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ABSTRACT

Purpose: To determine the size of the ablation zone after radiofrequency ablation (RFA) of atypical
cartilaginous bone tumors (ACT) using temperature-controlled 20 and 30mm RFA straight non-
cooled electrodes.

Materials and methods: Sixteen patients with ACT in their long bones, who had undergone a single-
session single-application CT-guided temperature-controlled RFA, were included retrospectively in the
study. Tumors with a diameter of 10-25 mm were treated with 20 mm electrodes (n = 10), and tumors
of 25-35mm, with 30 mm electrodes (n=6). The ablated zone was measured after three months on
MRI images.

Results: All the tumors were within the ablated zone on the 3-month follow-up MRI scan. The mean
ablation time with the electrode, at a target temperature of 90°C, was 7.6 minutes (range 6-10). The
median of the largest ablation diameters, on applying the 20 and 30 mm electrodes, were 42 mm (IQR
8.5, range 30-51 mm) and 44.5 mm (IQR 4.5, range 42-63 mm), respectively.

Conclusions: All the retrospectively viewed tumors in the long bones of ACT patients treated with
RFA were completely ablated. The ablation zone diameters in the bones were larger than expected,
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when compared to other tissues, such as the liver.

Introduction

Atypical cartilaginous tumors (ACT), previously known as
chondrosarcoma grade one [1], are one of the most fre-
quently encountered tumors in orthopedic oncology [2].
These are characterized by the development of cartilaginous
neoplastic tissue, mostly in the long bones and pelvis, that
permeates marrow spaces and completely replaces the mar-
row fat and bone trabeculae [3]. Due to its unpredictable
nature, and the possibility of local tumor progression, treat-
ment encompasses complete tumor removal with intrale-
sional curettage followed by local adjuvant treatment as the
standard technique of choice [4]. However, the latter tech-
nique can lead to complications, such as postoperative frac-
tures, infections and local recurrence [5,6].

Radiofrequency Ablation (RFA) is a minimally invasive pro-
cedure that has become the treatment of choice for osteoid
osteomas (OO), and is also suitable for the treatment of
other bone tumors [7]. Contrary to intralesional curettage,
RFA is particularly appealing due to its high success and low
complication rates [8,9], and because of the need of little to
no patient hospitalization, making it a good option to

explore as an alternative to the standard surgical care.
Although rare, some known complications of RFA on bone
tumors include the potential damage to adjacent soft tissue,
particularly in the presence of cortical thinning [10], and the
risk of fractures [11].

A pilot study by our research group already proved that
cartilaginous tumor cells can, potentially, be eliminated with
RFA [12]. It also demonstrated that gadolinium-enhanced
magnetic resonance (MR) imaging three months post pro-
cedure could be a reliable post-operative follow-up monitor-
ing technique for the detection of residual tumors, similar to
the findings by Lee et al. for OO [13]. Although the safety of
RFA has been attested, accurate and reproducible planning
remains challenging because of the lack of available informa-
tion on the size of RFA ablation zones in bone tumors and
on whether it is comparable to RFA zones in soft tissues
(e.g., liver).

Consequently, intervention radiologists and oncology sur-
geons have had to rely on their experience in the treatment
of other types of tumors and on procedural recommenda-
tions supplied by the RFA manufacturers. The clinical
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experience is often based on the treatment of small (< 2cm)
tumors such as OO or on the ablation of other tissues such
as the liver, whereas the manufacturers’ information is often
based on ex-vivo ablations of non-perfused healthy animal
livers treated at room temperature. No standard has been
set yet, as it is known that differences in tissue composition
and in procedure time result in significantly different out-
comes [14]. Additionally, some of the few studies of RFA on
larger bone tumors, such as osteoblastomas [15-17] and
chondroblastomas [18-21], have only focused on clinical out-
comes, and not on the measurements of the ablation zones.
Thus, the combination of the aforementioned factors makes
it difficult to plan and predict the size of a RFA zone for the
treatment of bone tumors.

Therefore, the aim of this study was to evaluate and
report on the MRI and CT findings after carrying out a RFA
on ACT in patients who were evaluated as possible candi-
dates for RFA instead of intralesional curettage, to report the
diameters of the tumors and the corresponding resulting
diameters of their ablation zones, and to test whether or not
RFA can produce large enough ablation zones to completely
ablate the target tumor.

Materials and methods
Study design

Patients aged >18 with indicative signs of ACT, who had
opted for surgical treatment (in contrast to watchful waiting),
were selected based on a multidisciplinary assessment con-
sisting of location, size, and aspects of the tumor on an MRI.
At the time of the evaluation, the options were discussed
with the patient: curettage with local adjuvants or RFA. This
retrospective study is based on the patients who chose to be
treated with RFA.

To study the size of the resulting ablation zones, we
examined intra-operative Computed Tomography (CT) as
well as pre and post-operative gadolinium-enhanced MR
images of patients who underwent RFA to treat ACT from
January 2015 to December 2017 at the University Medical
Center Groningen (UMCG). Biopsies were taken at the time
of the procedure prior to the RF ablation to confirm the
characteristic imaging diagnosis of ACT. Only patients whose
diagnosis of ACT had been histopathologically confirmed
were selected for this retrospective study. Furthermore, only
patients treated with a single-session single-application abla-
tion were selected for this retrospective study in order to
reduce the variability in ablation zone size produced by the
needle placement in the cases requiring multiple overlapping
ablations on the same tumor.

The patients were informed about the potential use of
their anonymized data for scientific research with a written
form at the time of the intervention; any patients who
objected to sharing their data were excluded from the study.
Since the procedure was part of the usual care, no additional
written or verbal consent was necessary, which is in accord-
ance with the regulations of the Medical Ethical Review
Board of the University Medical Center Groningen.

The tumors were measured on a pre-operative gadolin-
ium-enhanced MRI scan. The following electrode lengths
were used for the ablation: tumor diameters in the
10-25mm range were treated with a 20mm exposed tip
electrode, while tumors in the 25-35mm range were
treated using a 30mm exposed tip electrode. Tumors
> 35mm were ablated with multiple overlapping ablations
and were not included in this study. This decision was
made based on our previous experience with total bone
tumor ablations. However, the overall size of the tumor and
its location also played an important role when choosing
the electrode length and whether overlapping ablations
were needed.

RFA procedure

All the RFA procedures were daycare treatments and were
performed under CT guidance (Somatom Definition AS,
Siemens Medical Systems, Erlangen, Germany) and general or
spinal anesthesia by two experienced radiologists.

An 11 G bone needle was used to drill a hole in the bone,
both for tissue sampling and to position the RFA electrode
(17 G, Covidien CoolTip, Medtronic, USA). The procedure was
temperature-controlled, non-cooled, with a target tempera-
ture of 90° Celsius at the tip of the electrode, and an abla-
tion time of between 6 and 10 min. The time was estimated
based on our prior experience of treating ACT and other
bone tumors, particularly OO. Generally, if the temperature
rose without a problem to 90° Celsius, the ablation time was
6 min; if there were problems reaching the target tempera-
ture (e.g., electrical impedance increasing fast and the system
shutting off before reaching it) the electrode was reposi-
tioned slightly and the temperature was increased gradually
by hand to reach 90° Celsius, which required up to 10 min of
ablation. Additionally, in order to estimate the effects of time
and temperature on the size of the ablation zones, we meas-
ured the duration of the ablation with the electrode at a
temperature of > 60° and the duration after it reached the
target temperature of 90°.

Given the small size of the lesions, surgical stabilization
was not necessary for these cases.

Evaluation RFA

A follow up MRI was performed 3 months after the proced-
ure to assess the ablation zone using a 1.5T MRI scanner
(Siemens, Erlangen, Germany) with a surface coil. Both fat-
suppressed Short Tau Inversion Recovery (STIR) T2-weighted
sequences (TR/TE/TIl: 8270/160/19 ms, slice thickness 4 mm)
and T1-weighted images (TR/TE: 500/19 ms, slice thickness
4mm), before and after the administration of an intraven-
ous gadolinium-based contrast agent (0.1 mmol gadoterate
meglumine (Dotarem®; Guerbet) per kg of body weight),
were acquired in two planes (transversal and either
coronal or sagittal) as part of the routine MRI protocol in
the UMCG.



MRI analysis and measurements

The tumors were measured on the pre-operative MR images
following the previously described directions. After ablation,
the resulting ablation zones were measured on the follow-up
gadolinium-enhanced T1-weighted MR images. The assessor
was unaware of the size of the RFA needle used. Two diame-
ters were defined and measured, one along the line of the
electrode and one perpendicular to it. The diameter perpen-
dicular to the electrode was assessed in both perpendicular
planes and the shortest of the two was chosen. Pre- and
postoperative MR images were used in order to compare the
tumor and ablation diameters.

Based on the manufacturer’s information, the length of the
electrode is one of the main factors defining the extent of the
ablations. Longer electrodes produce a larger ablation zone,
with a longer ablation diameter along the electrode and a
shorter ablation diameter perpendicular to it. Therefore, the
resulting ablation diameters were classified and analyzed
according to the electrode length used.

Statistics

A Pearson’s correlation coefficient was calculated to test for
the effect of the duration of treatment and the differences in
ablation range. The means and standard deviations (SD) of
the normally distributed data, as well as the medians and
interquartile ranges (IQR) of the non-normally distributed
data, are also presented. p values <0.05 were considered sig-
nificant. All statistical analyses were performed using Python
with the 2.7 version of SciPy [22].

Results

A total of N=16 patients matched the inclusion criteria
namely, those treated with a single electrode position
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ablation (Figure 1). The mean age of the patients was
48.8years (£15.3, range 24-72). The treated anatomical loca-
tions were: femur (n=12), tibia (n=2), and humerus (n=2)
whereby two tumors resided in the diaphysis (one in the
femur, one in the humerus) and 14 in the metaphysis.
Table 1 presents the entire patients’ parameters and out-
comes, while Table 2 gives a summary.

The median ablation zone diameters of the 20mm elec-
trode were 42 (IQR 8.5) and 24.5 (IQR 19.5) mm for the longi-
tudinal and perpendicular axes, respectively. Regarding the
30mm electrode, the median ablation zone diameters were
44.5 (IQR 4.5) and 32.5 (IQR 7) mm for the longitudinal and
perpendicular axes, respectively. The mean and median
tumor and ablation zone diameters of all the data grouped
according to electrode length, with their respective SD or
IQR, for the perpendicular and longitudinal diameters, are
summarized in Table 3. Figure 2 gives two examples of the
ablation zone measurements.

The mean ablation time with the tip of the electrode at
90°C was 7.6+ 1.5 min, (range 6-10 min) whereas with a tem-
perature of > 60°C it was 9.25+1.3min (range 8-12min).
No significant correlations were found between the differen-
ces in the ablation diameters and their duration, neither
for the time at 90°C nor for the time with a temperature of
> 60°C. The P-values for the longitudinal and perpendicular
ablation diameters against time at 90°C were p=0.94 and
p =0.96 for the 20 mm electrode, and p=0.76 and p=1 for
the 30 mm electrode. The p values for the perpendicular and
longitudinal ablation diameters against time at > 60°C were:
p=0.94 and p=0.93 for the 20 mm electrode, and p=0.82
and p=0.63 for the 30 mm electrode.

The median, IQR, and the range of the difference in
length between the resulting ablation and tumor diameters
were as follows: the 20 mm electrode (n=10) had a perpen-
dicular diameter of 9.5mm (IQR 15.2, range 1-26), and a

confirmed ACT.

Assessed for eligibility (n=45)
Standard treatment between Jan 2015
and Dec 2017 with histopathologically

Excluded (n=29)
Treated with more than one

needle position

Eligible (n=16)

Patients treated with a 20
mm electrode (n=10)

Patients treated with a 30
mm electrode (n=6)

Figure 1. CONSORT diagram showing the inclusion and exclusion criteria and the resulting eligible patients, who were separated into two groups based on the

length of the electrode used to treat them.
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Table 1. Patients, parameters, and outcomes.

Electrode Time at Time Tumor, Tumor, Ablation, Ablation,
length 90° > 60° C perpendicular longitudinal perpendicular longitudinal
Patient Age Bone Location (mm) C (mins) (mins) diameter diameter diameter diameter
1 24 Femur Diaphysis 20.00 6 8 18 38 19 42
2 39  Femur Metaphysis 20.00 10 12 16 18 24 42
3 54 Humerus Diaphysis 20.00 8 8 12 18 14 33
4 64  Humerus Metaphysis 30.00 6 12 21 29 32 42
5 26 Femur Metaphysis 30.00 10 8 19 25 27 43
6 49  Tibia Metaphysis 20.00 6 8 17 20 43 44
7 48  Femur Metaphysis 30.00 8 10 23 32 41 63
8 69  Femur Metaphysis 30.00 6 10 15 26 28 48
9 56  Tibia Metaphysis 20.00 9 10 14 23 40 43
10 52 Femur Metaphysis 20.00 9 9 23 25 43 51
1" 72 Femur Metaphysis 30.00 8 10 22 26 37 46
12 44 Femur Metaphysis 20.00 7 9 10 12 17 33
13 29  Femur Metaphysis 30.00 6 8 16 23 33 43
14 43 Femur Metaphysis 20.00 6 8 17 20 39 43
15 41 Femur Metaphysis 20.00 9 10 13 16 24 30
16 72 Femur Metaphysis 20.00 7 8 19 25 25 39

Table 2. Summary of the patients and ablations parameters.

Patients 16
Age 48.8 (+15.3) years
Bone (femur/tibia/humerus) 12/2/2

Location (diaphysis/metaphysis) 2/14

Patients per needle length (20/30) 10/6

Time > 60°C
Time at 90°C

9.25(x1.3 , range 8-12) min
7.56 (£1.5, range 6-10) min

longitudinal diameter of 20.5mm (IQR 9.5, range 4-26); the
30mm electrode (n=6) had a perpendicular diameter of
14mm (IQR 5, range 8-18), and a longitudinal diameter of
20mm (IQR 8.5, range 13-31). These results are summarized
in Table 4 and illustrated in Figure 3.

All the ablations were technically successful (i.e., the
ablated zone was >2mm clear of the tumor on the 3-month
follow up MRI, as planned).

Discussion

RFA is an attractive minimally invasive treatment alternative
to surgery. The present study addressed an important know-
ledge gap on the extent of thermal damage by RFA on bone
tumors. Applying RFA on ACT in the long bones, using a
temperature-controlled algorithm with 20 and 30mm
straight non-cooled electrodes, resulted in ablations with
median longitudinal diameters of 42 and 44.5 mm, respect-
ively, which were large enough to completely cover the
tumors being treated and more, as planned.

Although literature exists on the resulting ablation zones
following RFA in tissues like the liver [23,24], RFA studies of
bone tumors other than OO have mostly focused on the clin-
ical outcomes while giving little insight into the extent of
the thermal damage. This information is critical for reliable
and accurate planning to ensure safe and effective RF abla-
tion of bone tumors. The tumor should be completely
ablated while damaging as little healthy surrounding tissue
as possible. Therefore, further studies of the extent of RFA
ablation zones in bones should be done to explore the possi-
bilities of using this, apparently less risky, technique for the
treatment of bone tumors.

Interestingly, since bone has lower thermal and elec-
trical conductivities than soft tissues, such as the liver [25],
one could intuitively expect the resulting ablation zones to
be smaller than those in soft tissue. However, this was not
found in our study. The high water content of cartilaginous
tumors together with the lack of heat sinks could be a
plausible explanation for the large ablation zones. We have
to consider that the main ablated tissue, the tumor, was
cartilage instead of bone, and its high water content might
result in more favorable conduction of current and heat.
Furthermore, the electrical conductive property of cartilage
seems to indicate that it is slightly higher than liver
tissue (and much higher than bone), but it has similar
thermal properties as the liver [25]. Moreover, bone abla-
tions do not suffer from heat sinks caused by nearby large
blood vessels, which hinder the ablations. Some studies
suggest that tumor tissue has a higher degree of electrical
conductivity than healthy tissue [26-28], which could
further explain the large ablation zones obtained, since
tissues with higher conductivities demonstrate more
energy deposition [29].

Another important remark about our study is that apply-
ing RFA to an ACT produced ablations with a much shorter
perpendicular axis than longitudinal axis (Table 3). Although
it is true that the longitudinal axis is supposed to be longer,
the difference is probably less than it seems according to
our numerical results. This discrepancy may be explained by
the anatomical characteristics of the tumors and their sur-
roundings, the planning of the procedures, and our aim to
report the smallest ablation diameter in the perpendicular
axes. Clear examples of this are patients numbers one and
three (Table 1), whose ablation diameters were particularly
shorter in the perpendicularly measured axis. This may have
been because the ablations were confined to the small bone
cavities (the diaphysis), where the cortical bone could have
prevented the ablations from developing further, and there-
fore resulted in ablations that were as large as possibly
allowed by the bone surrounding them. This effect, in turn,
resulted in the reported perpendicular ablation diameters,
which were as large as the bone in which they were con-
fined i.e, short, yet effective, ablation diameters.
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Table 3. Longitudinal and perpendicular diameters of the tumors and ablations. All measurements are in millimeters. Values with a * are normally distributed
and represent thus the mean and standard deviation (SD), whereas the rest are non-normally distributed and represent the median and interquartile ranges

(IQR), as indicated.

All patients (n=16)

20 mm electrode (n=10)

30 mm electrode (n =6)

Mean/median ~ SD/IQR  Range  Mean/median ~ SD/IQR  Range  Mean/median ~ SD/IQR  Range

Resulting ablations  longitudinal axis 43 5 30-63 42 85 30-51 445 4.5 42-63
perpendicular axis 28 15 14-43 24.5 19.5 14-43 325 7 27-41

Treated tumors longitudinal axis 23.5% 6.3% 12-38 20 6.5 12-38 26 3 23-32
perpendicular axis 17.1% 3.8*% 10-23 16.5 45 10-23 20 5 15-23

4.23 cm

Figure 2. (A, B) intraoperative CT and postoperative gadolinium-enhanced MR of a tumor ablated close to the cortical wall in a femur metaphysis. (C, D) intraoper-
ative CT and postoperative gadolinium-enhanced MR images of a centrally located tumor ablated in a femur metaphysis.

Table 4. Median, IQR, and range of the difference between the resulting abla-
tion diameters and tumor diameters. All values are in millimeters.

Ablation diameters minus tumor diameters

20 mm electrode (n=10) 30 mm electrode (n=6)

Perpendicular Longitudinal Perpendicular Longitudinal
Median 9.5 20.5 14 20
IQR 15.2 9.5 5.0 8.5
Range 1-26 4-26 8-18 13-31

Similarly, this effect was observed when the tumors were
located next to, but not completely surrounded by, cortical
bone, as shown in Figures 2(A,B), where an electrode was
placed immediately next to the cortical bone. The resulting
ablation zone seemed to be limited in the direction towards

the cortical wall but not in the other directions. However,
since we aimed to report the shortest diameter, we chose
the diameter that was limited by the cortex. The apparent
insulating properties of cortical bone are in accordance with
other studies, such as the one by Pinto et al. [30]. In contrast,
the ablations seemed to extend more when they were not
limited by the cortex, as in the case of the centrically located
tumors in the femur metaphysis, as exemplified in Figures
2(C,D). These two phenomena can be seen in the wide varia-
tions in the extent of the perpendicular ablations, as shown
in Figure 1, depending on whether they were limited by
bone or not.

A limitation of this study is that we could not show the
effects of the differences in ablation time on the resulting
ablation diameters, as shown by the weak correlation
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coefficients. This could be because all the ablations were per-
formed in a similar time frame of 6-10min, after having
reached the target temperature of 90°C. Since ablations
tend to grow rapidly in the first few minutes of the proced-
ure and then reach a plateau, whereupon an increase in
time results in small differences, we think that any additional
changes after 6 min, due to thermal damage, are negligible.
This does not mean, however, that this phenomenon occurs
after exactly 6 min. More data with shorter and longer abla-
tion times are needed to test this, but such experiments also
come with the risk of unsuccessful ablations. Additionally,
other factors may be affecting the size of the ablations, such
as the histological characteristics of each individual tumor,
the position of the electrode, etc.

Another limitation was the impossibility of finding a clear
relationship between the results of the ablations and the
location of the tumors, as there were many possible con-
founders and few data points per category (e.g. electrode
used, bone type, bone location, etc.). This stresses the main
limitation of the study, in that it was a single center study
with only 16 patients. In addition, the ranges of the selected
electrode lengths were not clear cut because we observed
some overlap around the 25 mm zone. This could have been
the result of differences in opinion in the assessment of the
tumor, other than diameter, and thus as to which electrode
to use for the intervention. We also observed one case of a
considerably large tumor that was ablated with a 20mm
electrode (patient 1); the reasoning behind the decision to
use this electrode is unknown to us. Any repositioning of the
antenna was not reported, but it could explain why that
electrode was chosen for a tumor of that size.

Likewise, patient 7’s ablation diameter was particularly
large along the electrode, but we are not sure what caused
this. Furthermore, although an MRI made 3 months after the
procedure can be used reliably to show the results of a RFA
applied to an OO, perhaps this is not the case for an ACT.

The resulting ablated zones might have been underesti-
mated because healing may have already occurred and the
ablated zones had shrunk.

Finally, even though the results show that applying RFA
to an ACT can produce large ablation zones, it is important
not to overestimate the effects of a RFA and the procedures
should be planned with care, particularly in complicated
cases where overlapping ablations may be necessary.
Complete tumor removal is, of course, preferable to having
residual tumor tissue, and bone seems to be able to protect
the surrounding structures from thermal damage, even if the
ablations are larger than expected. However, other studies of
RFA on chondroblastomas have shown the risk of damaging
articular cartilage [8] and the growth plate [18]. Thus, it
seems that bone may not be protective in all cases, which
could be related to the thickness of the cortical bone or the
perfusion of the surrounding tissues. These factors may also
be the result of an underestimation of the extent of the abla-
tions, as highlighted in this study. Therefore, extra caution
should be taken when performing ablations close to struc-
tures at risk such as the cartilage surface of joints or nerve
roots. Additionally, it is important to remember that our
results were obtained without using the cool-tip mode,
which, if used, could potentially result in even larger abla-
tion zones.

The results of our study should help to understand the
effects of RFA on bone tumors and highlight the importance
of presenting not only the clinical outcomes of these proce-
dures, but also the resulting ablation zones. A better under-
standing of RFA effects on bone is still needed for accurate
and safe planning of the procedures.

Conclusion

Radiofrequency ablation of atypical cartilaginous tumors
in bone with a temperature-controlled mode and straight



non-cooled electrodes resulted in large enough ablations to
treat the target tumors. The ablations here were larger than
those seen in soft tissue.
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