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Abstract—Thyroid nodules represent a widespread health con-
cern and surgery is often adopted even if the incidence of frequent
post-operative complications is not negligible. In recent years, this
framework has fostered the growing spread of thermal ablation
treatments, in particular microwave ablation (MWA). To date,
despite its relevance, state-of-the-art regarding temperature mon-
itoring in thyroid tissue during MWA is lacking. In this paper, the
effects of MWA in thyroid by monitoring temperatures have been
explored. By using several fiber Bragg gratings (FBGs) tempera-
ture sensors, the heat maps in the proximity of the MW antenna
have been reconstructed for two different power values set at
generator. An increase up to about 4.5 cm3 in ablation volume and
up to 24 °C in maximum temperature variation as power rises from
20 W to 30 W has been observed. In addition, the dependency of the
temperature evolution on the involved power has been investigated,
observing that, with increasing power, some FBGs recorded a
ΔT slope increase until the maximum values, resulting in shorter
ablation times, and others recorded a plateau phase until the end of
the MWA treatment. Such a propensity could be relevant to adjust
the clinical settings according to the desired treatment outcome.

Index Terms—Fiber Bragg gratings, microwave ablation,
temperature monitoring, thermal ablation, thyroid nodules.

I. INTRODUCTION

OVER the past decades, thyroid nodules represent a
widespread health concern encountered in up to 76% of

the global population, whose burden grows with advancing age
[1], [2], [3]. In 95% of occurrences, their nature is benign and
asymptomatic, and only 5% are revealed malignant, demanding
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a pressing need for intervention [4], [5]. Nevertheless, surgery
is often adopted even for benign neoplasms since pain and
inconvenience in swallowing, hyperthyroidism, and aesthetic
impairment appear recurrently [6]. Despite surgical procedures
being nowadays recognized as the gold standard for the manage-
ment of such lesions, the incidence of frequent post-operative
complications is not negligible. Besides the evident disadvan-
tages associated with this type of approach (e.g., long hospital
stays, the risk of general anesthesia), a conspicuous number
of patients face damage to the parathyroid glands, laryngeal
nerve trauma or paralysis, neck hematoma, and unsightly scars
[7], [8], [9], [10]. Such adverse repercussions hurt patients’
quality of life and prompted an urgent demand for minimally
invasive alternatives. In recent years, this framework has fostered
the growing spread of thermal ablation (TA) treatments. Their
clinical acceptability for dealing with thyroid nodules is also
witnessed in guidelines laid down by scientific communities
worldwide [1], [11], [12], [13]. Reduced procedural time, very
brief hospital stays, early patient recovery, and low costs are the
hallmarks of TA and enable their preference over conventional
surgery. TA inflicts permanent damage to cancer tissue by apply-
ing extreme temperatures [14], [15]. Generally, thermal damage
of an additional margin (ranging between 5 mm and 10 mm)
around the neoplasm is also advisable, leaving neighboring
healthy structures unharmed, but in the case of the thyroid
gland, this is not necessary when treating benign lesions [16].
During TA, a quantity of energy is discharged and released inside
the affected tissue through an applicator. Thus, the temperature
rise process stems from the energy-tissue interplay and differs
depending on the source employed [17].

Among different TA, microwave ablation (hereafter, MWA)
ranks as one of the most promising. Its success in clinical practice
arises from several benefits compared to other techniques (e.g.,
radiofrequency ablation – RFA – or laser ablation – LA), such as
rapid heating even on a large tissue volume, low susceptibility to
heat dissipation caused by blood perfusion, high temperatures
and the possibility of using more than one applicator concur-
rently [14], [18]. The working principle of MWA lies in the
interaction between water molecules and the externally applied
electromagnetic field that forces dipoles to realign themselves
with the oscillating electric field continuously. This phenomenon
leads to an increase in kinetic energy and, thus, a rise in tem-
perature inside the tissue [19]. During MWA and TA in general,
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temperature monitoring may hold a key role as the amount of
injured volume is strongly dependent on temperature values
and their permanence time [20]. Thus, gathering temperature
information would be beneficial to find the proper treatment
settings and achieve the optimal match between the cancerous
volume and the damaged one, which remains an open challenge
to date. Indeed, clinicians perform the procedure without any
real-time feedback regarding the amount of injury. Therefore,
incomplete ablation or damage to healthy structures is often
recurrent. For this reason, various solutions have been proposed
to keep track of temperatures during TA [21], [22]. Among
others, fiber Bragg grating sensors (hereafter FBGs) emerge
as one of the most promising solutions in this field [23], [24],
[25], [26]. Along with the well-known merits of fiber optic
sensors in general (e.g., biocompatibility, small dimensions,
immunity to electromagnetic interferences), 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, favoring them over other electrical sensors.

To date, despite its relevance, state-of-the-art regarding tem-
perature monitoring in thyroid tissue during MWA is lacking.
Studies found in the literature only come from clinical sources
and evaluate the feasibility and effectiveness of this technique
by following up with patients and tracking the occurrence of
complications after treatment [27], [28], [29], [30], [31].

To fill this knowledge gap, this article presents the first inves-
tigation of temperature in ex vivo thyroid tissue during MWA.
Temperature measurements were accomplished by means of two
optical fibers, each one embedding ten FBGs for a total of twenty
measuring points. This approach allowed to gain spatial and
temporal temperature distribution around the MW applicator and
analyze its changes according to the different treatment settings
generally employed in clinical practice. A preliminary version
of this work was reported in a conference proceeding [32]. In the
current one, we extended our research by i) analyzing different
settings, ii) assessing the size of necrosis area and its shape after
treatment, iii) comparing the temperature variations recorded by
FBGs with those retrieved by the thermocouples embedded in
the MW applicator, and iv) providing heat maps for each trial
carried out. In the following, the experimental setup employed to
perform the tests of MWA on ex vivo thyroid samples is reported,
and the results in terms of ablation volumes and temperature
measurements are discussed.

II. MATERIALS AND METHODS

This section is devoted to the description of the sensors and
the other instruments deployed for performing and monitoring
the MWA tests. Therefore, the sensing principle of FBGs is
illustrated, and each experimental setup component is detailed
hereafter.

A. Working Principle of the FBGs

Contrary to usual optical fibers, characterized by a constant re-
fractive index of the core, the FBG core is periodically perturbed
along the direction of the light propagation. Such perturbation is
called grating and enables the light backward reflection besides

the input light transmission along the fiber. More specifically,
in correspondence of an FBG, the narrow band of the input
light centered around the specific wavelength λB (i.e., Bragg
wavelength), feature of that FBG, is reflected while the re-
maining wavelengths are transmitted without disturbances. The
expression of λB is given by [33]:

λB = 2neffΛ (1)

so that the reflected wavelength λB depends on the grating period
Λ and the effective refractive index neff of the core mode, both
acting as sensor inputs. Indeed, λB represents the measured
quantity, whereas the parameters which affect and change Λ
and neff are the measurands.

Therefore, the sensing principle of the FBG lies in the mea-
surement of the λB shift caused by changes of Λ and neff,
which in turn are typically affected by strain (ε) and temperature
variations (ΔT) occurring around the fiber. The expression of
the normalized λB shift is given by [33], [34]:

ΔλB

λB
= (ξ + α) ΔT + (1− pε) ε (2)

where the first addendum depends on ΔT through the thermo-
optic and thermal expansion coefficients ξ and α, respectively,
whereas the second one depends on the strain ε through the strain
factor pε. Assuming no strain acting on the fiber, the λB shift
depends only on the temperature contribution and (2) becomes:

ΔλB

λB
= ST ΔT (3)

where ST identifies the thermal sensitivity of the FBG equal to
the sum of ξ and α.

The wavelength division multiplexing exhibited by FBGs
makes them ideal for minimally invasive measurements with
high spatial resolution. Indeed, for the measurements reported
in this work, two arrays of ten FBGs each were employed in
such a way that, by inserting only two optical fibers inside the
thyroid tissue, twenty sensing points could be distributed nearby
the MW applicator. Moreover, each FBG had a length of 1 mm
and was spaced from the adjacent one of 2 mm for each array,
resulting in a dense measurement area in a limited portion of
tissue. Such high spatial resolution represents a key element for
this application especially considering the very small size of
thyroid lobes where MWA tests were performed.

Before starting with MWA experiments, the employed arrays
were characterized, and a thermal sensitivity of approximately
6.5·10−6 °C−1 was measured for each FBG. During the MWA
tests, the Bragg wavelengths of the sensors were acquired by
the optical interrogation unit, as described in the following,
with resolution and accuracy of 1 pm and 2 pm, respectively.
Therefore, temperature measurements exhibited a resolution of
0.1 °C and an accuracy of ± 0.2 °C.

The optical spectrum reflected by one of the involved arrays
is reported in Fig. 1(a) before and after recording a temperature
variation ranging from 9 °C to 54 °C among the FBGs of the
array. It can be observed that the λB of each FBG is spaced of
approximately 10 nm from each other, in such a way that the
reflected wavelengths did not overlap in the optical spectrum
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Fig. 1. Optical reflected spectrum by one of the employed arrays of FBGs
before (in blue) and after (in red) a temperature variation (a), with a zoom in
correspondence of the fifth FBG (b).

Fig. 2. Experimental setup employed during the MWA tests on thyroid tissue.

during the experiments. A zoom in correspondence of the fifth
peak is reported in Fig. 1(b) for the sake of clarity.

B. Experimental Setup

The experiments were performed on fresh ex vivo lobes of
swine thyroids extracted and collected immediately after animal
sacrifice from a local slaughterhouse. As shown in Fig. 2, several
instruments have been involved, including MWA, optical, and
ultrasound equipment.

MWA was performed by means of MW generator and probe,
Certus 140TM and PR15 models, respectively, both by NeuWave
Medical Inc. MWA equipment is represented on the left in Fig. 2.
The generator was configured in the ablation mode and worked at
a frequency of 2.45 GHz. The power output of the generator was
set at 20 W and 30 W, whereas time duration was constant for all
the performed tests and equal to 5 min. Indeed, one of the main
goals of this work lies in the comparison of the MWA effects for
different power values in order to investigate the power impact
on the ablation outcomes. It is worth noting that usually along the
power distribution system approximately the 30% of the power
set at the generator dissipates due to coaxial cable losses [35].
Therefore, for the two power settings considered in this study,
i.e., 20 W and 30 W, about 14 W and 21 W reach the applicator

Fig. 3. Zoom on the target region of thyroid undergoing MWA showing
the positioning of MW antenna and FBG arrays in the XY plane. FBGs and
thermocouples are reported in blue and green, respectively, whereas the antenna
emission point is in red.

emitting point, respectively. The generator also included the
cooling system, which was based on CO2 and helped limit
the temperatures to which cables and probe were subjected.
Therefore, CO2 flowed inside the probe tip to cool the MW
antenna. Indeed, the pressure drop induced the gas to expand,
causing the probe cooling in the wake of the Joule-Thompson
effect. The probe, connected to both generator and cooling
system, delivered the MW energy through the emission point of
the antenna, at 10 mm from the tip. An antenna having a length
of 15 cm and a diameter of 17 gauge was selected because of
its small size, advantageous feature given the small dimensions
of the thyroid. The employed model, indeed, has been selected
for its particularly small dimension of the antenna. It has been
developed with the aim to treat small ablation targets, being
able to quickly heat the tissue surrounding the tip and, at the
same time, reduce the thermal damage extension within the
longitudinal section of the ablation volume [36]. Therefore, this
work aims to investigate the suitability of microwave applicator
for ablating small targets as thyroid. Furthermore, the probe
embedded two thermocouples. Such sensors, placed at 14 mm
and 24 mm from the antenna tip, are denoted herein by S1 and
S2, respectively (see Fig. 3).

The optical equipment is displayed in the middle left of Fig. 2
and included FBG sensors, optical interrogation unit, and laptop.
Starting from the sensors, two optical fibers, each one embedding
an array of ten bare FBGs produced by AtGrating Technology,
were employed, as mentioned in the previous section. The FBG
arrays were inserted in the thyroid tissue on either side of the
probe as represented in the schematic of Fig. 3.

It is worth noting that the schematic reported in Fig. 3 is
not to scale for the sake of clarity, since the fiber optics have
a much smaller size, i.e., a diameter of 125 µm (bare optical
fiber diameter) in correspondence of the gratings. The arrays
were denoted by A1 and A2, whereas the FBGs were numbered
from 1 to 10 as the fiber tip approached. The insertion depth of
the arrays into the tissue was controlled by means of a reference
marker on each optical fiber, in such a way as to place the seventh
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TABLE I
DISTANCES BETWEEN FBG ARRAYS AND MW ANTENNA

Fig. 4. Photo during the guided insertion of the MW probe inside one of the
thyroid samples (a) and an ultrasound image of the tissue transversal section
containing the MW antenna and the array A2 (b). The red and yellow circles in
(b) contain the transversal sections of the antenna and A2, respectively.

sensor, i.e., FBG 7, of both A1 and A2 at the same depth along
the x-axis with respect to the antenna emission point, denoted
by the red spot in Fig. 3. The insertion of each array inside the
tissue was carried out by means of a tiny percutaneous needle:
the needle was inserted under the ultrasound guidance in parallel
with respect to the antenna, in the same XY plane; then, the array
was inserted into the needle up to the reference mark and the
needle was pulled out from the thyroid tissue. The distances d1

and d2 between arrays (A1 and A2, respectively) and antenna are
reported in Table I for each performed test and were calculated
by means of a digital caliper. To collect the signals recorded by
the FBGs, the optical interrogation unit si255 by Micron Optics
and based on Hyperion Platform was used. Such interrogator
could work at an adjustable acquisition frequency, set at 100 Hz
for the experiments reported herein. Data acquired by the inter-
rogator were displayed on a laptop in real-time during the MWA
tests.

Finally, the last equipment of the experimental setup lies
in the ultrasound machine and probe, shown on the right in
Fig. 2. These tools were employed for leading and following
the insertion process of MW antenna and FBG arrays inside the
thyroid samples, as shown in the photos of Fig. 4. In particular,
the echograph MyLab25 X Vision by Esaote was involved and
the ultrasound guidance was performed before the MW power
delivery and not during the treatment, in order not to induce
strain in the tissue and affect the measurements of the FBGs.
Therefore, the ultrasound probe allowed to ensure proximity
and alignment of the FBGs to the antenna and confirmed the
distances d1 and d2 for each test. Fig. 4(a) shows the guid-
ance of the ultrasound probe during the procedure of antenna
insertion inside one of the thyroid lobes. Instead, Fig. 4(b)
reports an ultrasound image of the tissue section displaying
the relative position of array A2, which transversal section is
circled in yellow, from the antenna, which section is circled in
red.

III. RESULTS AND DISCUSSION

In this section, the experimental results are reported and
discussed. Ten tests of MWA, each performed on a different
lobe of ex vivo swine thyroid, are described in the following in
terms of the observed thermal lesion and recorded temperature.
Therefore, the analysis of the ablation effects as a function of
the power set at the MW generator is carried out from two
perspectives, i.e., by evaluating i) the size of the ablated volume
and ii) the thermal profiles and maps recorded by the FBGs.

Moreover, data measured by the FBGs are compared with
respect to the ones recorded by the two thermocouples embedded
inside the MW probe.

A. MWA Outcomes: Analysis of the Ablated Volume

The photos of the ten thyroid lobes which underwent MWA
are displayed in Fig. 5. Each sample was subjected to a single
MW heating lasting 5 min. To analyze the ablation outcomes
at different power values, the first five tests were performed at
a power of 20 W, whereas from the sixth to the tenth the tests
were performed at 30 W, as reported in Fig. 5.

In order to evaluate the ablated volume for each MWA test
by varying power, the organs were cut after each treatment
and the size of the transversal and longitudinal sections of
ablated tissue were measured by means of a digital caliper.
Indeed, the photos collected in Fig. 5 show the thyroid lobes
after the MWA tests and, thus, the performed cuts are clearly
visible. Once cut the tissue, the transversal and longitudinal
sections of the ablated volume were discriminated by a macro-
scopic analysis of the tissue color, which typically changes
according to the proximity to the antenna. Fig. 6 reports a
schematic of the ablated volume highlighting the transver-
sal and longitudinal sections of the ablated volume in a side
view (Fig. 6(a)) and detailing the dimensions of such sections
(Fig. 6(b)).

Therefore, longitudinal diameter (LD) and antero-posterior
diameter (APD) were measured in the longitudinal section,
whereas transverse diameter (TD) in the transversal one.
Fig. 6(c) shows the measuring process of LD, TD, and APD
for one of the performed tests (i.e., the seventh test). The
photos reported in Fig. 6(c) also show the color change of the
thyroid tissue, getting closer to the brownish grey for the tissue
approaching the center of the ablation region until becoming
nearly black in correspondence of the tissue immediately close
to the antenna.

Table II outlines the initial temperature of the thyroid lobes
(i.e., T0), MWA setting (i.e., MW power and time of treatment),
thyroid size (i.e., the lengths L1 and L2 defined in Fig. 5), and
ablation lesion size for each performed test. Concerning the le-
sion size, it can be observed that by providing the measurements
of LD, APD, and TRD, the ablation volume V was calculated for
each trial. Table II shows that, by increasing the power from 20 W
to 30 W, V tends toward an increment up to about 4.5 cm3, which
is the increase of V between test 2 (i.e., when the minimum value
of V was measured) and test 8 (i.e., when the maximum value of
V was measured). Moreover, for each ablated volume the shape
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Fig. 5. Photo of the thyroid lobes undergoing MWA after each test (to scale).

Fig. 6. (a) Side view of the ablated volume of thyroid undergoing MWA; (b) transversal and longitudinal sections of the ablated volume highlighting the diameters
of the ablation lesion; (c) values of LD, APD, and TD of the lesion measured after the fifth test of MWA.

index SI was assessed according to the following equation [37]:

SI =
(APD + TD)

2LD
(4)

Such a dimensionless parameter indicates a more spherical
ablation shape as it approaches the value 1.0.

It is worth noting that ablation volume is affected by both
power of the treatment and thyroid size. Indeed, dimensions
of LD, ADP, and TD and, in general, V tend to increase by

increasing the power, with fluctuations which could be due to
the thyroid size.

B. MWA Outcomes: Analysis of the Temperature Recordings

For each test of MWA, temperature trends inside the target
tissue as function of time and space were recorded by means of
the two arrays of FBGs (i.e., A1 and A2).

Starting from theΔT profiles as a function of time recorded by
each FBG of the arrays, Figs. 7 and 8 report the trends measured
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Fig. 7. ΔT profiles as a function of time recorded by array A1 (color lines) and thermocouple S1 (black line) during the five tests performed at 20 W (first row)
and the five tests performed at 30 W (second row).

Fig. 8. ΔT profiles as a function of time recorded by array A2 (color lines) and thermocouple S1 (black line) during the five tests performed at 20 W (first row)
and the five tests performed at 30 W (second row).
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TABLE II
TREATMENT SETTINGS AND THYROID DIMENSIONS

Fig. 9. ΔT profiles as a function of time recorded by the thermocouple S1

during the tests performed at (a) 20 W and (b) 30 W .

Fig. 10. ΔT profiles as a function of time recorded by the thermocouple S2

during the tests performed at (a) 20 W and (b) 30 W .

by A1 and A2, respectively, highlighting the differences caused
by the two involved power values, i.e., 20 W for the first row
and 30 W for the second row of both Figs. 7 and 8. Indeed, by
increasing the power from 20 W to 30 W, it is observable an
increase of i) the maximum recorded ΔT and ii) the slope of the
ΔT trend. More specifically, the maximum values of ΔT (i.e.,
ΔTmax) for each test performed at 20 W ranged from 60.9 °C
to 70.9 °C, whereas ΔTmax recorded during the tests performed
at 30 W ranged from 76.9 °C to 84.7 °C. Therefore, the FBG
arrays recorded an increase up to 24 °C approximately when the
power increased from 20 W to 30 W. Moreover, for the tests
performed at 30 W, the ΔT slope until the maximum values
increased, resulting in higher recorded temperatures in shorter
times, e.g., less than 2 min for test 6 (see A1 recordings, Fig. 7)
and test 8 (see A1 recordings, Fig. 8).

Besides the ΔT increase in its maximum value and slope
during the MW heating, when a power of 30 W was involved,
a plateau phase was recorded by several FBGs. As it can be
observed in Fig. 7 and in Fig. 8, such flat profiles of ΔT during
the plateau concluded in correspondence of the end of the MW
heating, i.e., from the fifth minute of MWA onwards, when the
decreasing ΔT profile started.

For many FBGs measuring the plateau, the starting point of
the flat phase started almost immediately after they recorded the
maximum value of ΔT. Some examples in this regard are given
by FBG 4 of A1 during tests 6, 7, 8, and 10 (Fig. 7), and by FBGs
4 and 5 of A1 during test 7 (Fig. 7), and FBGs 3 and 4 of A2 during
tests 8 and 9 (Fig. 8). The slope and time needed to measure the
maximum ΔT, and thus the plateau, varied depending on the
distance and position of the FBGs with respect to the antenna.

Other FBGs, instead, started to record a short plateau stage
only near the end of the MWA heating and after a sudden change
in the slope of the ΔT profile. This is the case of, for example,
FBG 7 of A1 (Fig. 7) and FBGs 1 and 2 of A2 (Fig. 8) during
the sixth test. In correspondence of these sensors, the increasing
temperatures at stake propagated later resulting in a rapid ΔT
increase up to 27 °C, approximately. Such phenomenon, though
less noticeable, can also be observed during the other tests
performed at 30 W, especially for the nineth test.

Finally, in other cases, after recording the maximumΔT, some
FBGs measure a slight decrease of ΔT before the plateau phase,
e.g., FBGs 1 and 3 of A1 during the sixth test (Fig. 7), a sign
of a possible temperature propagation through the tissue toward
more external and colder thyroid regions.
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Fig. 11. Maps of ΔT as function of time for the tests performed at 20 W (first row) and at 30 W (second row) recorded by the array measuring the highest
temperature values. The black dashed line refers to the theoretical position of the applicator emission point with regards to y-axis.

As previously mentioned, also temperature data recorded
by the thermocouples embedded inside the MW probe were
collected, as reported in Figs. 9 and 10. In particular, Fig. 9
shows theΔT trends as a function of time recorded by S1, which
is the closest thermocouple to the emission point of the antenna,
as illustrated in Fig. 3, i.e., placed at only 4 mm from it. The
reported ΔT profiles were acquired during the tests performed
at 20 W (Fig. 9(a)) and 30 W (Fig. 9(b)).

Due to its proximity to the emission point of the antenna, S1

recorded higher values of ΔT with respect to the FBGs, as can
be seen in Figs. 7 and 8 where the temperature measured by
the thermocouple S1 is reported in black together with the ones
measured by the FBGs.

Indeed, the maximum ΔT value recorded by S1 was 87.3 °C
for the tests performed at 20 W (Fig. 9(a)), and 85.7 for the
tests performed at 30 W (Fig. 9(b)). The comparison between
Fig. 9(a) and (b) highlights the influence of the power settings
on the temperature measurements, in particular on the ΔT slope
before recording the maximum values. As for the recordings of
the FBGs, when power was increased at 30 W, ΔT initial slope
increased and a plateau phase was recorded until the end of the
MW heating.

The close end of the MW heating corresponded to the end not
only of the ΔT plateau recorded by S1, but also of the cooling
mechanism inside the MW probe. Such cooling phenomenon
can be denoted in Fig. 10, which reports the ΔT profiles mea-
sured during the tests performed at 20 W (Fig. 10(a)) and the ones
performed at 30 W (Fig. 10(b)), by the thermocouple S2, placed
at 14 mm from the antenna emission point. Since its location
along the probe, S2 could monitor the cool flow of CO2 inside
the MW probe, being affected more by the cooling process rather
than the heat source.

Therefore, as noticeable in Fig. 10, theΔT trends as a function
of time recorded by S2 are totally different with respect to the
ones measured by the FBGs and S1. Indeed, due to the activation
of the cooling system, as MWA started, ΔT decreased in that
position point. The temperature drop was more significant when

power was set at 30 W, by recording –30 °C approximately. After
the initial fast ΔT decrease, the temperature started to increase
slightly until reaching an almost constant profile around the
starting value. Then, for each test, when the MW heating ended,
CO2 flow was automatically stopped, causing a sudden increase
in the ΔT recorded by S2, denoting the significant influence of
the cooling system on this thermocouple. Besides the temporal
ΔT profiles, the employed arrays of FBGs allowed mapping the
temperature distribution as a function of both time and space.

In this respect, Fig. 11 shows the temperature variation maps
during all the tests. More specifically, the maps reported in
Fig. 11 recorded by the array measuring the highest ΔTmax,
i.e., A1 for tests 1, 4, 6, and 10, and A2 for the remaining ones.
SuchΔT maps report the temperature values in the form of color
information as a function of time, along the abscissas, and spatial
position of the FBGs in the corresponding axis of the array, along
the ordinates. The experimental data of ΔT measured by the
FBGs belonging to the same array were interpolated by means
of a piecewise linear interpolation along the ordinates, i.e., the
array axis. From Fig. 11, it is visible that also ΔT maps changed
their shape and values when power increased. Indeed, at 30 W,
higher temperatures were recorded faster by more FBGs, being
kept almost constant (tests 7 and 10) or even more increased
(tests 6, 8, and 9) until the end of the MW heating, i.e., the fifth
minute of MWA.

IV. CONCLUSION

In this study, we carried out the first research on the effective-
ness of MWA in thyroid tissue by monitoring temperatures in
twenty measurement points using FBGs and reconstructing the
heat maps in the proximity of the MW antenna. We showed a
total of ten tests at two powers (i.e., 20 W and 30 W set at the
generator) for the same treatment time (i.e., 5 min) to assess the
outcome (in terms of achieved temperature and necrosis volume)
according to the power setting. As expected, a tendency towards
an increase in ablation volume and maximum ΔT as power
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rises was observed. In addition, the temperature evolution also
depends on the power. Specifically, at 20 W, the temperature
increased for as long as the energy was delivered. On the other
hand, at 30 W, several FBGs experienced a plateau before
switching off, especially the ones closest to the antenna. This
finding was also confirmed by the trend of the thermocouple
embedded inside the antenna in proximity to the emission point.
Despite the presence of temperature plateau in temperature
evolution during MWA is known, the use of arrays of FBGs
allowed to measure it and quantifying this phenomenon in the
area surrounding the MW applicator. Such a thermal monitoring
in the target area could be relevant to adjust the clinical settings
according to the desired treatment outcome. Indeed, since the
thermal damage depends on temperatures recorded and exposure
time, attaining cytotoxic temperatures more rapidly can decrease
the treatment total duration. The real-time knowledge of the
temperature distribution in the target area can assist the clinicians
in developing correlations between power settings and ablation
results in terms of thermal gradients and ablation dimensions.

In conclusion, these findings mark a step towards an insight
into the efficacy of MWA in thyroid tissue, thus benefiting
clinicians in real-world scenario.
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