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Abstract—The optimization of laser ablation surgical pro-
cedures — specifically for the treatment of tumors — requires
evaluating the temperature distribution across the entire area
under treatment (e.g., the tumor volume). However, minimally
invasive temperature sensors can only provide information in
a limited number of points. Therefore, an effective prediction
algorithm is required to reconstruct the temperature map for the
entire heat affected tissue from as few temperature measurements
as possible. This work presents an approach for predicting the
temperature around the laser delivery fiber, based on the thermal
Green’s function, where patient-specific tissue thermal parame-
ters are obtained through a fitting procedure using measurement
of the temperature evolution at known locations. The proposed
method is independent of the specific temperature sensor used;
in the experiments reported, temperature was measured both
at the prediction points and at validation points using quasi-
distributed sensor composed of dense fiber Bragg grating (FBG)
arrays, written with a femtosecond laser. A preliminary validation
under ideal conditions, represented by ex-vivo cases, has been
performed through a series of experiments on bovine liver
samples. The obtained results demonstrate that it is possible to
predict the temperature distribution across the entire ablated
area, with errors well below the commonly accepted uncertainty
for treatments of this type.

Index Terms—Tumor laser ablation, Thermal parameter of
biological tissues, Fiber Bragg grating temperature sensors, Fiber
Bragg grating sensor array, Heat Pulse Method.

I. INTRODUCTION

Minimally invasive high-temperature thermal treatments —
the so-called “ablations” — are a set of rather novel therapies
for the treatment of solid tumors, which can be used either as
adjuvants or as alternatives to more consolidated approaches,
such as surgical resection, radiotherapy, or chemotherapy. In
particular, these thermal treatments, which require to locally
increase the temperature above about 55°C to ensure the
immediate necrosis of malignant cells [1], [2], are mostly
attractive for patients who are not eligible for traditional
surgery. Different implementations are described in the liter-
ature depending on the heat source, namely radio-frequency,
microwave, or laser ablations. Sometimes the effects of these
thermal treatments are enhanced through the use of nanoparti-
cles that acts as sensitizers or as radiation absorbers [3]. Each
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solution has its own strengths, but they all share the advantage
of causing less discomfort to the patient and of implying
lower overall costs, being less traumatic and requiring fewer
days of hospitalization. This paper specifically addresses the
case of Laser Ablation (LA) without the use of additional
nanoparticles, but many of the conclusions are expected to be
straightforwardly applied also to the other heating techniques.
LA uses high-power laser beams, up to about 10 W, typically
generated by laser diodes emitting in the 905nm to 980 nm
range since these wavelengths represent a good compromise
between localization of the heating due to the absorption by
the tissue and extension of the treated area [4]. In the case of
tumors affecting internal organs, the laser beam is delivered
using a large core fiber inserted through the skin with a needle,
which is accurately positioned via ultrasound image guiding,
magnetic resonance or computed tomography [5]. Since the
effects of LA are predominantly thermal, the optimization of
the outcomes requires real-time knowledge of the temperature
distribution across the entire treated area [2]. In fact, this
would allow for fine-tuning the process to ensure that the
temperature reaches the target value to induce necrosis in
malignant cells and at the same time spare the surrounding
healthy tissues [1], [6]. While the surgeon’s expertise can make
real-time temperature monitoring less critical, a more widely
accepted approach is to complement subjective expertise with
objective temperature measurements, rather than relying solely
on image interpretation and experience. The significance of
accurate temperature determination is well-recognized, even
in the precursors to LA, such as Radio-Frequency Ablation,
in which this importance has been highlighted from early
applications [7], to more recent studies [8], [9].

One option for monitoring temperature during laser ablation
(LA) is to utilize Magnetic Resonance Imaging (MRI) in a
technique known as MR thermometry [10]. This method is
entirely non-invasive and offers high temperature sensitivity.
However, it has notable limitations: the long acquisition times
significantly reduce its ability to provide early warnings of
potential hot spot formation that could lead to carbonization.
Additionally, MR thermometry is highly sensitive to motion
artifacts, which can further compromise its reliability in dy-
namic or real-time clinical settings.

Optical fiber-based sensors are excellent candidates for
temperature measurement in the biomedical field due to their
small form factor, immunity to electrical interference, and
minimal self-heating when exposed to laser beams or other
electromagnetic radiation sources, such as microwaves. Addi-
tionally, their reduced invasive impact makes them suitable for
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use in surgical scenarios that require only light sedation. Fur-
thermore, as all-dielectric structures, optical fiber sensors are
fully compatible with MRI, enabling the integration of these
two complementary techniques to maximize their benefits [11],
such as compensate artifacts associated to MR imaging or
mitigate the strain/temperature cross-sensitivity of optical fiber
sensors [6].

The most widely used fiber optic temperature sensors are
based on Fiber Bragg Gratings (FBGs) [12]. This well-
established technology offers an exceptional balance of sen-
sitivity, robustness, and manageable fabrication complexity,
making it a reliable choice for various applications. As such,
FBGs have extensively been used to measure the temperature
during tumor ablation procedures [13]-[15]. An alternative is
constituted by interferometric sensor relying on single mode
- multi mode - single mode (SMS) structures, which are
attractive for their higher sensitivity; however, SMS sensors
cannot be used for the applications discussed in this paper
because of their intrinsic long length that leads to strong
limitations in terms of the achievable spatial resolution [16].

A drawback of FBG-based and of other fiber-based ther-
mometers is the intrinsic cross-sensitivity between temperature
and strain, which may introduce artifacts. In the experiments
described in this paper strain-induced errors can be considered
negligible because conducted on ex-vivo tissues and using
power levels and exposure durations carefully set to avoid
coagulation. In more realistic application scenarios, to mitigate
the undesired effects of mechanical stress during temperature
measurements, it is possible to protect the fiber with a cap-
illary, compensate for strain effects, as done in [17], or use
fiber sensors based on different technologies, such as those
that rely on fluorescence decay time or on strain-insensitive
Fabry-Perot cavities [18], [19].

In this work temperatures are measured with FBGs for their
capability of being easily multiplexed along the same fiber
to form arrays of FBG-thermometers. An FGB-thermometer
array consists of a cascade of FBGs inscribed along the same
fiber, usually using a femtosecond laser, but with slightly
different reflection peak wavelength. Multiple FBG arrays can
be simultaneously interrogated with a single instrument, hence
they can be used to implement a quasi-distributed sensing
system with millimeter-size spatial resolution [20]. FBG arrays
have already been employed to reconstruct the temperature
map during tumor thermal treatments [21], [22]; however, in
some cases, as in the cited papers, FBG arrays are disposed to
form grids around the applicator. This is an accurate approach
to measure the obtained temperature distribution during lab
experiments, but it is hardly applicable during actual surgeries,
unless the minimally invasive requirement is released, with an
increase in the patient discomfort. In previous papers we also
demonstrated the possibility of combining laser delivery with
temperature sensing capabilities using FBGs [23], [24].

To maintain a minimally invasive approach during laser
ablation of internal organs implies that the temperature can
be directly measured with optical fibers only by inserting
a temperature sensor through the same needle used for the
laser delivery fiber. In other words, the temperature can
be measured only in the portion of the tissue close to the
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laser delivery fiber; so, it is basically a one-dimensional
measurement when a two- or three-dimensional map would
be rather required. Therefore, the challenge becomes how to
estimate the temperature distribution across the tumor volume
from pinpoint temperature measurements taken along a line
only. This represents a sort of ill-posed problem, but “good
enough” estimates for the intended application can be obtained
with prediction algorithms that extend the available measured
data through simulations based on combined optical beam
propagation and thermal models. In the simplest form, an
estimation of the temperature map distribution across the
entire area of interest can be obtained by solving a multi-
physic model with the constrain that the predicted temperature
along the delivery fiber has a good overlap with the measured
temperature profile. Other more sophisticated methods can be
used, but in any case the starting point is the knowledge of
the biological tissue optical and thermal properties. However,
these values are difficult to estimate since they cannot be taken
from literature data or obtained from previous experiences
given the variability typical of biological tissues, not only
from individual to individual, but also within the organ itself.
Therefore, they must be evaluated from some measurements
that must be conducted directly on the target organ before
the ablation procedure. In particular, we propose to evaluate
such thermal parameters using the Heat Pulse Method (HPM),
a transient technique based on the characterization of the
radial transport of short-duration heat sources [25], [26]. This
approach is widely applied to characterize soil (for example to
determine the water content, besides for its thermal properties),
but so far practically never used in biomedical applications.
Clearly, soil differs significantly from biological tissue; more-
over, HPM, at least in its classical implementation, assumes a
homogeneous medium — an assumption that biological tissues
typically do not satisfy due to their inherent heterogeneity.
Nevertheless, these limitations can be addressed if, as detailed
later, the goal is not to determine the exact value of the
physical parameters, but rather to derive “equivalent” tissue
thermal parameters. While these equivalent parameters may
not have a direct numerical correspondence with the physical
quantities, they can still be effectively used to accurately
predict temperatures at locations where direct measurements
are not feasible. The model can be considered an empirical
approach that takes advantage of certain a-priori knowledge
about the thermal behavior of laser-tissue interactions. It occu-
pies a middle ground between a comprehensive thermal model,
which precisely describes heat distribution, and a numerical or
deep learning-based model, whose “black box” methodology
neither utilizes a-priori information nor provides a physical
interpretation of the results.

The goal of evaluating the temperature distribution map
during a laser ablation procedure without worsening the in-
vasive impact to continuously optimize the laser parameters
is very ambitious. In another paper we have already analyzed
some aspects related to the reconstruction of the temperature
map from partial measurements through suitable hyperthermal
treatment planning models based on the bio-heat equation [27].
However, this method has the weak point of requiring the
knowledge of the physical thermal parameters, which are
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difficult to estimate, as already discussed.

The approach proposed in this paper, which extends the
work described in [17], is based on the experimental analysis
of the tissue thermal behavior during the laser ablation pro-
cedure. In its basic steps the approach can be summarized as
follows. First the laser is driven to deliver a rectangular heat
pulse, whose effect is a temperature increase that depends on
the tissue thermal parameters and on the distance between the
laser delivery fiber tip and the point in which the temperature
is measured. This temperature variation due to the laser pulse
is measured close to the fiber tip using an FBG-based sensor.
In the experiments described in this work the temperature is
measured using a second optical fiber positioned parallel and
close to the laser delivery fiber, so that the setup is similar
to what described in [28], where a radio-frequency probe
with two parallel needles is disclosed. However, as already
mentioned, a configuration that combines in the same fiber
the delivery and the sensing is possible [23], [24]. Then, the
temperature evolution in response to the initial heat pulse —
both during the heating and the cooling phases — is used to
evaluate the tissue parameters by fitting the measured data in
two locations to an analytical model. Finally, from these pa-
rameters, the temperature distribution at any arbitrary position
can be obtained using the already mentioned analytical model.

The activity presented in this paper represents a first step
towards the more general framework aimed at developing a
tool that can predict the temporal evolution of the temperature
map in the patient-specific tumor area as a function of the
laser parameters (essentially, the power and the duration of
irradiation). Patient-specific means that the tissue thermal and
optical (not addressed in this paper) parameters must be
evaluated for the specific tumor location in each patient. In this
paper we propose to do it by recovering the thermal parameters
from the response to an initial heat pulse. The preliminary
validation of the proposed approach has been carried out in
simplified case constituted by tests with ex-vivo samples. This
is a foundational work and constitutes an essential step towards
more comprehensive laboratory validations and, potentially,
pre-clinical studies in the future.

The remaining of the paper is organized as follows. Sec. II
solves analytically the problem of the temperature distribution
due a rectangular heat pulse; then Sec. III describes the
experimental setup. Sec. IV presents the obtained results,
organized in two tests carried out on two different liver
and with slightly different conditions to start addressing the
problem of repeatability, in a test to analyze the impact of the
uncertainty in the position of the temperature sensing fiber
and in a test to evaluate the ability of the proposed approach
to predict the temperature also close to the delivery fiber tip.
Finally, Sec. V draws the conclusions.

II. TEMPERATURE DISTRIBUTION IN THE PRESENCE OF A
RECTANGULAR HEAT PULSE

The Heat Pulse Method (HPM) is a well-established tech-
nique for the determination of the thermal properties of a
medium by fitting the experimentally obtained thermal impulse
response — also called the thermal Green’s function — to its
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analytical or numerical counterpart. Currently, this method is
mainly employed to determine the physical parameters of soil,
such as conductivity, heat capacity, and diffusivity [29]-[31];
in this paper we propose to extend its applicability to the
biomedical field for determination of thermal parameters of
tissue. As mentioned in the introduction, due to the approxi-
mations in our fitting model, the recovered thermal parameters
should be interpreted as a set of values that, while individually
they may not correspond to the expected physical values, can
nonetheless be used collectively as “equivalent parameters” to
accurately estimate the temperature at the desired locations.

Theoretically, the determination of the Green’s function
would require an impulsive delta function source, both in time
and in space, which is clearly unfeasible. However, close-form
expressions can be also found for sources having Gaussian
space distribution with spherical symmetry. This case is par-
ticularly relevant to our application, as the heat distribution
can be approximately modeled in terms of Gaussian functions
because the heat generated is proportional to the light intensity,
and laser beams are often approximated as Gaussian beams.
Additionally, the scattering and absorption phenomena lead to
a rapid decay of the laser beam along its propagation direction,
further reinforcing the Gaussian shape of the heat distribution.

As described in the heat pulse method [25] for the case of a
constant power released over a time span oy, the temperature
can be written in close-form as:
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where « is the thermal diffusivity, @ is related the quantity of
heat delivered by the source, s is a “time-equivalent” of the
heat source extension being the spatial width of the Gaussian
source 02 = 2ats, r is the distance between the thermal
source (the laser fiber tip in the considered case) and the point
in which the temperature 7' is evaluated, as in Fig. 1-a. Note
that () and ¢ take into account the source power and geometry.
The thermal diffusivity is o = k/(pC), being k the tissue
thermal conductivity, p the tissue density, and C' the tissue
heat capacity.

In the experimental setup, the laser is activated for a
duration fon ranging from a fraction of a second to several
seconds, long enough to induce a temperature transient with
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Fig. 1: Schematic of the Heat Pulse Method. (a): A spatially
Gaussian heat pulse is generated at the laser delivery fiber
tip. The parameters () and t; take into account the heat
delivered by the source and the equivalent width of the
source, respectively. (b): Example of the thermal response T’
at distance r from the source due to a heat pulse with duration
tON-

a sufficiently high signal-to-noise ratio for recovering the
tissue’s thermal parameters. After the laser is turned off, the
temperature returns to baseline (see Fig. 1-b), following a
pattern that is primarily influenced by the distance from the
source.

During an actual ablation procedure, Eq. 1 can be first
employed to estimate the parameters (), «, and t5 by fitting
the equation to the temperature evolution recorded during
a heat pulse test. Then, the same Eq. 1 can be used to
predict the temperature in different positions. Clearly, the
larger the number of fitting points, the more accurate will
be the estimation of the parameters: for this reason, in the
experiments the temperature was recorded during both the
heating and cooling phases.

It is important to emphasize that the model represented
by Eq. 1 does not fully capture the actual physical reality.
For instance, it assumes a homogeneous tissue, whereas bi-
ological tissues are inherently heterogeneous. Consequently,
the parameters derived from the fitting procedure should
be regarded as ‘“equivalent” thermal parameters rather than
quantities with precise physical value. As will be demonstrated
in the experimental section, these equivalent parameters can
nonetheless be effectively used to predict temperature values
at locations where direct measurements are not feasible.

A. Heat pulse method for non-Gaussian sources

The solution of the heat diffusion problem in Eq. 1 is only
valid when the heat source has isotropic Gaussian distribution
and the irradiated tissue is homogeneous. These hypotheses are
hardly fulfilled in practical laser ablation treatments because of
the non uniformity both due to the tissue and to the emission
around the delivery fiber, which predominantly concentrated
in front of the tip. Nevertheless, the optical power is mainly
dissipated in a hot spot located at the fiber output, which is
small with respect to the dimensions of the heated tissue.
This is because biological tissues, like liver, have typically
large scattering and absorption coefficients. Therefore, in this
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scenario the asymmetry of the hot spot become less relevant,
albeit it is still responsible for large errors in some applica-
tions. A solution to this problem could be to represent the
actual optical source as the sum of a large number of ideal
Gaussian sources; however, this approach is not feasible in
practice because it would require the determination of quite
a large number of parameters and this means long process-
ing times. Having experimentally verified that, for the cases
considered in this paper, decomposing the heat source into
three or more Gaussian functions does not result in significant
improvements in accuracy (see also Sect. IV), we opted for
a decomposition into two Gaussian sources. The parameters
of these two sources are obtained through the aforementioned
fitting procedure. The tissue temperature, as described by a
thermal model that incorporates a heat source made by the
superposition of two Gaussian contributions, is thus given by
2:

T%¢ (7‘, t) = T(T7 t,a,Q1,ts1, ) + T(T‘, t, o, Q2, ts2) 2)

where @1, ts1, @2, tso are the parameters describing the
two Gaussian distributions, respectively. The advantage of
using this approach in real applications will be shown in the
Experimental Results section.

Then, to make the fitting procedure more robust and less
sensitive to the tissue non-uniformity, temperature measure-
ments are taken at two points rather than at a single point,
as done in [17]). Specifically, temperatures 71,7 and T},5 are
measured at two known distances r; and ro from the fiber
tip. The parameters «, @1, ts1, Q2 and tsy are estimated
by minimizing the square error SE in Eq. 3 between the
measured temperatures 71,1, 71,2 and their respective predic-
tions T2% (¢, 7;) evaluated at their measurement positions, as
in Eq. 4:

SE = Zt [TQG (t, 7‘1) — Tml (t)] 2 + (3)
+ X [T%6(tr2) — Tz ()]
min  (SE) 4)

a,C1,ts1,C02,ts2

Overall, these solutions represent a significant improvement
with respect to the previous implementation of the HPM
presented in [17].

III. SETUP DESCRIPTION

The experimental activity was conducted on ex-vivo bovine
liver tissue, irradiated with a laser light at 975 nm from a
high-power semiconductor laser coupled into a 600 um core
— 1mm total diameter fiber. The tip of the fiber was cleaved
and encapsulated in a glass capillary with internal diameter
of 1mm and outer diameter of 1.5 mm. The probe is placed
between two slices of ex-vivo bovine liver, each one 2cm
thick.
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The optical source was reconstructed as the sum of two
Gaussian curves, as described in Sec. II-A, and the fitting is
performed using the all set of temperatures measured at two
different points.

The sensing fiber used for the temperature measurement
is a bare glass fiber that embeds an array of 20 FBGs with
1mm length each and 1 mm spacing between each FBG;
hence the spatial resolution in terms of the distance between
two consecutive measurement points is 2 mm. The FBGs were
inscribed into the fiber core using a femtosecond laser with
the Point-by-Point technique. The array was then characterized
as described in [17]. One should note that the validation
of the thermal model does not require knowledge of the
absolute temperature value but only the measurement of the
temperature change from steady-state conditions. To this aim
only the sensor sensitivity is of interest. The sensors were read
using a four-channel Luna’s HYPERION sil55 interrogator,
which implements a tunable laser FBG interrogation scheme.
Differently from the sensors employed for the preliminary tests
described in [17], the sensing fibers used in the tests described
in the following are not encapsulated in capillaries to reduce
the effects of possible mechanical stresses that could occur
during coagulation [32]. This choice, however, significantly
lowers the perturbation induced by these additional fibers to
the thermal model and the overall invasive impact. Anyway,
special care was taken in positioning the sensor and preventing
any mechanical stress during the tests. Future improvements
could include techniques to discriminate between temperature
and strain, such as those based on FBGs inscribed in multicore
fibers [33] or the usage of different fiber sensors insensitive to
strain. The results presented in the following only report the
temperature change AT with respect to the initial temperature.
For this purpose, the calibration procedure is only employed
to estimate FBG sensitivity coefficients.

The sensor array is positioned as shown in Fig. 2. The
sensing point #10 and the following #11 are located close to
the fiber tip and thus to the heat source. They are employed as
measurement points to feed the fitting algorithm. The sensing
points from #12 to #20 are employed for comparison purposes
to assess the ability of the proposed procedure to predict
the temperature away from the measurement points. Sensing
points from #1 to #9 are employed to highlight possible
distortion in the temperature profile introduced by the delivery
fiber, but their outputs are not shown in this paper. This
setup is specific to the characterization tests conducted for
validation; in possible clinical applications a single applicator
capable of measuring in just two points obtained by a sensing
fiber coincident with the delivery fiber or close to it will be
necessary.

IV. EXPERIMENTAL RESULTS

Several tests have been carried out on different biological
tissues, placing the sensing fiber at different distances d from
the delivery fiber and varying the laser power and the exposure
time. The sensitivity of the results with the distance d has been
also analyzed.
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Sensing #1 #10  #11 #20
_}fiber / \ /
d

Delivery

fiber

(a)

(b)

Fig. 2: Experimental setup for the irradiation and sensing of
ex-vivo bovine liver tissue. (a): sketch. (b): picture. The thick
blue probe is the delivery fiber, while the transparent bare fiber
is the sensing fiber that contains 20 equally spaced FBGs. A
red light was launched into the sensing fiber to evidence the
position of the FBGs.

A. Test on liver sample #1

In the first test the distance between the sensing and delivery
fibers was 3.5 mm and the biological tissue was irradiated for
4 s with a power of 3.4 W. The temperature along the sensing
fiber was acquired for a total of 14s. The measurements
obtained from the FBG array are reported in Fig. 3, in which
FBG#10 registered the highest temperature, as expected being
the closer to the fiber tip. A more careful examination of
these curves shows that temperatures increase even after the
laser was turned off. This seemingly counter-intuitive rise
in temperature immediately after the laser is switched off
can be attributed to the relatively slow propagation of heat
compared to the rapid switching-off time of the laser. Indeed,
the sensing points are positioned along the fiber at increasing
distances from the delivery fiber, starting with FBG#10, which
is 3.5mm away, so that each sensor detects a temperature
increase only after a certain delay. In other words, it takes
some time for each sensor to “sense” changes in the laser’s
status.

Fig. 4 shows (a) the results of the fitting algorithm for
the first tests and (b) the residual of the fitting, that is,
the difference between the measured temperature and the
temperature obtained fitting the measured one. To provide a
statistical evaluation of the fitting capability of the model, the
root mean square error (RMSE) was evaluated from the data
of Fig. 4b, yielding 0.039 °C and 0.064 °C for sensor #10 and
sensor #11, respectively.

As pointed out in Sect. I, the thermal model has not been
devised for the measurements of the thermal parameters but
for the temperature prediction close to the measurement points.
Actually, in this test, the recovered equivalent thermal diffusiv-
ity in Eq. 1 turned out to be o = 0.17mm? /s, a value close



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL.XX , NO.YY , MONTH 2024.

5 T
#10
4 L /_/—M‘\
Laser ON
3t #11 _
W
o
2| 1
<
' o wa M
0 — 'asi-?;jﬂ:-:,
#15 to'#20
0 2 4 6 8 10 12 14

Time (s)

Fig. 3: Temperature registered by the sensing fiber during the
first test. The figure reports the readings from FBG#10 to
FBG#20, while the black line indicates the duration of the
laser irradiation.

but significantly different from the result = 0.14mm?/s
obtained in [34] testing a similar tissue.

Once the thermal parameters have been obtained from the
fitting procedure, they can be used to estimate the temperature
at different distances and positions. For example, Fig. 5
compares the temperature predicted along the sensing fiber
(blue line) with the temperature measured using the FBGs
(red circles, corresponding to the sensing points from #10 to
#20) for different times. The bold circles identify the sensing
point #10 and #11 in which the temperatures employed for the
fitting were recorded. The agreement between predictions and
measurements is very good: the almost perfect overlapping
at the two fitting points was expected given the excellent
agreement of the curves in Fig. 4, while at the other positions
the maximum difference is of about 0.25°C.

The results of this test also suggest that a smart applicator
able to simultaneously deliver the laser beam and accurately
predict the temperature in the region in front of it can be
assembled by complementing the delivery fiber with a short
sensing fiber that protrudes just for about 2mm (i.e., up to
FBG #11) to have at least two fitting points.

To highlight the improvement of modeling the heat source
using two Gaussian distributions, the data from the first
experiment were also processed using a thermal model based
on a single Gaussian source. The fitting error increases to
0.5°C and the prediction capability becomes less accurate
with a maximum error of about 0.4°C (Fig. 6). Using more
than two Gaussian distributions does not provide significant
advantages in terms of accuracy, while the processing time
strongly increases: for example, in the case of three Gaussian
distributions, it becomes about five time larger than in the case
of two sources.
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Fig. 4: Results of the fitting algorithm for the first test.

(a): the measured temperatures at the positions of the FBGs
#10 and #11 and the corresponding curves fitting the experi-
mental data according the the model of Eqn. 1. (b): residual
fitting errors.

B. Tests on liver sample #2

A second test was conducted using the same delivery
fiber but a different liver sample. In this case, the distance
between the two fibers was d = 4mm and the laser was
activated for 8s. Compared to the first test, the laser energy
was approximately 50% greater, while the sensing fiber was
positioned slightly farther away. The temperatures acquired at
positions #10 and #11 (Fig. 7a) show a smaller and delayed
temperature peak. This behavior is difficult to predict due
to the inherent variability in liver parameters, which are
challenging to anticipate. For example, in ex-vivo cases liver
characteristics depend on the water content, which in turn
depends on the freshness of the sample, while in in-vivo they
are influenced by proximity to major blood vessels. These
factors highlight the importance of continuous temperature
monitoring during laser ablation procedures.

Quantitatively, in this case, the root mean square error
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Fig. 5: Comparison between measured and predicted temper-
atures at four time instants (0, 3, 5 and 10s) in the conditions
of the first test. The red circles are the temperatures measured
from the corresponding FBGs; the blue solid line is the
temperature predicted by the thermal model based on two
Gaussian sources.

time=0s time=3s
4 O Measured 4 O Measured
Estimated Estimated
L )
2
<]
0 (o]
0 5 10 15 20
Paosition (mm) Paosition (mm)
time=5s time=10s
4 O Measured 4 O Measured
Estimated Estimated
)
-2
<]
0
0 5 10 15 20 1] 5 10 15 20

Paosition (mm) Paosition (mm)

Fig. 6: Comparison between measured and predicted tempera-
tures at four time instants (0, 3, 5 and 10 s) in the conditions of
the first test. The fitting model is based on a single Gaussian
source.
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Fig. 7: Results of the fitting algorithm for the second test.
(a): the measured temperatures at the positions of the FBGs
#10 and #11 and the corresponding curves fitting the experi-
mental data according the the model of 1. (b): residual fitting
errors.

RMSE, evaluated from the data of Fig. 7b, were 0.033°C
and 0.042°C for sensor #10 and sensor #11, respectively.
These values are of the same order of magnitude of those
calculated for the first test, yet slightly lower. The equivalent
thermal diffusivity recovered in experiment (i.e., with this
setup and liver sample) is o« = 0.079mm?/s, a value that
presents a significant difference with respect to that reported
in [34]. Nevertheless, the results in Fig. 8 show again a
good agreement between predicted and measured temperature
values.

C. Sensitivity to the distance between the delivery and sensing
fibers

The proposed model is based on the accurate knowledge
of the sensing fiber position. However, the distance d was
measured with a ruler and it is thus affected by an uncertainty
that reflects on the temperatures predicted by the model. The
conventional method for the uncertainty propagation cannot
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Fig. 8: Comparison between measured and predicted tempera-
tures at four time instants (0, 4, 7 and 23 s) in the conditions of
the second test. The red circles are the measured temperatures,
while the blue solid line is the temperature predicted by the
thermal model.

be here employed since the results depends on a fitting
algorithm and it is not possible to write a function that
describes the measurement model. Anyway, the uncertainty
effects can be highlighted simply by running the fitting and the
reconstruction algorithm while modifying the nominal value
of the distance d. Considering in particular the second test
conditions, errors from —0.5mm to 1 mm were introduced
in the nominal value of d (i.e., around 4 mm). Fig. 9 shows
the predicted temperature distribution at the end of the test.
The maximum deviation is of about 0.1 °C, a value that can
be considered comparable with the fitting errors. The low
sensitivity with the sensing fiber distance is due to the fitting
algorithm that takes advantage of two sensing points located
at a relative distance that is known with a very good accuracy
because the extremely high accuracy of the FBG inscription
process using a femtosecond laser.

D. Evaluation of the prediction capabilities close to the de-
livery fiber tip

The results presented so far confirm that the proposed
method can effectively indirectly measure the temperature in
locations within the treated area, but having an offset with
respect to the delivery fiber. However, during an actual ablation
procedure, the primary focus is on the temperature of area in
front of the delivery fiber. To evaluate the method’s ability to
predict temperature values also in this region, the experimental
setup was modified by adding a second sensing fiber along
the axis of the delivery fiber, as shown in Fig. 10. The goal
of this additional test is to complement the assessment of
the performance of the thermal model and demonstrate that
it can be used to estimate the temperature at any point within
the treatment zone. Thus, it should be noted that the second
sensing fiber is added for validation purposes only and it
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Fig. 9: Temperature predicted along the sensing fiber consid-
ering distance d affected by uncertainty. The bundle of blue
lines were obtained by processing the measurements in Fig. 7a
when the value of d varies in the range of 3.5 mm to 5mm
(second test, nominal value 4 mm).

ensing fooks] % .
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Fig. 10: Setup with two sensing fibers. Red lines on sensing
fiber #1 are the points where temperatures are measured.

is not necessary for the implementation of the measurement
approach. The second sensing fiber is identical to the first one
and was positioned with its first FBG as close as possible
to the delivery tip. For mechanical reasons this minimum
distance was about 2.5 mm); therefore, the hottest point, which
is expected to be directly on the fiber tip, could not be
measured with this setup.

Fig. 11 shows the temperature reconstructed along the
second sensing fiber using the thermal parameters obtained by
processing the temperature measurements from the FBGs #10
and # 11 of the first sensing fiber as described in the previous
sections and reported in Fig. 8. The comparison between
reconstructed and measured temperature is only possible from
the fist available sensor, which as already mentioned is at about
2.5mm from the delivery fiber end-facet. The temperatures
along the second sensing fiber are much larger than those
recorded by the first fiber because the distance from heat
source is smaller. Anyway, also in this case the difference
between predicted and measured values is low, below 2°C,
values that are well within the acceptable ranges for laser
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Fig. 11: Temperature predicted along the delivery fiber in the
conditions of the second test.

ablation procedure.

V. CONCLUSION

Monitoring of the temperature is fundamental for the op-
timal outcome of thermal treatments of tumors, especially
in the case of high-temperature treatments, such as laser
ablation. Considering internal organs, this requires contact
sensors and to minimize the patient discomfort they should
have the minimal possible invasive impact. However, this
essential requirement from the patient viewpoint contrasts with
the necessity of the surgeon to have the temperature map
across the entire tumor area.

The paper has presented a method to predict the temperature
distribution around the laser delivery fiber in a minimally
invasive way because it relies on the temperature measured in
just two points in close proximity of the laser delivery fiber.

The proposed algorithm uses the thermal Green’s func-
tion, with patient-specific tissue thermal parameters obtained
through a fitting procedure based on temperature evolution
measurements at two known positions. This approach makes
the fitting more robust and less sensitive to the position of
the sensing points and to the tissue non-uniformity, which
represents a typical scenario during a real ablation.

The approach has been validated in post-processing through
a series of tests carried out using different ex-vivo bovine
liver samples. The results demonstrated a very good agree-
ment between the predicted temperatures and the validation
measurements, confirming the feasibility of predicting the
temperature distribution across the entire ablated area with a
level of accuracy suitable for this application. These findings
demonstrate the potential of the method for practical imple-
mentation in laser ablation procedures.

However, while the ex-vivo results are promising, addi-
tional testing is essential to fully evaluate the robustness and
versatility of the approach. A much larger dataset is needed
to investigate its performance under varying measurement
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conditions, going beyond bovine liver to assess the method’s
applicability to other clinical contexts where laser ablation
is employed, such as human tissues with varying structures
and properties. Testing under in-vivo conditions will also be
necessary to address the challenges posed by motion, blood
flow, and dynamic thermal effects, which are absent in ex-vivo
scenarios but critical in real-world applications. By addressing
these additional considerations, the method can be refined and
its reliability firmly established for a broader range of clinical
and practical applications.
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