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Abstract—Thermal ablation treatments (TATs) are promis-
ing alternatives to traditional surgery for bone cancer
eradication. Among several TATs, radio frequency ablation
(RFA) has gained considerable ground in treating bone can-
cer. Therefore, tracking temperature is paramount in ensuring
complete tumor destruction without injuring adjacent struc-
tures. Despite the widespread use of RFA for bone tumors,
investigations on temperature distribution during this pro-
cedure are so far lacking. To date, only thermocouples and
thermistors have been proposed to measure temperature
during RFA in bone. However, these sensors are intended
to measure temperature at a single point without information
about heat propagation into the tissue during ablation. Within
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this context, fiber Bragg grating sensors (FBGs) can play a crucial role since their multiplexing capability enables
temperature measurement at several locations. This work seeks to fill this gap by providing new insights into RFA effects
on bone tissue. Experiments are performed on ex vivo porcine femurs. During trials, two commercial stainless-steel
needles equipped with an optical fiber housing six FBGs each were employed to record temperature over time. This
solution allowed for monitoring temperature in 12 tissue points inside the bone at a fixed distance from the RF probe,
thus gaining information about the thermal distribution in a large tissue area over time. This study paves the way for a
more in-depth understanding of the efficacy of RFA in bone tissue, thus providing a powerful method for temperature
monitoring, potentially enhancing the treatment outcomes.

Index Terms— Bone cancer, fiber Bragg grating (FBG), radio frequency ablation (RFA), skeletal disease, temperature
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[. INTRODUCTION

STEOID osteoma (OO) ranks as the third most preva-

lent benign neoplasm, accounting for the 15% of all
the skeletal system malignancies [1], [2]. Males are more
commonly affected by OO than women, especially earlier in
life (usually between 7 and 25 years old) [3]. OO typically
occurs in diaphysis and metaphysis of long bones (i.e., femur
and tibia) [4]. Despite their benign nature, OO is extremely
painful, especially at night, thus causing insomnia for the
affected patient and worsening their quality of life [5]. Until
a few years ago, surgery was the leading option for managing
0O [6], [7], [8]. However, the reported difficulties in localizing
the lesion during surgery often lead to a partial resection, and
as a result, pain complaints are occasionally relieved [9]. This
shortcoming and the patient’s drawn-out recovery have paved
the way for the growing popularity of image-guided minimally
invasive procedures [10].

Thermal ablation treatments (TATs) based on hyperthermia
are good alternatives in the aforementioned scenario [11],
[12], [13]. The reduced hospitalization time, the short patient
convalescence, and their effectiveness in lowering pain endow
these techniques with considerable potential in caring for
patients affected by OO [13]. The fundamental goal of TATs
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lies in completely destroying malignant cells by turning their
temperature to a cytotoxic level (higher than 50 °C) [14].
Currently adopted TATs are radio frequency ablation (RFA),
laser interstitial thermotherapy (LITT), microwave ablation
(MWA), and high-intensity focused ultrasound (HIFU) [15],
[16], [17], [18]. Among them, extensive research suggests
RFA as the preferred therapy for OO neoplasms refractory
to conventional therapy [9], [19]. During RFA, an active
electrode delivers a high-frequency alternating current to the
tumor tissue (usually between 350 and 500 kHz). The tissue
around the electrode tip is ionically stirred by the applied
current, resulting in the tissue heating due to the Joule
effect [20].

Since the quantity of damaged volume relies strictly on
temperature values reached in the treated tissue and whose
persistence over time [21], temperature monitoring during
RFA (and generally during TATs) may be paramount. Indeed,
temperature feedback allows for ensuring damage to the tumor
tissue without harming surrounding healthy tissue, especially
for OO located near vital structures like nerves and blood
vessels [22]. As a result, gaining temperature data would be
beneficial in determining the best treatment parameters and
attaining the best match between the malignant and damaged
volumes. For these reasons, over the years, a great deal
of research has been done finding suitable techniques for
temperature monitoring during TATs [23]. Among various
alternatives proposed, thermocouples and thermistors are the
most widely used during RFA in bone [24], [25], [26], [27],
[28], [29], [30].

State-of-the-art solutions range from temperature moni-
toring using thermocouples directly embedded in the RF
probe [29] to the use of thermocouples/thermistors as stan-
dalone systems for tracking temperature even far from the
applicator [24], [25], [26], [27], [28], [30]. The majority of
these investigations monitored temperature primarily for the
goal of preserving vulnerable structures close to the malignant
tissue, unable to survive cytotoxic temperatures (such as nerve
roots) [26], [28], [30], [31], [32]. However, the use of these
sensors only enables temperature measurement at a single
location, and therefore fails in figuring out the temperature
distribution inside the tissue. Because of this, the effectiveness
and safety of RFA in bone tumors are still up for debate [33].

In this context, fiber Bragg grating sensors (FBGs) stand out
as promising alternatives to fill this gap in the literature to date.
The ability of FBGs to be multiplexed within a single optical
fiber allows for easily gathering temperature tissue maps with
high spatial resolution and good accuracy, outperforming lim-
itations related to the above-mentioned electrical sensors [34].
In TATs, both uniform and chirped FBGs have been employed
for monitoring temperature [35], [36]. However, because of
the simpler fabrication method and interrogation systems com-
pared to chirped FBGs, uniform ones are generally favored in
this application since they offer advantages in terms of cost and
complexity. Despite the widespread use of uniform FBGs for
monitoring temperature during TATSs in several organs (such as
liver and kidney) [36], [37], [38], [39], their use in bone tissue
is severely restricted [40]. To the best of our knowledge, this
is the first investigation using FBGs to evaluate RFA-induced
thermal effects in bone.

In this article, we present a pioneering investigation into
temperature monitoring using FBGs during RFA in bone
tissue. Experiments are carried out on ex vivo porcine femurs,

encompassing both the diaphysis and the metaphysis, to emu-
late RFA in the specific anatomical sites where OO commonly
occurs. Six FBGs embedded within two commercial needles
are used to estimate tissue temperature at twelve distinct
points. The proposed approach contributes significantly to
understanding the efficacy of RFA in bone tissue, enabling for
the first time the reconstruction of the temperature distribution
in a scenario mimicking RFA of OO. By introducing this
robust method for temperature monitoring, our work stands out
for its remarkable impact, promising to substantially improve
treatment outcomes in this application.

Il. FBG-BASED PROBES FOR
TEMPERATURE MEASUREMENTS

A. FBG’s Working Principle

An FBG represents a resonant etching imprinted into a small
segment of the optical fiber core. When a broadband light
signal hits the fiber, this part, referred to as grating, exhibits the
ability to reflect specific wavelengths of light, while allowing
other wavelengths to pass through. A permanent refractive
index modulation along the fiber’s propagation axis accom-
plishes this property. The backreflected narrow spectrum of the
incident light is centered at the Bragg wavelength (\p), which
is a function of the effective refractive index (nef) and the
grating period (A) according to the following equation [41]:

AB = 2 neffA. (1

The fundamental principle of the FBG is based on the Ap
variation, resulting in a shift (AAp) once the grating gets
exposed to strain (€) or temperature variations (AT). This shift

ONeff

is described by the equation below
oA e oA
+ nef-f&il Ae+2 |:A8—T + nef-fa—T] AT.
(2)

In (2), the effects of strain and temperature on the optical
fiber are represented by 2[A (dnefr/0€) + nefr(0A/0€)]Ae and
2[{A(Onesr/0T ) +ne(0A/IT)]AT, respectively. Contributions
related to € and AT can be split by employing specific
configurations (i.e., temperature-free or strain-free) [34]. In the
case of TATs, strain-free configurations are adopted to retrieve
temperature variations experienced by the tissue during the
procedure. In this case, the AAp shift is obtained by the
following equation:

9
Adp=2 |:A Meff
de

AXp = STAT 3)

where S7 is the thermal sensitivity, generally equal to
0.010 nm-°C~! [36].

B. Fabrication of the FBG-Based Probes

Two commercial 18 G (¢ = 1.27 mm) needles manufac-
tured of stainless steel (Laborxing, Shenzhen, China) serve
to develop the FBG-based probes (hereinafter Probes 1 and
2). An acrylate-coated optical fiber housing an array of six
FBGs is included in each needle. In both arrays, FBGs are
1 mm long and 2 mm apart from edge to edge, giving a total
sensitive length coverage of 16 mm and nominally identical
in terms of Bragg wavelengths chosen (i.e., 1510 nm, FBG1;
1520 nm, FBG2; 1530 nm, FBG3; 1540 nm, FBG4; 1550 nm,
FBGS5; 1560 nm, FBG6). The optical fiber positioning inside
the needle is such that the sixth FBG is fixed 5 mm from its
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Fig. 1. Customized FBG-based probes embedding six FBGs each
served for temperature monitoring during RFA.

tip. Before the encapsulation, the sensitive portion of each
fiber is covered by a thermal paste (HYS510, Tianhaixing),
thus allowing thermal contact between the fiber itself and the
metallic needle. Glue is deployed at the extremity near the tip
to prevent unintentional movements of the optical fiber inside
the needle. The remaining part of the optical fiber sticking
out on the proximal needle side is strengthened by means of a
flexible tube of 900 pm in diameter up to the optical connector
(the system is shown in Fig. 1).

C. Metrological Characterization

1) Static Characterization: Since embedding FBGs inside
other material (i.e., stainless steel needles) can affect their
thermal response, the FBGs’ calibration is carried out to
quantitatively assess whether St of each FBG is altered after
the fabrication process compared to the one provided by the
manufacturer (0.010 nm~°C_1). To achieve this, a laboratory
oven (PN120 Carbolite) is used to subject the two probes
to a controlled temperature variation spanning from 26 °C
to 110 °C. Reference temperatures over time are recorded
using a k-type thermocouple (Testo SE & Company, KGaA,
Lenzkirch, Germany) with a sampling rate of 0.1 Hz, while
the output of each probe is acquired through an optical
interrogator (si255 Micrometer Optics Inc., USA) set at a
constant frequency of 100 Hz.

To calculate the calibration curve (AAp versus AT), the
AM\p values of each FBG belonging to each probe are plotted
against the corresponding AT values (Fig. 2). As a result, the
St values are calculated from the slope of the fitting lines
closely aligning with the experimental data. The goodness of
interpolation is evaluated using the correlation coefficient (R?).

Table I reports the St values for each FBG embedding in
both probes (Probes 1 and 2). Results suggest an increase
in the St values for all the FBGs, especially for the ones
belonging to Probe 2, after customizing the optical fibers in
the needles.

2) Step Response of FBG-Based Probes: As the integra-
tion of the FBGs within a metallic needle can impact their
response time, the step response of each FBG is experimentally
estimated. To apply a temperature step, the two probes are
transferred from room temperature (22 °C) to a warm bath at
50 °C. The FBGs’ response time (7) is estimated using the
natural logarithm of the error function (I'(¢)) defined in the
following equation:

y() — Yo =t
= = T 4
ORI @

where y(¢) are the output values of each FBG at a generic ¢
instant, y(0) represents the ones at the beginning of the step,

T (1)

@
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Fig. 2. (a) Bragg wavelength shift (A\g) versus temperature variation
(AT) trends obtained during the characterization process for each FBG
sensor (i.e., FBG1, FBG2, FBG3, FBG4, FBG5, and FBG6) embedded
in Probe 1 and (b) Probe 2.

TABLE |
THERMAL SENSITIVITY VALUES (S7) AND CORRELATION
COEFFICIENTS (R?) FOR EACH OF THE SiX FBG SENSORS
(FROM FBG1 TO FBG6) IN PROBES 1 AND 2

Probe 1 Probe 2
St [nm -°C~1]  R? St [nm -°C~1]  R?
FBGI  0.014 0.995 0.016 0.997
FBG2 0.014 0.995 0.016 0.997
FBG3 0.014 0.995 0.017 0.997
FBG4 0.014 0.995 0.017 0.997
FBG5 0.014 0.995 0.017 0.997
FBG6 0.014 0.995 0.017 0.997

and yo, the outputs at the steady state. Results show t ranging
between ~ 230 and ~ 560 ms.

[1l. RFA IN EX VIVO PORCINE BONE
A. Experimental Setup

RFA procedures are performed using the Cool-tip RF
ablation system (Covidien, Minneapolis, Minnesota, USA).
The RF electrode (single electrode kit E Series, Covidien,
Minneapolis, Minnesota, USA), consisting of a 17 G needle
internally cooled with a 20-mm active component, can be
controlled by the RF generator to provide the required power
inside the tissue during the desired time.

Ex vivo porcine femurs, freshly excised, are used to mimic
the real ablation procedures. Before starting, bone tissue
is drilled to create cavities for housing the RF electrode
and FBG-based probes for temperature monitoring. Once the
cavity for the RF needle is created, the remaining holes to
accommodate the probes are spaced at a distance of 5 and
10 mm along the same axis (see Fig. 3), measured by a
digital caliper at each test. This configuration enables capturing
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Fig. 3. Schematic representation of the experimental setup employed
during ex vivo porcine bone experiments.
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Fig. 4. Relative positioning of the FBG arrays in each probe with respect
to the RF electrode active length.

temperature variations even far from the RF electrode, where
measurements are usually neglected in current clinical prac-
tice. Landmarks on the electrode and FBG-based probes are
fixed in such a way that the FBGs cover the central part of
the active length, leaving 2 mm on the top and the bottom,
since each probe’s six FBGs can cover a length of 16 mm (as
shown in Fig. 4).

To compare the effects of different energy levels on the
thermal response of bone tissue, experiments are executed
at two distinct powers (i.e., 25 and 50 W) for the same
treatment period (i.e., 7 min —420 s). Both the metaphysis
and diaphysis anatomical portions are treated for each of the
proposed settings (25 W for 7 min and 50 W for 7 min)
for a total of four trials. To complete the electrical circuit,
a grounding pad is positioned on the lower bone surface (see
Fig. 3).

During the trials, FBGs’s output is collected at a sam-
pling frequency of 100 Hz through an optical interrogator
(FBG-scan 804D by FBGs International, Geel, Belgium).

B. Data Analysis and Results

1) Temperature Trends: Data recorded by each FBG (from
one to six) in Probes 1 and 2 are postprocessed in MATLAB

(a) Probe 1 (b) Probe 2
60 60
O 40 O 40
= =
<20 % <20
0 0 /
0 200 400 0 200 400
time [s] time [s]
(9 (d)
60 60
O 40 O 40
= =
<20 <20 /
0 0
0 200 400 0 200 400
time [s] time [s]
——FBG1 ——FBG2 FBG3 ——FBG4 ——FBG5 FBG6

Fig. 5. Temperature variation (AT) profiles as a function of
time (expressed in s) recorded during the tests performed at 25 W
[(a) and (b)] and at 50 W [(c) and (d)] by each FBG embedded in Probe 1
[(a) and (c)] and Probe 2 [(b) and (d)] metaphysis anatomical area.

(a) Probe 1 (b) Probe 2
60 60
O 40 040
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Fig. 6.  Temperature variation (AT) profiles as a function of time
(expressed in s) recorded during the tests performed at 25 W [(a) and
(b)] and at 50 W [(c) and (d)] by each FBG embedded in Probe 1
[(a) and (c)] and Probe 2 [(b) and (d)] diaphysis anatomical area.

FBG3 ——FBG4 ——FBGS5

environment. According to the St values obtained during the
metrological characterization, AT values are retrieved from
AMXp gathered by each FBG using (3). Fig. 5 reports the
AT trends as a function of time recorded during the test
performed at 25 W [Fig. 5(a) and (b)] and 50 W [Fig. 5(c)
and (d)] for the same treatment time (i.e., 7 min) collected by
Probe 1 [Fig. 5(a) and (c)] and Probe 2 [Fig. 5(b) and (d)]
in the metaphyseal bone. Instead, Fig. 6 shows the results
(AT versus time) for 25 W [Fig. 6(a) and (b) and 50 W
[Fig. 6(c) and (d)] in the diaphyseal bone. The trend observed
by each FBG is marked by a different color in each subplot.
For all trials and both probes, it is noticeable that the highest
temperature values are recorded by FBG6, the one closest
to the tip of the RF applicator. Specifically, the maximum
AT (i.e., ATmax) for the test performed at 25 W is 30.1 °C
and 46.4 °C for metaphyseal and diaphyseal part, respectively.
ATax retrieved for trials carried out at 50 W varies between
42.6 °C and 58.9 °C. By comparing ATy, in trials performed
on the same anatomical portion, those operated at 50 W record
greater values (42.6 °C versus 30.1 °C for the metaphysis and
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Fig. 7. Temperature variations (AT) as a function of time for the tests
carried out at 25 W [(a) and (b)] and at 50 W [(c) and (d)] recorded by
Probe 1 [(a) and (c)] and Probe 2 [(b) and (d)] metaphysis anatomical
area reported as color maps.

58.9 °C versus 46.4 °C), with a difference up to 12.5 °C.
Gradually decreasing temperature readings are obtained from
FBGs 5, 4, 3, 2, and 1 as they are increasingly far from the
RF tip. Except for the AT profiles acquired from Probes 1 and
2 in the test carried out at 25 W in the anatomical area of the
diaphysis [see Fig. 6(a) and (b)], each investigation confirm
this tendency. In general, lower AT values are recorded for
FBGs belonging to Probe 2 [see Figs. 5(b) and Fig. d) and
6(d)], as this is further away from the energy source (i.e.,
10 mm). However, this behavior is not confirmed for the test
executed on the diaphyseal part at 25 W, where both probes
recorded similar AT without any significant differences among
FBGs. Furthermore, AT slopes for all FBGs involved in the
measurements increase during the RF heating until reaching
the maximum values for tests shown in Figs. 5(a)—(d) and 6(a)
and (b). For the trial performed at 50 W in the diaphysis
anatomical area [Fig. 6(c)], FBGs 4, 5, and 6 belonging to
Probe 1 record a plateau phase after a short halfway of the
ablation process toward the end. Depending on the relative
positioning of the FBG to the RF applicator tip, a varying
amount of time is required to achieve the plateau (i.e., 300,
270, and 250 s). In the same experiment, FBGs belonging to
Probe 2 show a AT slope [Fig. 6(d)] different from the one
recorded by the same probe in the other trials. Indeed, it is
possible to observe a negligible AT for the first 41 s of the RF
heating and a slow rise until the maximum value is reached.

2) Thermal Maps: Moreover, FBGs embedded in
Probes 1 and 2 allow for obtaining the temperature
distribution over time. A linear interpolation along the
ordinates (i.e., probe axis) among the temperatures measured
out of the FBGs is used to derive AT values over the 16-mm
length of the RF probe covered by the gratings. Figs. 7, and 8
display thermal maps retrieved for Probes 1 and 2 in all four
trials carried out. These mappings plot AT values as color
information against time along the x-axis and the FBGs’
relative positioning along the probe axis in the ordinates.
By comparing Figs. 7 and 8, it is evident that each test shows
a thermal map with different shapes depending on the RF
power and the anatomical portion treated. In general, for trials
carried out in the diaphyseal area, a wider heat propagation
is observed as higher temperatures are detected more quickly
by each FBG, especially the one belonging to Probe 1.

(@) Probe 1 (b) Probe 2
0 7
-2
E -4
=L, .
0 o AT [°C]
N -
3. 60
Q.
& 50
100 200 300 400 0 100 200 300 400 ‘ 140
time [s] time [s] ‘
(c) (d) ‘ 130
i 20

50 W
Plroble axis [mm]

10 200 800 400 o 100 200 300 400
time [s] time [s]

Fig. 8. Temperature variations (AT) as a function of time for the tests
carried out at 25 W [(a) and (b)] and at 50 W [(c) and (d)] recorded by
Probe 1 [(a) and (c)] and Probe 2 [(b) and (d)] diaphysis anatomical area
reported as color maps.

V. DiIscussION AND CONCLUSION

This study addresses a critical gap in the state-of-the-art
by investigating temperature assessment during RFA in ex
vivo long bone using FBGs. Previous studies lacked com-
prehensive information on temperature distribution, relying on
single-point tracking with thermistors or thermocouples [26],
[28], [30], [31], [32], thus failing to determine the thermal
gradients occurring in the treated area [42]. In contrast,
our approach employs FBGs with multiplexing capabilities,
allowing for a more thorough evaluation [34]. Customized
stainless-steel needles holding six FBGs each allow for mon-
itoring temperature at twelve locations within the bone and
provide insights into thermal gradients established along the
RF probe axis. Before the experiments, the metrological prop-
erties of the developed probes are assessed by investigating
FBG’s thermal response. Results reveal Sy values between
0.014 and 0.017 nm-°C~!, higher than those of bare nonen-
capsulated FBGs [22], [40].

Experiments are carried out on ex vivo porcine femurs
since, together with the tibia, it is one of the anatomical
regions most severely affected by OO to date [2]. Both the
diaphyseal and metaphyseal parts are treated, considering the
potential occurrence of the tumor in either region [4]. This is
accomplished to assess the impact of different tissue portions
on the treatment outcome. RFA procedures are performed
at two distinct powers (25 W and 50 W, often adopted in
clinical scenarios [43], [44]) for a treatment duration of 7 min.
Each setting is applied to both diaphysis and metaphysis,
resulting in a total of four trials. Temperature monitoring using
Probes 1 and 2 positioned at 5 and 10 mm from the RF
applicator provide temperature data over a large tissue area.
AT profiles over time (Figs. 5 and 6) show higher AT in
trials at 50 W compared to those at 25 W. FBG6 (i.e., the
one close to the RF applicator tip) consistently record ATpax
in all trials. Moreover, it is possible to observe nonuniform
temperature trends along the sensitive portion of each probe,
thus highlighting an uneven heat diffusion along the active
portion of the RF applicator. Substantial differences can be
observed among the AT, values recorded by each FBG
from the same probe at the end of the procedure, evidencing
high thermal gradients established in a small portion of tissue
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(up to 28 °C). These findings underscore the inadequacy
of electric sensors in this application, given their ability
to provide data at a single point, consequently overlooking
temperature dynamics along the tissue portion covered by the
RF probe. Then, temporal temperature distributions are also
reconstructed for each test and FBG-based probe employed by
means of a linear interpolation between AT values recorded
by each sensor, allowing for heat diffusion visualization along
the probe axis as a function of time (see Figs. 7 and 8).
The significance of this reconstruction lies in its potential to
estimate the inflicted thermal damage, as this is dependent on
the temperature values measured and the exposure period [21].
Results reveal a change in the temperature distribution shape
according to the power input and the anatomical area treated.
In general, in trials performed in the metaphyseal area, heat
propagation is found to be wider for both the 25- and 50-W
tests than those performed on the diaphyseal part for the same
settings. This is evident since both Probes 1 and 2 record
higher AT for extended durations.

In conclusion, the implementation of FBGs for temperature
monitoring during bone RFA tackled a significant gap in the
literature. The temporal distribution of temperature within the
bone can be thoroughly examined during the experiments,
thanks to the multiplexing abilities of FBGs, resulting in
important insights into the effects of RFA in long bones.
Our evidence has the potential to improve RFA outcomes
for bone cancer. By implementing temperature monitoring
systems during RFA such as the ones proposed in this paper,
ablation settings may be fine-tuned toward achieving optimum
tumor destruction and minimizing damage to surrounding
anatomical structures. This work advances existing research
efforts aimed at improving ablation therapy for bone tumor
resection. However, further stages are still required to fully
grasp how several parameters may affect the clinical outcome
in this challenging application.
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