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A B S T R A C T

This work assesses quasi-distributed Fiber Bragg Gratings (FBGs) and Rayleigh scattering-based distributed
sensing for accurate and millimeter resolved thermometry in media undergoing laser ablation. Mono-, two- and
three-dimensional temperature measurements were performed with a network of 1 mm-long FBGs in 10-25-40-
FBGs-arrays and distributed-sensing fiber with gauge lengths (GL) of 5.2 and 1.3 mm. Results confirm that the
lower the spatial resolution of the sensors, the highest the root mean square error (RMSE) and temperature
underestimation with respect to reference sensors (25-FBGs array). Compared to 1 mm-long FBGs, distributed
sensing with 5.2 mm GL provided RMSE>7 °C and underestimation> 16 °C in agar-gel phantom. Signal-to-
noise ratio over time and temperature standard deviation over temperature show better performances of FBGs
over distributed sensors. Indeed, any improvement of spatial resolution for distributed sensors determines an
increase of noise in the signal. The three-dimensional measurement performed with 420 FBGs with 1 mm-sensing
length demonstrated the spatial and thermal gradient occurring in the pancreas undergoing LA, reaching 28 °C
over 5 mm. Millimeter-resolved FBGs proved to be effective for accurate thermometry in laser irradiated tissues,
and potentially usable in clinical applications.

1. Introduction

Interventional oncology is a new and fast-evolving branch of in-
terventional radiology, which relies on advanced tools and precise
image-based guidance to target and treat tumours [1]. Interventional
oncologists adopt minimally invasive and energy-based techniques for
the treatment of localized tumors, by inserting a needle or a catheter
through a small percutaneous incision to access the affected organ.
Energy-based techniques, such as radiofrequency, microwave, and laser
ablation are gaining rising acceptance and recognition in the clinical
applications [2]. These minimally invasive procedures have demon-
strated substantial edges over surgery, such as the reduction of physical
impact, recovery time and short- and long-term adverse events. They
stand as the potential solutions for some malignancies, such as the non-
respectable liver metastases from colorectal cancer which are resistant
to systemic chemotherapy [3,4]. Additionally, in conjunction with eco-
endoscopic guidance, thermal ablation was proved to be beneficial to
treat malignancies in difficult locations, like pancreas [5–7]. For the
minimally invasive thermal ablation therapies, the interaction between
an electromagnetic wave with the biological tissue aims at producing a

therapeutic increase of the tumor mass temperature beyond the cyto-
toxic level. Thermal ablation operates at a temperature in the range of
50 to 100 °C, or even higher, with exposure times between 1 and 30 min
[8]. Laser ablation (LA) is a thermal ablation technique introduced in
the 1980 s in the ophthalmologic field and for the treatment of some
gastrointestinal and brain tumors [9,10]. Its main feature is the delivery
of energy through small optical fibers (0.3–0.6 mm), in both contact
and contactless fashions [11,12]. The fiber tip can be manufactured in
order to optimize the irradiation pattern to the shape and size of the
target [11,13]. The adequate absorption and scattering properties of
biological media within the so-called therapeutic window favour the
use of laser in the near infrared range, mostly comprised between 800
and 1064 nm [9,14]. The small fibers delivering the laser light into the
targets, along with the complex phenomenon of the light-tissue inter-
action, contribute to produce a high spatial thermal gradient evolving
in time that could exceed 50 °C/mm in proximity of the applicator tip
[15]. Thus, the main temperature effects of the thermal ablation tech-
niques, are the carbonization and necrosis of the central region of the
target, surrounded by a region of irreversible (for T > 50 °C and
sufficient exposure time) and then sublethal and reversible (T < 45 °C)
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thermal damage [16]. The extension of the irreversible and reversible
regions depends on the penetration of the light inside the tissue and on
the heat conduction. Hence, it emerges the importance of having a
measurement system for monitoring the tissue temperature with en-
ough accuracy in terms of both temperature and space. These properties
will guarantee a safe clinical procedure and a real-time control of the
delivered energy. The feature of sub-centimeter spatial resolution pos-
sessed by several fiber optic sensors has allowed several applications for
temperature monitoring in biological media. Fiber Bragg gratings
(FBG), both uniform and chirped, are used for different goals, such as
tumor detection [17], and thermal ablation monitoring [18–21]. Uni-
form FBGs allow for a typical spatial resolution from 1 grating/cm to 1
grating/mm [22,23]. Linear chirped FBGs (LCFBGs) behave as a con-
tinuous set of FBGs, thus the spatial resolution can theoretically achieve
and outdo the order of 100 sensor/1 mm [24,25]. However, the com-
plex estimation of parameters required to assess the temperature pat-
tern from the spectrum modulation still limits the use of LCFBG to
applications where the thermal pattern has a known trend [19,26]. For
FBGs, the proper choice of the optimal spatial resolution depends to
sensor length and relative distance, and can significantly affect the
measurement performances during LA [21,27]. Some works have also
investigated optical frequency domain reflectometry (OFDR) based on
Rayleigh scattering, as distributed sensing approach for temperature
measurements [19,28,29]. Distributed fiber optic sensing relies on the
principle that a single optical fiber as a specific scattering signature
based on the material properties, which are also temperature-depen-
dent. Theoretically, these systems allow for infinite sensing points for a
given length. However, commercially available devices limit the se-
lectable spatial resolution to a few millimeters, which is inversely
proportional to the sampling frequency and instrumental accuracy.
Compared to Rayleigh-based technology, the total sensing length of
FBG technology is limited by the bandwidth of the interrogation system
and multiplexing capacity. On the other hand, FBGs-based technology
can achieve high signal-to-noise ratio since it has good back-scattering
light coupling efficiency [22].

Whereas several studies point out the impact of the spatial resolu-
tion for accurate thermometry during thermal therapies, a direct com-
parison among different sensing techniques is still needed. Thus, this
work aims at evaluating and comparing quasi-distributed FBG sensing
and distributed sensing performed with OFDR based on Rayleigh scat-
tering. The temperature measurements were acquired from the sensors
in two different approaches and for two tissue phantoms: i) contactless
ablation of an agar gel phantom was evaluated with mono-dimensional
(1D) and superficial (2D) temperature measurements with a network of
FBGs and distributed sensors; ii) contact ablation of an agar gel
phantom and of an ex vivo pancreas tissue was assessed with 1D and
volumetric (3D) temperature monitoring with FBGs. The performances
of the two measurement systems were evaluated in terms of root means
squared error, temperature differences and signa-to-noise ratio, and
then results were compared.

2. Experimental instrumentation

2.1. FBG-based sensing

An FBG is a wavelength-dependent reflector, resulting from a peri-
odic modulation of the refraction index along the fiber core. It reflects a
narrow portion of the spectrum, centered around a specific Bragg wa-
velength, λB, that is proportional to the distance between two regions
with high refractive indices (the grating period Λ) [30]:

=λ n2 ΛB eff (1)

The material of the fiber and, as a result, grating planes are affected
by temperature perturbations, that alter the grating period and the
related λB. Therefore, tracking of λB allows monitoring of the tem-
perature changes along the grating, according to Eq. (2):
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where α (°C−1) is the thermal sensitivity of the grating.
In addition, a chain of FBGs along one fiber, the so-called FBG array,

can provide quasi-distributed sensing if each FBG has a different λB. As
a result, an FBG array provides a discrete temperature map, whereas
each FBG acts as a sensing point. The finite number of gratings and the
Bragg wavelength resolution between adjacent FBGs are related to the
maximum allowed bandwidth which, in turn, limits the sensing length.

Three FBG configurations were employed: commercially available
arrays of 10 FBGs (FiSens GmbH, Braunschweig, Germany), and
custom-made arrays of 25 FBGs and 40 FBGs, respectively. All the ar-
rays were inscribed in a single-mode optical fiber using the femtose-
cond point-by-point writing technology [31]. In order to discriminate
FBGs in the 1460–1620 nm spectral region of the Micron Optics si255
interrogation unit (Micron Optics, Atlanta, USA) the periods of FBG and
related Bragg wavelengths were changed along the array during in-
scription. All arrays have polyimide coating which provides higher
temperature resistance (up to 400 °C in short term operation and at
300 °C in continuous operation) in comparison with acrylate coating
(up to 85 °C) [31,32]. The polyimide coating is also characterized by
low thermal conductivity (i.e., 0.12 W∙m−1∙K−1), which allows for a
reduced thermal effect due to heat transfer between adjacent gratings.
The arrays of 10 FBGs have a 1 mm grating length and a 1 mm distance
between grating edges. The arrays of 25 FBGs and 40 FBGs have grating
lengths of a 0.9 mm and 1.19 mm, respectively, and the edge-to-edge
distances between gratings equal to 0.1 mm and 0.01 mm, corre-
spondingly.

2.2. Distributed sensing

For distributed sensing, a commercially available LUNA ODiSI-B
measurement system (LunaInc, Blacksburg, VA, USA) based on
Rayleigh scattering was used. Rayleigh scattering phenomenon occurs
when a part of the input light is reflected from the microstructural
fluctuations in the refractive index profile along the fiber. The pattern
of these fluctuations is individual for every fiber after manufacturing
and alters only due to external perturbations such as temperature,
strain, and humidity [33]. Therefore, each fiber segment has its own
backscatter spectrum, that shifts according to temperature or strain
applied to this segment. As a result, similarly to the Bragg wavelength
shift of FBGs, each segment acts as a sensing point. The size of this
segment, also called the gauge length, affects both the signal-to-noise
ratio and the resolution of the spectral shift measurements. Longer
gauge lengths, indeed, cause an increase in the accuracy but also result
in a decrease of the spatial resolution. Thus, Rayleigh based measure-
ment has a trade-off between accuracy and the spatial resolution of the
measurement [33,34].

The LUNA ODiSI-B is capable to provide both static and dynamic
measurements along lengths up to 20 m at a rate up to 250 Hz. It also
allows a 50% overlapping of 5.20 mm and 1.30 mm gauge lengths,
resulting in 2.61 mm and 0.65 mm spatial resolution, respectively [34].
Measurements were performed in standard and high-resolution modes
(2.61 and 0.65 mm spatial resolution, respectively). The acrylate-
coated standard single-mode fiber (Corning SMF-28®, Corning In-
corporated, Corning, NY, USA) and polyimide-coated High-Definition
fiber optic sensor (HD-FOS) (LunaInc, Blacksburg, VA, USA) were used
with LUNA ODiSI-B. Static sensitivity for the commercial HD-FOS was
provided by the manufacturer [35].

Temperature sensitivity coefficients of the FBG arrays and Corning
SMF-28 were obtained in a certified thermostatic calibrator (Giussani
Quartz, operative field from−40 °C to 125 °C) in the temperature range
20 °C−125 °C, with a step of 10 °C. A PT100 thermistor (± 0.15 °C
accuracy) was used as a reference sensor. The reference values were
recorded with the Delta Ohm HD2178.2 system. The acquisition of
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FBGs' signal was performed by Micron Optics HYPERION si255, while
the signal of the Corning SMF-28 was detected by the LUNA ODiSI-B
system. The static sensitivities α for the FBGs are: (7.30 ± 0.01)
∙10−6 °C−1 for the 10-FBGs array, (7.43 ± 0.01)∙10−6 °C−1 for the 25-
FBGs array, (7.63 ± 0.01)∙10−6 °C−1 for the 40-FBGs array. The static
sensitivity of the Corning SMF-28 is −10.70 ± 0.05 pm∙°C−1.

2.3. Laser and sensors positioning systems

Laser ablation was performed by a diode laser working at
λ = 1064 nm (LuOcean Mini 4, Lumics, Berlin, Germany). The laser
light was delivered by two different optical fibers: i) in the 2D experi-
ments, a 440 µm diameter optical fiber with a numerical aperture equal
to 0.22 was used to perform a contactless ablation of the agarose sur-
face using the collimator connected to the applicator’s tip; ii) in the 3D
experiments, a 300 µm diameter quartz fiber was, instead, inserted in
both agarose phantom and pancreas targets for performing a deep
contact ablation.

A plexiglass box was ad hoc designed to perform laser ablation ex-
periments (Fig. 1). The setup allows accurate positioning of the laser
applicator and the fiber sensors inside the phantom inserted in the box.
Sixty-four holes with 1 mm-diameter have been designed to offer a wide
range of possible arrangements for the sensors with a minimum dis-
tance of 2 mm from the laser applicator (central hole, 1.3 mm-dia-
meter). The reason for such a small distance can be found in the high-
temperature gradient which characterizes heat transfer in soft tissues
undergoing laser irradiation [15].

2.4. Tissue phantom

Laser ablation was performed in: i) 3% agar gel phantom, which has
demonstrated to have similar thermal properties to that of soft tissues
[36]. The homogeneity of the phantom makes it a suitable base for a
preliminary comparison of the fiber optic sensors performances. The gel
was prepared by adding 30 g of agarose in 1 l of milli-Q water. The
solution was then heated and blended until the agarose was completely
dissolved. Afterward, the solution was poured directly in the plexiglass
box and then stored at 4 °C for the solidification and for preventing the
gel from drying out; ii) ex vivo porcine pancreas, to include the non-
homogeneous properties of a real tissue and mimic a potential pre-
clinical scenario. The tissue was obtained from a local butcher the same
day of the experiment and stored at 4 °C until the experiment was
carried out. Some metrological bench-tests have been already proposed
to assess the performances of FBGs for temperature monitoring in
biological tissues [24,37]. In this work, the choice to tests the fiber
optic sensing systems directly on tissue-mimicking phantoms is moti-
vated by the need of realizing testing conditions which are as close as

possible to the real application.

3. Contactless ablation of the agarose phantom

The aim of these experiments is to compare temperature measure-
ments provided by the 25-FBGs arrays, 10-FBGs arrays and LUNA
ODiSI-B (Corning SMF-28 and HD-FOS) sensors during a contactless
ablation of an agarose phantom. Temperature measured by the 25-FBGs
arrays was used as a control because of the sensor’s higher spatial re-
solution. Two parameters were chosen to quantify the temperature re-
construction error: peak difference (PD), defined as the difference be-
tween maximum temperatures measured by the 25-FBGs arrays and by
the other sensors, and the root means squared error (RMSE) between
measured and control spatial temperature profiles. The performances of
the sensors were also evaluated in terms of signal-to-noise ratio (SNR)
over time and temperature standard deviation (STD) as a function of
measured temperature change.

3.1. Material and methods

Contactless ablation experiments involved the use of 5 triplets of
fiber optic sensors, each triplet consisted of: the 25-FBGs array, the 10-
FBGs array and LUNA ODiSI-B sensor.

The custom-made box was used to house the agar gen, place the
sensors on its surface and control the relative distance among the tri-
plets (Fig. 2a). Passing through the holes in the opposite wall sides,
grooves at 2 mm distance were made on the agar phantom using 1 mm-
diameter needles (Fig. 2b). Distance between the laser beam collimator
and the agar gel surface was 4 cm, the 10 mm-diameter laser spot was
focused on the central triplet. In order to avoid the agar gel melting, the
laser power was tuned to obtain the maximum temperature measured
by the control sensor equal to 30 ± 1 °C in 60 s of irradiation. Each
experiment was repeated three times. Two types of analysis were car-
ried out:

1) 1D comparison performed on the central triplet, where the highest
spatial temperature gradient is present and better performances are
needed for an accurate temperature map [27]. FBGs were compared
with: a) Corning SMF-28 with GL = 5.2 mm and 1.3 mm GL (2.61
and 0.65 mm spatial resolution, respectively), and b) Luna HD-FOS
with GL = 5.2 and 1.3 mm (2.61 and 0.65 mm spatial resolution,
respectively).

2) 2D map reconstruction with one Corning SMF-28, which was curved
in order to obtain 5 segments overlapped with the FBG arrays
(Fig. 2b). Temperature profiles measured along these segments
allow to reconstruct a 2D temperature map, that can be compared
with a 2D map obtained by the FBG sensors.

Fig. 1. a) Plexiglass placement system, external dimension 11 × 11 × 4 cm3; b) dimensions for the central patterns.
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A comparison among the sensors along one single dimension was
initially performed. Beyond temporal alignment for the post-synchro-
nization of data acquired by Luna and Micron Optic systems, also
spatial alignment was needed (Fig. 2b). Indeed, accurate alignment of
the sensors along y axis was not manually achievable due to different
resolutions and short sensing lengths of the sensors in each triplet. The
spatial alignment was obtained with the centroid method (Fig. 3).
Centroid positions Xcentr are computed as shown in Eq. (3):

= +X X X
2centr

a b
(3)

where Xa and Xb are coordinates of the halves of the maximum tem-
perature.

The aligned temperature curves were compared using the 25-FBGs
array measurement as a reference. RMSE and PD were evaluated be-
tween the temperature curves acquired at three time-instants within
15 s the end of irradiation, when the maximum temperature is reached
(Fig. 4).

The same temporal and spatial alignments were also performed for
the 2D temperature map reconstruction. The five triplets were also
aligned along y axis, and the obtained temperature maps were re-
constructed and compared.

In addition, the Signal to Noise Ratio (SNR) and the Temperature
Standard Deviation (STD) was estimated for each sensor. SNR was

obtained with the Eq. (4):

⎜ ⎟= ⎛
⎝

⎞
⎠

SNR RMS T
RMS N

20log ( )
( )10 (4)

where RMS is the root mean square function, T is the measured tem-
perature signal and N is the signal noise. The noise was computed by
acquiring the temperature signal provided by each sensor at room
temperature, within a window of 20 s.

3.2. Results and discussion

The temperature evolution in time measured by the 25-FBGs array
sensors used as a reference is shown in Fig. 4.

The 1D reconstruction analysis was performed considering the last
15 s of the laser irradiation (45 to 60 s before switching the laser off,
Fig. 4), close to the highest temperature increase and larger thermal
gradient. This maximum temperature corresponds to 30 °C measured by
the central grating of the 25-FBGs array (Fig. 5, green grating). The
results obtained for the 1D temperature reconstruction are reported in
Fig. 5. The temperature values provided by the Corning SMF-28
(GL = 5.2 mm) and the FBG sensors show a temperature differ-
ence>10 °C in the central sensing points. Results for the Corning SMF-
28 (GL = 1.2 mm) are not provided here because low GL value yielded
to a low signal to noise ratio and it was not possible to measure any

Fig. 2. Experimental setup: a) 5 triplets of fiber sensors placed on the agarose surface inside the box at a 2 mm distance from each other. The laser spot is focused on
the central triplet; b) Schematic representation; c) Zoom-in of the schematic illustrating spatial characteristics of the gratings.

Fig. 3. Temperature change vs. distance along the sensor: a) Centroid method implemented for aligning 25-FBGs and 10-FBGs arrays temperature distributions; b)
final alignment obtained by shifting 10-FBGs array centroid respect to the 25-FBGs array one. The same approach is used for LUNA ODiSI-B measurements alignment.
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temperature changes.
Temperature profiles measured with HD-FOS (GL = 5.2 mm and

1.3 mm) and FBG arrays are reported in Fig. 5b (for GL = 5.2 mm) and
5c (for GL = 1.3 mm). Also in this case, temperature distribution
provided by LUNA HD-FOS is underestimated, due to the high GL value,
and the difference with respect 25-FBGs array overcomes 15 °C. Con-
versely, GL = 1.3 mm allows for a smaller reconstruction error between
the temperature curves measured from HD-FOS data and 25-FBGs
array.

Table 1 lists the final values for RMSE and PD with corresponding
standard deviations, obtained averaging among the considered time
instants and tests. PD show positive values, thus demonstrating the 25-
FBGs array better performances in retrieving maximum temperature

peaks.
The SNR was computed for the FBGs arrays and the HD-FOS, both

with GL = 5.2 mm and GL = 1.3 mm. Fig. 6 shows the evolution in

Fig. 4. Evolution of the temperature in time, measured by the 25-FBGs array sensor. Each line represents the signal provided by each grating.

Fig. 5. Temperature distributions obtained at the end of ablation with the 25-FBGs array (blue line), the 10-FBGs array (red line) and with LUNA ODiSI-B sensor
(yellow line): a) Corning SMF-28 (GL = 5.2 mm); b) HD-FOS (GL = 5.2 mm); and c) HD-FOS (GL = 1.3 mm). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Averaged RMSE and PD values obtained comparing 25-FBGs array with the
other fiber optic sensors during the contactless ablation in the agarose phantom.

Sensors RMSE [°C] PD [°C]

10-FBGs array 1.1 ± 0.1 3.4 ± 0.3
Corning SMF-28 (GL = 5.2 mm) 7.1 ± 0.1 16.3 ± 0.3
HD-FOS (GL = 5.2 mm) 9.0 ± 0.2 22.6 ± 0.6
HD-FOS (GL = 1.3 mm) 2.1 ± 0.4 4.1 ± 1.4
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time of SNR evaluated among sensor length during the ablation pro-
cedure.

FBGs sensors provide larger values of SNR (maximum value of
50 dB, Fig. 5a and b) with respect the HD-FOS with GL = 1.3 mm
(maximum SNR of 30 dB, Fig. 5c), even though they are subjected to a
similar temperature signal; indeed the maximum temperature increase
is 28 °C for both 10-FBG and HD-FOS (Fig. 4c). This evidence results
from the larger noise contribution characterizing the distributed sen-
sors. The poor spatial resolution of the HD-FOS, corresponding to
GL = 5.2 mm, also affects the SNR values. Since the GL = 5.2 mm
results into a maximum temperature difference of 22.6 °C with respect
to the 25-FBGs array, also the SNR values over time are affected by the
lower temperature values. The characteristic of the noise for each fiber
optic sensor was assessed through the STD value of the measured
temperature. Fig. 7 presents the STD for each grating of the arrays, in
correspondence of the temperature increase (ΔT) detected by the sen-
sing element subjected to the largest thermal gradient.

STD values are almost negligible for the FBGs sensors (Fig. 7a and b)
at ΔT > 5 °C. This result highlights that the SDT does not vary with the
temperature change experienced by the agar phantom. A similar con-
sideration can be done for HD-FOS with GL = 5.2 mm (Fig. 7d) at
ΔT > 3 °C. On the contrary, in the case of HD-FOS with GL = 1.3 mm
(Fig. 7c), STD overcomes 1 °C for ΔT > 10 °C, also following a random
pattern along the sensing length. In all the graphs, the bottom part
shows larger STD values because of the high thermal gradient generated
in the first seconds of laser irradiation. The global view on the results in
Figs. 5–7 lead to the assessment of the influence of the spatial resolution
and grating lengths onto both the accuracy on the measured signal and
the noise. When the gauge length in distributed sensors and grating
length in FBG arrays tend to be the same, the two sensing systems show
similar performances in terms of RMSE and PD. However, the analysis
of both SNR and STD points out the best performances of the FBGs over
the distributed sensors.

The measurements from the five triplets were processed to obtain a
2D temperature map on the agar gel surface (Fig. 8). Considering as a
reference the 25-FBGs arrays map (Tmax 28 °C) in Fig. 8b, the poor
spatial resolution for the Corning SMF-28 affect the final temperature

map (Tmax 12 °C). On the other hand, the lower sensing length and the
better spatial resolution of the 10-FBGs array (Fig. 8c) allow a more
accurate 2D temperature reconstruction (Tmax 26 °C). Moreover, 10-
FBGs array spatial resolution lead to a slight underestimation, mostly
for the high temperature values.

In general, the large GL value does not allow accurate temperature
profile detection because of the high thermal gradient during LA. The
use of GL = 1.3 mm significantly improves temperature measurements.
Nevertheless, the 25-FBGs array has better performance than the HD-
FOS sensor because of the smaller length of the sensing element
(grating length = 0.9 mm vs. GL = 1.3 mm for HD-FOS) along which
point temperature is measured. In addition, the 25-FBGs array shows
good performances due to higher sensing length and higher resolution
in comparison with the 10-FBGs array, i.e., 24 mm vs. 18 mm, and
1 mm vs. 2 mm, respectively.

4. Contact laser ablation of agarose phantom and ex vivo pancreas

The main objective of these experiments is to compare the tem-
perature distribution provided by the 25-FBGs array and 10-FBGs array
sensors during a contact ablation performed, firstly, in an agarose
phantom and then for an ex vivo pancreas as well as reconstruct an
accurate 3D temperature map in these two scenarios. Temperature
spatial distribution data measured by 25-FBGs array were used as a
reference for the analysis. RMSE between temperature curves and PD at
fixed times were chosen, also in this case, for quantifying the error in
temperature reconstruction for the 10-FBGs array sensor.

4.1. Material and methods

Contact ablation experiments were monitored with 4 arrays of 25
FBGs, 4 arrays of 10 FBGs arrays of 40 FBGs, simultaneously. The re-
sults obtained from the previous tests on the agar gel motivated the use
of FBGs only. Each single FBG array was inserted from the upper part of
the box through a rigid needle passing two opposite holes. The fiber
laser was inserted 1.5 cm and 1 cm deep in the central hole for per-
forming ablation in agar gel and pancreas, respectively (Fig. 9). The

Fig. 6. SNR computed among time and length of a) 25-FBGs array sensor, b) 10-FBGs array sensor, c) HD-FOS with GL = 1.3 mm and d) HD-FOS with GL = 5.2 mm.
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sensing fibers were parallel to the laser tip, as schematized in Fig. 10.
The 4 arrays of 25 FBGs were overlapped to the 4 arrays of 10 FBGs and
placed at 2 mm distance from the laser (blue circle in Fig. 10). Three
tests were performed for agarose phantom and ex vivo pancreas, re-
spectively. In the agar gel experiments, the maximum temperature

increase of 12 ± 1 °C was reached for an ablation time of 60 s at 2 mm
distance from the laser applicator. This temperature threshold was set
in order to avoid agar gel melting in the laser tip proximity. Conversely,
during the tissue ablation laser was tuned to reach a maximum tem-
perature increase of 40 ± 1 °C in 120 s.

Two types of analysis were conducted: i) 1D comparison performed
for the 4 pairs of overlapped arrays sensors (10-FBGs arrays and 25-
FBGs arrays) at a 2 mm distance from the applicator. Hence, the lower
is the distance from the applicator, the higher is the influence of sensors
performances in temperature measurements [27]; ii) 3D map re-
construction considering data provided by the 25- and 40-FBGs arrays.

The four pairs of overlapped sensor arrays (25-FBGs and 10-FBGs),
placed at laser top (T), bottom (B), right (R) and left (L) sides (Fig. 8)
were aligned according to the approach explained for the 1D analysis
(Section 3.1). Also in this case, RMSE and PD values were extracted in
three time instants close to the end of the irradiation, and a mean was
computed considering these results for the three experiments.

The 3D temperature map reconstruction was obtained thanks to the
large number (420) of temperature points achieved with 8 arrays of 40-
FBGs and 4 arrays of 25-FBGs. Temperature values for each FBG array
were interpolated and a spatial alignment was computed for all the 12
arrays along y axis. After assigning a spatial position for each FBG
array, 2D temperature maps at fixed z coordinates were obtained.
Combination of 2D planes in the space enabled a 3D temperature map
reconstruction.

4.2. Results and discussion

The results obtained for the 1D comparison for both agar gel and ex
vivo pancreas are reported in Fig. 11.

Spatial resolution and sensing length of 10-FBGs array allow an
accurate temperature reconstruction, especially in agarose phantom
(Fig. 11a). Table 2 shows the average values and their standard de-
viations for RMSE and PD obtained averaging the results for each pair

Fig. 7. Temperature Standard Deviation (STD) computed in function of the detected temperature increase (ΔT) among the length of a) 25-FBGs array sensor, b) 10-
FBGs array sensor, c) HD-FOS with GL = 1.3 mm, d) HD-FOS with GL = 5.2 mm.

Fig. 8. Superficial Temperature maps at the end of the laser irradiation (60 s)
considering non-interpolated data for: a) Corning SMF-28, b) 25-FBGs array c)
10-FBGs array.
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of overlapped sensors among the three experiments.
RMSE and PD parameters obtained for the pancreas show values

slightly higher compared to data obtained for agar gel. Indeed, tissue
inhomogeneities as well as the higher temperature gradient achieved
can affect temperature profile accuracy when a low spatial resolution

for the FBGs is used. As in the contactless ablation case, PD show po-
sitive values thanks to better 25-FBGs array capabilities.

Figs. 12 and 13 show the 3D temperature map obtained during the
agar gel and the ex vivo pancreas ablations, respectively. The perfor-
mances of used FBGs allow for an accurate 3D temperature mapping.

Fig. 9. Experimental setup for contact ablation in a) the agarose phantom and in b) the ex vivo pancreas placed inside the custom box. FBGs arrays inserted in the
target thanks to the pattern of the box are visible.

Fig. 10. Top view schematizing positions of laser
applicator (red point), overlapped FBGs arrays (blue
points) and remaining 40-FBGs array (green points)
during the contact ablation experiments. Overlapped
FBGs arrays' positions, top, right, left and bottom, are
referred as T, L, R and B, respectively. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 11. Temperature distributions obtained at the end of ablation for the 4 positions (T, R, L, B) around laser tip during contact laser ablation in a) agarose phantom
and b) ex vivo pancreas. Temperature profiles obtained with both 25-FBGs arrays and 10-FBGs arrays are shown.
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Not symmetrical temperature distribution, visible also in 1D compar-
ison (Fig. 11) is probably due to placement for laser applicator inside
the media. Indeed, laser fiber was manually inserted from one hole,
thus leading a non-perfect parallel position along y axis. Furthermore,
in the case of the pancreas, tissue inhomogeneities can also contribute
to the temperature spatial asymmetry.

From the results shown in Figs. 12 and 13 it is possible to compute
the thermal gradient obtained for both agar gel phantom and pancreas.

The values of the thermal gradients observed at 2 mm and at 4 mm
distance from laser applicator insertion point were computed over
5 mm-length and 1 mm-length, along the FBG longitudinal axis. Three
experiments were repeated, and the final averaged values are reported
in Table 3:

The results at 2 mm of distance from the laser applicator show a
decrease of about 8 °C along 5 mm distance for the agarose phantom
after 60 s from the start of irradiation. At the same time, the thermal

gradient along 5 mm measured in the pancreas is almost 27 °C, sig-
nificantly decreasing at 4 mm distance. After 120 s results in the pan-
creas are similar to the ones obtained at 60 s, because the plateau of the
temperature evolution was almost reached.

5. Discussion and conclusions

This study investigates the performances of fiber optic sensors in the
reconstruction of an accurate spatial resolved temperature map in tissue
phantoms undergoing laser ablation The 10-FBGs array and LUNA
ODiSI-B with two types of fibers (standard Corning SMF-28® and HD-
FOS provided by LUNA) in two modes (gage length = 1.3 mm and
5.2 mm) were compared with the 25-FBGs array (grating lengths
0.9 mm and edge-to-edge distance 0.1 mm). RMSE and PD values were
measured to quantify a reconstruction error in different experimental
configurations. In the agar gel contactless ablation, the 1D analysis
highlighted that LUNA ODiSI-B using Corning SMF-28® does not pro-
vide an accurate temperature reconstruction: RMSE equal to 7 °C and a
PD > 16 °C for ΔTmax ~ 28 °C were obtained when longer gauge was
used (GL = 5.2 mm). Also, with GL = 1.3 mm temperature re-
construction was not possible due to a small SNR value caused by high
temperature gradient. On the other hand, LUNA ODiSI-B using HD-FOS
with GL set to 1.3 mm has better performance: RMSE 2.1 °C and PD
4.1 °C at ΔTmax ~ 30 °C were observed. SNR and temperature STD
values further highlight the good performances of FBGs, providing
SNRmax ~ 50 dB and STD < 0.5 °C. HD-FOS show SNRmax ~ 30 dB for
both GL = 1.3 mm and GL = 5.2 mm, whereas the STD > 1 °C in the
first case and STD < 0.5 °C in the second case. These results are de-
termined by the larger noise affecting the signal when the resolution is

Table 2
Average RMSE and PD values obtained comparing 25-FBGs array with 10-FBGs
array during the contact ablation for both the tissue phantoms.

AGAR GEL PHANTOM PANCREAS

Position (ref to
Figs. 10 and 11)

RMSE [°C] PD [°C] RMSE [°C] PD [°C]

Bottom 0.4 ± 0.1 0.1 ± 0.2 0.3 ± 0.03 0.01 ± 0.48
Left 0.3 ± 0.1 0.7 ± 0.2 1.2 ± 0.04 2.9 ± 0.2
Right 0.5 ± 0.1 0.6 ± 0.2 2.0 ± 0.1 5.5 ± 0.2
Top 0.2 ± 0.02 0.3 ± 0.2 1.0 ± 0.1 0.3 ± 0.2

Fig. 12. Reconstructed temperature maps using 25-FBGs array and 40-FBGs array providing 420 sensing points during the agar gel ablation. Maps are extracted in
three times: b) at the beginning of the irradiation (20 s), c) in the heating phase (30 s) and d) at the end of the irradiation (60 s). Black lines in the 2D planes represent
the FBGs arrays. In a) a detail of the box (frontal view) showing the experimental setup orientation in accordance with the reference system. As example, only laser
applicator (red line) and two FBGs fibers (black lines) are reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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improved (GL = 1.3 mm), and by the lower signal provided in the
opposite case (GL = 5.2 mm). According to these results, any im-
provement of spatial resolution for distributed sensors determines an
increase of noise in the signal. Being both sensing features crucial for an
accurate temperature measurement in media undergoing laser ablation,
a trade-off could be insufficient for the specific application [38].

Concerning the 10-FBGs array performances, RMSE is ≤2.1 °C
showing the lowest value of 0.3 °C when a ΔTmax < 15 °C is reached
in the agar gel contact ablation case. The highest PD is measured in the
contact irradiation of the pancreas, where it achieves around 5.5 °C for
ΔTmax ~ 40 °C. The following results show that differences between the
two FBG array types in terms of manufacturing and spatial resolution,
lead to a difference in temperature distribution that can be considered
negligible for the performed experiments. The temperature measured
with 1 mm-spatially resolved FBGs array during contact laser ablation
also allows an evaluation of the thermal gradient reached in pancreatic
tissue. Close to the laser tip, a gradient of 7 °C/mm was measured in the
pancreas after 1 min of ablation, and a decrease of almost 28 °C along
5 mm is registered. These results confirm the importance of a spatially
resolved temperature sensing system in highly absorbing biological

media, particularly in in vivo cases, in which temperature above 100 °C
and higher thermal gradient can be reached [15,39].

This investigation pointed out also that the use of one single fiber,
even if with distributed sensing capability, holds a huge limit in pro-
viding a 3D temperature map reconstruction. Nanoparticles-doped op-
tical fibers exhibiting enhanced scattering profiles have been proposed
for temperature profile measurements across several fibers coupled to
the LUNA system input [40]. However, the scanning rate of this method
still need to be improved to allow a real-time sensing. On the contrary,
multiplexing capability assured by FBG technology made the real-time
measurement with 12 fiber optic sensors housing 420 sensing points (8
sensors with 40 gratings and 4 sensors with 25 gratings) possible in this
bench test study. The ability to reconstruct an accurate real-time 3D
temperature map is strongly dependent on the FBG array’s configura-
tions: the larger the number the better the resolution and the accuracy
of the resulting map. In this regard, dense FBG sensors guarantee the
best performances possible.

The experimental setup developed in this study is convenient for
measuring temperature change in phantoms or ex vivo tissues. It allows
a preliminary evaluation of sensors characteristics affecting on the

Fig. 13. Reconstructed temperature maps using 25-FBGs array and 40-FBGs array providing 420 sensing points during the ex vivo pancreas ablation. Maps are
extracted in three times: b) at the beginning of the irradiation (20 s), c) in the heating phase (70 s) and d) at the end of the irradiation (120 s). Black lines in the 2D
planes represent the FBG sensors. In a) a detail of the box (frontal view) showing the experimental setup orientation in accordance with the reference system. As
example, only laser applicator (red line) and two FBGs arrays (black lines) are reported. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Table 3
Thermal gradient at 2 mm and 4 mm from the applicator insertion point; temperature variations are reported among 5 mm and 1 mm length.

Position 2 mm 4 mm

Length °C/5mm °C/mm °C/5mm °C/mm

Agarose maximum gradient at 60 s from laser switched on 8.1 ± 0.2 0.8 ± 01 3.1 ± 0.1 0.3 ± 0.1
Pancreas maximum gradient 60 s from laser switched on 26.7 ± 0.3 7.2 ± 0.2 11.7 ± 0.3 1.1 ± 0.1
Pancreas maximum gradient 120 s from laser switched on 27.9 ± 0.2 7.3 ± 0.2 13.0 ± 0.1 1.1 ± 0.1
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accuracy of the therapy control and of several therapy settings laser
settings influencing the ablation outcome. Indeed, the assessment of
performances of different fiber-optic based thermometers is the first
step towards the definition of a strategy for accurate therapy control. In
this perspective, the results achieved by this study are directly trans-
ferable into practical information for future preclinical or clinical stu-
dies.
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