ricardo Rivas Loya developed the
models and performed the computer simulations. Paul C. Jutte and Thomas
C. Kwee supported with all the relevant medical and radiological
information. The last author supported with the technical details. Paul C.
Jutte and Peter M. A. van Ooijen supervised the progress of the project. The
authors read and approved the final manuscript.

Funding
This research was partially funded by a doctorate scholarship by CONACYT,
Mexico (CVU 610721).

Availability of data and materials
The data supporting the findings of this study are available within the article,
and raw data from the computer simulations are available from the
corresponding author on request.

Declarations

Ethics approval and consent to participate
Only patients that agreed and signed a written form at the time of the
intervention about the potential use of their anonymised data for scientific

research were included in the study. No additional written or verbal consent
was necessary, which is in accordance with the regulations of the Medical
Ethical Review Board of our institution.

Consent for publication
Not applicable.

Competing interests
Peter M.A. van Ooijen is a member of the European Radiology Experimental
Editorial Board. He has not taken part in the review or selection process of
this article. The other authors declare that they have no competing interests.

Author details
1Department of Radiotherapy, University of Groningen, University Medical
Center Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands.
2Department of Orthopedics, University of Groningen, University Medical
Center Groningen, Groningen, The Netherlands. 3Department of Radiology,
University of Groningen, University Medical Center Groningen, Groningen,
The Netherlands.

Received: 29 September 2021 Accepted: 23 March 2022

References
1. Friedman M, Mikityansky I, Kam A, et al (2004) Radiofrequency ablation of

cancer. Cardiovasc Intervent Radiol 27:427–434. https://doi.org/10.1007/s002
70-004-0062-0

2. Tins B, Cassar-Pullicino V, McCall I, Cool P, Williams D, Mangham D (2006)
Radiofrequency ablation of chondroblastoma using a multi-tined
expandable electrode system: initial results. Eur Radiol 16:804–810.
https://doi.org/10.1007/s00330-005-0022-3

3. Xie C, Jeys L, James S (2015) Radiofrequency ablation of chondroblastoma:
long-term clinical and imaging outcomes. Eur Radiol 25:1127–1134.
https://doi.org/10.1007/s00330-014-3506-1

4. Christie-Large M, Evans N, Davies AM, James SLJ (2008) Radiofrequency
ablation of chondroblastoma: procedure technique, clinical and MR imaging
follow up of four cases. Skeletal Radiol 37:1011–1017. https://doi.org/10.1
007/s00256-008-0526-4

5. Petsas T, Megas P, Papathanassiou A (2007) Radiofrequency ablation of two
femoral head chondroblastomas. Eur J Radiol 63:63–67. https://doi.org/10.1
016/j.ejrad.2007.03.024

6. Lalam RK, Cribb GL, Tins BJ, et al (2014) Image guided radiofrequency
thermo-ablation therapy of chondroblastomas: should it replace surgery?
Skeletal Radiol 43:513–522. https://doi.org/10.1007/s00256-014-1820-y

7. Rehnitz C, Sprengel SD, Lehner B, et al (2012) CT-guided radiofrequency
ablation of osteoid osteoma and osteoblastoma: clinical success and long-
term follow up in 77 patients. Eur J Radiol 81:3426–3434. https://doi.org/10.101
6/j.ejrad.2012.04.037

8. Wang B, Han SB, Jiang L, et al (2017) Percutaneous radiofrequency ablation
for spinal osteoid osteoma and osteoblastoma. Eur Spine J 26:1884–1892.
https://doi.org/10.1007/s00586-017-5080-0

9. Arrigoni F, Barile A, Zugaro L, et al (2018) CT-guided radiofrequency ablation
of spinal osteoblastoma: treatment and long-term follow- up. Int J
Hyperthermia 34:321–327. https://doi.org/10.1080/02656736.2017.1334168

10. Dierselhuis E, Overbosch J, Kwee T et al (2019) Radiofrequency ablation in
the treatment of atypical cartilaginous tumours in the long bones: lessons
learned from our experience. Skeletal Radiol 48:881–887. https://doi.org/10.1
007/s00256-018-3078-2

11. Rivas R, Overbosch J, Kwee T, et al (2019) Radiofrequency ablation of
atypical cartilaginous tumors in long bones: a retrospective study. Int J
Hyperthermia 36:1189–1195. https://doi.org/10.1080/02656736.2019.1687943

12. Ruiz Santiago F, Castellano García MM, Martínez Montes JL et al (2009)
Treatment of bone tumours by radiofrequency thermal ablation. Curr Rev
Musculoskelet Med 2:43–50. https://doi.org/10.1007/s12178-008-9042-3

13. Neeman Z, Patti J, Wood B (2004) Percutaneous radiofrequency ablation of
chordoma. AJR Am J Roentgenol 179:1330–1332. https://doi.org/10.2214/a
jr.183.1.1830245

14. Geuzaine C, Remacle J (2009) Gmsh: a three-dimensional finite element
mesh generator with built-in pre- and post-processing facilities. Int J Numer
Meth Eng 79:1309–1331. https://doi.org/10.1002/nme.2579

Rivas Loya et al. European Radiology Experimental            (2022) 6:21 Page 10 of 11

https://doi.org/10.1007/s00270-004-0062-0
https://doi.org/10.1007/s00270-004-0062-0
https://doi.org/10.1007/s00330-005-0022-3
https://doi.org/10.1007/s00330-014-3506-1
https://doi.org/10.1007/s00256-008-0526-4
https://doi.org/10.1007/s00256-008-0526-4
https://doi.org/10.1016/j.ejrad.2007.03.024
https://doi.org/10.1016/j.ejrad.2007.03.024
https://doi.org/10.1007/s00256-014-1820-y
https://doi.org/10.1016/j.ejrad.2012.04.037
https://doi.org/10.1016/j.ejrad.2012.04.037
https://doi.org/10.1007/s00586-017-5080-0
https://doi.org/10.1080/02656736.2017.1334168
https://doi.org/10.1007/s00256-018-3078-2
https://doi.org/10.1007/s00256-018-3078-2
https://doi.org/10.1080/02656736.2019.1687943
https://doi.org/10.1007/s12178-008-9042-3
https://doi.org/10.2214/ajr.183.1.1830245
https://doi.org/10.2214/ajr.183.1.1830245
https://doi.org/10.1002/nme.2579


15. Cignoni P, Corsini M, Ranzuglia G (2008) MeshLab: an open-source 3D mesh
processing system. ERCIM News, 73. https://ercimnews.ercim.eu/en73/rd/
meshlab-an-open-source-3d-mesh-processing-system.

16. Alnaes M, Blechta J, Hake J et al (2015) The FEniCS Project Version 1.5. Arch
Num Softw. 3(100):9–23. https://doi.org/10.11588/ans.2015.100.20553

17. Doss J (1982) Calculations of electric fields in conductive media. Med phys
9:566–573. https://doi.org/10.1118/1.595107

18. Irastorza RM, Trujillo M, Villagrán JM, Berjano E (2015). Radiofrequency
Ablation of Osteoma Osteoide: A Finite Element Study. In: Braidot A, Hadad
A. (eds) VI Latin American Congress on Biomedical Engineering CLAIB 2014,
Paraná, Argentina 29, 30 & 31 October 2014. IFMBE Proceedings, vol 49.
Springer, Cham. https://doi.org/10.1007/978-3-319-13117-7_218

19. Trujillo M, Berjano E (2013) Review of the mathematical functions used to
model the temperature dependence of electrical and thermal conductivities
of biological tissue in radiofrequency ablation. Int J Hyperthermia 29:590–
597. https://doi.org/10.3109/02656736.2013.807438

20. Pennes H (1948) Analysis of tissue and arterial blood temperatures in the
resting human forearm. Appl Physiol 1:93–122. https://doi.org/10.1152/ja
ppl.1998.85.1.5

21. Abraham J, Sparrow E (2007) A thermal-ablation bioheat model including
liquid-to-vapor phase change, pressure- and necrosis-dependent perfusion,
and moisture-dependent properties. Int J Heat Mass Transf 50:2537–2544.
https://doi.org/10.1016/j.ijheatmasstransfer.2006.11.045

22. Irastorza R, Trujillo M, Villagrán J et al (2016) Computer modelling of RF
ablation in cortical osteoid osteoma: assessment of the insulating effect of
the reactive zone. Int J Hyperthermia 32:221–230. https://doi.org/10.3109/02
656736.2015.1135998

23. Haemmerich D, Wood B (2006) Hepatic radiofrequency ablation at low
frequencies. Int J Hyperthermia 22:563–574. https://doi.org/10.1080/0265673
0601024727

24. Pearce J (2013) Comparative analysis of mathematical models of cell death
and thermal damage processes. Int J Hyperthermia 29:262–280. https://doi.
org/10.3109/02656736.2013.786140

25. Irastorza R, Trujillo M, Berjano E (2017) How coagulation zone size is
underestimated in computer modeling of RF ablation by ignoring the
cooling phase just after RF power is switched off. Int J Numer Meth Biomed
Engng 33:e2869. https://doi.org/10.1002/cnm.2869

26. Sayas FJ (2015) A gentle introduction to the Finite Element Method. https://
teampancho.github.io/documents/anIntro2FEM_2015.pdf. Accessed 9 Jan
2022.

27. Laufer S, Ivorra A, Reuter V et al (2010) Electrical impedance characterization
of normal and cancerous human hepatic tissue. Physiol Meas 31:995–1009.
https://doi.org/10.1088/0967-3334/31/7/009

28. Fricke H, Morse S (1926) The electric capacity of tumours of the breast.
J. Cancer Res 10:340–376. https://doi.org/10.1158/JCR.1926.340

29. Burdette E, Seals J, Auda S et al (2016) Review of the dielectric properties of
animal and human tumors determined from in vivo measurements. Crit Rev
Biomed Eng 44:293–318. https://doi.org/10.1615/CritRevBiomedEng.201702
0236

30. Hasgall PA, Neufeld E, Gosselin M et al (2012). IT’IS Database for Thermal
and Electromagnetic Parameters of Biological Tissues. https://itis.swiss.
Accessed 9 Sept 2019.

31. Tungjitkusolmun S, Staelin S, Haemmerich D et al (2002) Three-dimensional
finite-element analyses for radio-frequency hepatic tumor ablation. IEEE
Trans Biomed Eng 49:3–9. https://doi.org/10.1109/10.972834

32. Lee J, Choi S, Park H et al (2005) Radiofrequency thermal ablation in canine
femur: evaluation of coagulation necrosis reproducibility and MRI-
histopathologic correlation. AJR Am J Roentgenol 185:661–667. https://doi.
org/10.2214/ajr.185.3.01850661

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Rivas Loya et al. European Radiology Experimental            (2022) 6:21 Page 11 of 11

https://www.ercimnews.ercim.eu/en73/rd/meshlab-an-open-source-3d-mesh-processing-system
https://www.ercimnews.ercim.eu/en73/rd/meshlab-an-open-source-3d-mesh-processing-system
https://doi.org/10.11588/ans.2015.100.20553
https://doi.org/10.1118/1.595107
https://doi.org/10.1007/978-3-319-13117-7_218
https://doi.org/10.3109/02656736.2013.807438
https://doi.org/10.1152/jappl.1998.85.1.5
https://doi.org/10.1152/jappl.1998.85.1.5
https://doi.org/10.1016/j.ijheatmasstransfer.2006.11.045
https://doi.org/10.3109/02656736.2015.1135998
https://doi.org/10.3109/02656736.2015.1135998
https://doi.org/10.1080/02656730601024727
https://doi.org/10.1080/02656730601024727
https://doi.org/10.3109/02656736.2013.786140
https://doi.org/10.3109/02656736.2013.786140
https://doi.org/10.1002/cnm.2869
https://www.teampancho.github.io/documents/anIntro2FEM_2015.pdf
https://www.teampancho.github.io/documents/anIntro2FEM_2015.pdf
https://doi.org/10.1088/0967-3334/31/7/009
https://doi.org/10.1158/JCR.1926.340
https://doi.org/10.1615/CritRevBiomedEng.2017020236
https://doi.org/10.1615/CritRevBiomedEng.2017020236
https://www.itis.swiss
https://doi.org/10.1109/10.972834
https://doi.org/10.2214/ajr.185.3.01850661
https://doi.org/10.2214/ajr.185.3.01850661

	Abstract
	Background
	Methods
	Results
	Conclusions

	Key points
	Background
	Methods
	Image segmentation and registration
	Clinical parameters
	Finite element model
	Equations governing radiofrequency ablation
	Boundary conditions
	Tissue properties
	Ablation time

	Results
	Discussion
	Abbreviations
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

