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Summary

The combination of new chemotherapies and surgical treatments has dramati-
cally improved the survival rates of people affected by cancer over the last decades.
However, these successes are not evenly distributed among the various types of can-
cer; in particular, little progress has been made in the treatment liver and pancreas
tumors.

The Ph.D. activity aimed to contribute by proposing an innovative all-fiber
optic applicator with embedded sensing capabilities for the Laser Ablation (LA)
treatment of liver and pancreas tumors.

LA is one of the so-called minimally invasive tumor therapies — the others being
radio-frequency (RFA) and microwave (MWA) ablation — that rely on the local
increase of the temperature above cytotoxic levels to induce the necrosis of malig-
nant cells. In particular, LA exploits the temperature increase due to the tissue
absorption of a high power laser beam, usually at near-infrared wavelengths. These
hyper-thermal therapies constitute an alternative to more traditional surgical re-
section and are particularly attractive because of their reduced post-operative dis-
comfort since they can be performed through percutaneous needles and affect only
a limited body zone. Although LA has already demonstrated several advantages
over competing procedures, its diffusion is still limited. One of the main reasons is
the lack of a proper treatment protocol to be used first for planning and then to
monitor as it progresses. A first step towards the definition of such procedure is
the real-time monitoring of the temperature reached by the tissue under treatment
so that it is possible to ensure reaching the proper cytotoxic level while avoiding
damages to the surrounding healthy tissue.

In this framework, the Ph.D. activity explored the feasibility of a new type
of applicator for LA that embeds Fiber Bragg Gratings (FBGs) as temperature
sensors. FBGs were selected because being all-fiber-based are entirely compatible
with the laser radiation and present several advantages with respect to other fiber
optic sensors due to their technological maturity and widespread use in different
fields of engineering.

In a first phase, several commercial FBGs were encapsulated in different em-
bodiments to reduce the effect due to strain cross-sensitivity and characterized in
uniform temperature conditions in order to find their sensitivity. Then, the errors
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due to their use with a real temperature distribution in simulated operative condi-
tions have been thoroughly analyzed. Indeed, even if FBGs are commonly employed
for several applications, no detailed studies of their response and errors in presence
of non-uniform temperature distributions, which are typical of LA, were present in
the literature. Numerical models to simulate the sensors readings in presence of
steep temperature gradients have been developed and the results have been experi-
mentally confirmed with dedicated setups. The effect of the sensor position, length,
and embodiment in the temperature distribution estimation have been quantified
for different sensor configurations.

Then, the work has focused on the development of a new applicator to simulta-
neously deliver a high power laser beam with a suitable pattern to match the tumor
size and sense the temperature. This has required studying an appropriate fiber
surface modification to allow also the lateral irradiation. Using a double-cladding
specialty fiber, it has been possible to write several FBG sensors in the inner core
for temperature mapping and use the inner cladding to guide the beam for LA.
The irradiation pattern and the integrated sensors response have been character-
ized in phantoms to allow reproducible test conditions and then validated using
ex-vivo porcine liver. Finally, the realized applicator has been tested in in-vivo
animal cases, obtaining preliminary results on the clinical validity of the proposed
approach.
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Chapter 1

Introduction

The World Health Organization (WHO) [1] states that “cancer is a leading

cause of death worldwide”, with an estimation of about 1 in 6 deaths in 2018 due
to cancer, 70% of which occurring in low- and middle-income countries. In 2016
the number of global cancer-related deaths was half of those due to cardiovascular
diseases, the main cause of death, but almost three times those related to respiratory
diseases, the third cause (Fig. 1.1). Besides for the social impact, cancer implies,
therefore, health care costs, which was estimated at approximately US $ 1.16 trillion

in 2010.

Cardiovascular diseases I 32.26%
Cancers I 16.32%
Respiratory diseases N 6.48%
Diabetes 5.83%
Dementia | 4.36%
Lower respiratory infections | 4.35%
Neonatal deaths [N 3.16%

Diarrheal diseases 3.03%
Road incidents 2.45%
Liver disease [l 2.3%
Tuberculosis 2.22%
Kidney disease |l 2.17%
Digestive diseases i 2%
HIV/AIDS 1.89%

Suicide 1.49%
Malaria 1.32%
Homicide @ 0.71%
Nutritional deficiencies ~ 0.67%
Meningitis 1 0.58%
Protein-energy malnutrition & 0.56%
Drowning W 0.55%
Maternal deaths | 0.42%
Parkinson disease J| 0.39%
Alcohol disorders I 0.32%
Intestinal infectious diseases J| 0.28%
Drug disorders | 0.26%
Hepatitis § 0.25%
Fire ] 0.24%
Conflict | 0.21%
Heat-related (hot and cold exposure) | 0.1%
Terrorism | 0.06%
Natural disasters | 0.01%

0% 5% 10% 15% 20% 25% 30%

Source: IHME, Global Burden of Disease CC BY-SA

Figure 1.1: Annual number of deaths by cause, World, 2016. Data refers to the

specific cause of death, which is distinguished from risk factors for death, such as
air pollution, diet and other lifestyle factors [2].



1 — Introduction

Different types of cancer exist (Fig. 1.2), with different causes. However, accord-
ing to the cited document of WHO, in high-income countries “one-third of deaths
from cancer are due to the 5 leading behavioral and dietary risks: high body mass
index, low fruit and vegetable intake, lack of physical activity, tobacco use, and
alcohol use”. On the other hand, “cancer causing infections, such as hepatitis and
Human Papilloma Virus (HPV), are responsible for up to 25% of cancer cases in
low- and middle-income countries” [3].

Breast cancer | 5 ion
Colon & rectum cancer | G 32 million
prostate cancer || Y 5 7 illion
Tracheal, bronchus, and lung cancer _ 2.84 million
stomach cancer | 2.2 ilion
Uterine cancer | NI 96 million
Cervical cancer | NN 1 24 million
Bladder cancer || S 1 77 million
Lip & oral cancer | 139 million
Kidney cancer | 129 milion
Thyroid cancer | 1-23 million
Liver cancer |J 1.03 million

Non-melanoma skin cancer 857,216
Ovarian cancer 785,602
Brain & nervous system cancer 781,185
Larynx cancer 637,720
Esophageal cancer 556,241
Pancreatic cancer 363,570
Testicular cancer 339,826

Nasopharynx cancer 332,016
Gallbladder & biliary tract cancer 169,019

0 1 million 3 million 5 million 8 million
Source: IHME, Global Burden of Disease CC BY-SA

Figure 1.2: Total number of people suffering from cancer in the world in 2016,
differentiated by cancer type and measured across both sexes and all ages [2].

Comparing the number of people affected by cancer by type in Fig. 1.2 with
the corresponding deaths in Fig. 1.3, it is evident that for some cancers current
therapies are fairly adequate (e.g., for breast cancer), while for others they are
clearly ineffective (e.g., for liver and pancreas cancers) [4]. Indeed, cancer mortality
rates are globally decreasing in countries of all income levels, especially for most
common types of malignancies, with the exception of liver cancer in both sexes; this
“can be explained by lifestyle exposure changes and lack of liver cancer screening
protocol, vaccination, or known curative treatment” [5]. In other words, despite
the progress of chemotherapies and of surgery, liver tumors — but also other types
tumors of the gastrointestinal tract, such that of the pancreas — still require a lot
of research efforts to improve the survival rates.
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Figure 1.3: Total annual number of deaths from cancers across all ages and both
sexes, broken down by cancer type [2].

This thesis aims at providing a contribution to the fight against these types
of cancer by reporting the results obtained during the Ph.D. studies, which have
been devoted to the investigation of a new laser tool for the minimally invasive
treatment of solid tumors in deep-laying organs, with a particular focus on the
liver cancer. Before going into the details of the Ph.D. activities, next sections
describe the most common techniques that are nowadays employed to treat liver
cancer and the possibilities to control these treatments.

1.1 Minimally-invasive tumor thermal treatments

The liver tumor is said to be “primary”, Hepatocellular Carcinoma (HCC), if its
origin is in the liver or “secondary” — the most common type — if it is a metastasis
coming from another site, such as pancreas, colon, stomach, breast, or lungs [6]. In
both situations, “surgical resection remains the best treatment of choice” with “a
long-term survival of 25% up to 41% after five years” [7], even if it can be applied
only to patients in which the tumor affects a confined region only and co-morbidities
are not present. An alternative is represented by less-invasive techniques — generally
known as “ablations” —, which are suitable, however, mainly for lesions smaller than
3cm in diameter [8][9].

Among these techniques, several new percutaneous approaches have been pro-
posed in recent years. In these cases, different treatments can be performed locally
on the tumor site by mean of thin tools inserted via small needles through the skin
(Fig. 1.4), with many advantages related to the abbreviated recovery period [10].
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Liver tumc—ur Treatment area Post-_ablatiun

--------Thermal applicator

Figure 1.4: Schematic of the procedure for general tumor ablation. The applicator
is inserted percutaneously into the liver in order to reach the tumor and cause the
cell necrosis (often by delivering electromagnetic energy); afterward, the dead cells
are absorbed from the organism [11].

These minimally invasive approaches are usually performed under imaging con-
trol and, in most of the cases, they rely on the cell necrosis caused by thermal effects.
Indeed, by providing to the cells a thermal shock for the appropriate amount of
time (Fig. 1.5), it is possible to obtain permanent cytotoxic effects.
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Figure 1.5: Irreversible effects on cells depending on the temperature-procedure
duration combination [12].

In particular, the biological effects on the cells caused by a temperature increase
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are those reported in Tab. 1.1. In practice, the temperature is usually kept between
55°C to 100°C for 5-10 minutes, in order to have a good tissue response in rea-
sonable time and to avoid too high temperatures that would carbonize the tissue,
hampering the treatment outcomes besides for being dangerous for surrounding
healthy tissue.

Table 1.1: Main biological effects of temperature increase on cells [12].

Temperature °C Effect
37 Normal
45 Hypertermia
50 Reduction in enzyme activity, cell immobility
60 Denaturation of proteins and collagen, coagulation
80 Permeabilization of membranes
100 Vaporization, thermal decomposition
>100 Carbonization
>300 Melting

In the next subsections, the most common minimally-invasive thermal therapies
currently employed to treat liver (and not only) cancer are described.

1.1.1 Radio-frequency ablation

Radio-Frequency Ablation (RFA) is the thermal ablation method with the
longest history [13]. In this treatment, an alternate current with a frequency in
the 375kHz to 500 kHz range [14] is delivered through a thin active electrode that
is inserted into the tumor mass and a larger one, the grounding pad, that is stuck
on the patient skin to close the electrical loop [15]. The current flows into the
tissues producing the ionic agitation, which turns into the heat production [16].

Typical active electrodes have a needle shape, in which the body is insulated but
the tip, for a length of 1cm to 3cm; in this cases, however, the heating is mainly
in the proximity of the active part of the electrode, with a consequent narrow
ablation region. To overcome this, multiple electrode systems have been proposed
(Fig. 1.6 (left)), but the insertion of more than one needle in the correct position
is challenging.

More recent electrodes have an umbrella shape as shown in Fig. 1.6 (center-
right); obviously, they are inserted closed through a needle and then the hooks
can be expanded to fit different tumor sizes [18]. The needles employed for the
active electrode insertion are from 14 to 17 Gauges, which correspond to 1.1 mm
to 1.6 mm of external diameter.

The RF generators usually deliver 50 W to 200 W of electrical power and cost
between 12.000 $-30.000 $, whereas each applicator, the disposable part, costs
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Figure 1.6: Comparison between different RFA applicators: multiple electrode type
employed to increase the ablation size (left) and two versions of the more sophisti-
cated umbrella-shape electrode (center and right) [17].

between 500 § —1000 $; hence RFA results quite expensive [17]. Needles positioning
is usually performed under Ultrasound (US) guide, but there are commercial devices
that are compatible with Computed Tomography (CT) and Magnetic Resonance
Imaging (MRI) in order to achieve better results [19], even if these techniques
require more expensive facilities and therefore are less employed.

Although some commercial devices can be used with CT and MRI for the po-
sitioning in those situations where the US are not suitable, a possible CT/MRI
temperature mapping to monitoring the procedure is slightly compromised due to
artifacts induced by the applicator material [20, 21]. Therefore, to perform a treat-
ment monitoring without imaging support, different solutions are implemented in
the RFA systems itself. The most common solutions currently available are tiny
thermocouples located inside the active portion and the impedance evaluation of
the current path inside the patient body [22, 23, 24, 25].

1.1.2 Microwave ablation

Despite the introduction of more effective applicators, the main limitation of

RFA is tumor size, which is usually less than 3cm [26]. To overcome this limi-
tation, MWA has been proposed over the years and nowadays this is the second
most employed ablation technique worldwide [27]. In MWA an electromagnetic
field in the 0.9 GHz to 2.5 GHz frequency range is applied through an antenna per-
cutaneously inserted into the tumor, without any grounding pad on the patient
(Fig. 1.7).
This field is less subjected to tissue desiccation and variability, hence, theoretically,
more substantial ablation can be performed [28, 29]. Even if an experimental
characterization of the tissue properties is still missing [30], preliminary clinical
trials suggested that MWA can replace the RFA [31].

The microwave generator can provide about 60 W and costs around 45.000 $.
The antennas are, usually, 25 cm long and are applied by mean of 14 Gauges needles.
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Figure 1.7: Example of a commercial MWA system, constituted by the microwave

generator and the antenna applicator; from (Solero® - MWA System, Balmer Médi-
cal SA, Rte de Provence 52, CH-1426 Concise).

Each applicator is not reusable and costs about 500 $ [17]. Even in this case, some
thermocouples can be embedded inside the applicator to measure the temperature
reached by the tissues and control the delivered power. Moreover, several external
probes, also fiber optic based, are proposed in the literature to be combined with
the antenna and measure the temperature in different regions [32, 33].

1.1.3 Laser ablation

Another interesting opportunity to perform the tissue ablation is exploiting the
absorption of laser light by tissue, the so-called Laser Ablation (LA). Laser light is
generated by stimulated emission [34] and, unlike the light coming from the sun or
a lamp, is almost monochromatic (single wavelength) and more “ordered”; thus it
can be collimated and focused more efficiently, allowing higher power densities that
are useful for many surgical applications [35]. The use of laser light for ablation
has some intrinsic advantages, such as the absence of currents (so no electrocution
risks) and, most important, the possibility to deliver the beam by means of thin
optical fibers. This constitutes one of the main advantages of LA over the other
proposed techniques since optical fibers are made with dielectric materials only
and are therefore suitable to be employed under MRI and CT guidance. Lasers
emitting at different wavelengths covering the entire spectrum from Ultra-Violet
(UV) to Infra-Red (IR) exist. Omne of the most widespread, and less expensive,
family is semiconductor Laser Diodes (LDs), which, as the name implies, have a
diode junction structure and emit light exploiting the recombination of electrons
and holes; they typically emit in the Visible (VIS) or Near Infra-Red (NIR) ranges
depending on the semiconductor alloy forming the junction (e.g., GaN, GaAs, InP,
etc.). LDs have widely employed for several applications in medicine thanks to
the possibility to have different effects on different tissues exploiting the relation
between the wavelength and the penetration depth. For example, LDs emitting
at a wavelength of 670nm are often employed for external applications, like in
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dermatology, while those with a wavelength between 800 nm to 1200 nm are usually
more suitable for deep-laying tissue structures [36].

In particular, considering the absorption of the liver reported in Fig. 1.8, a good
compromise between tissue absorption and penetration depth (hence the extension

of the treated tumor mass) occurs for wavelengths in the region between 800 nm to
1000 nm.
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Figure 1.8: Optical properties of 100 unstained pig liver. Mean values from three
measurements, mean thickness 0.5 mm [37].

The tissue penetration depth is one of the drawbacks of the laser light, which
can turn into tiny ablations due to the easy tissue charring close to the fiber tip
delivering the energy. To prevent this problem, in recent years, several solutions
have been proposed to increase the treatment area, from cooled applicators (which,
however, increase the tool diameter) to multiple applicators or diffusing fibers [38,
39].

According to the application, the laser can be modulated (pulsed) or continuous;
the former is usually applied for cutting purposes, while the latter is employed for
heating.

A typical laser system can deliver few watts for each fiber, in the case of conven-
tional fiber emitting from the tip or up to 30 W in the case of diffusing applicators
(in continuous emission mode). The cost can be of 20.000 $ — 50.000 $ for the laser
system and up to 2.000 $ for the applicator, which however can be used to treat
up to 50 patients citeRFAneedles.

Considering these possibilities, in the thesis work a diode laser was used with a
nominal wavelength of 980 nin (BMU25-9xx-01/02-R, Oclaro) and maximum out-
put power of 25 W, in a continuous way. Then, the delivery fiber has been modified
in order to become diffusive, as described in 5. This allows on the one side to
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Inner catheter Outer catheter

5 198 mm
|

Laser fiber with 30 mm
Cooling saline  Cooling saline  diffuser tip
inflow outflow

Figure 1.9: Example of commercial diffusing fiber with cooling system [40]: a)
insertion kit to introduce the fiber percutaneously in the liver; b) scheme of the
applicator; ¢) picture of the applicator.

increase the treatment region, avoiding carbonizations, but on the other side to
easily include some temperature sensors in the delivery fiber, since the region to
be monitored is larger. This possibility is of particular relevance since so far only
external probes have been proposed on the market [41], where a further insertion
has to be performed on the patient with all the related drawbacks of the correct
positioning (Fig. 1.10).

The possible sensors that can be integrated into the delivery probe are consid-
ered and described in the following.

1.2 Treatment temperature monitoring

In general, there are several possibilities to monitor the temperature increase
due to the energy deposition into the tissues. Many of these solutions have already
been discussed in the previous sections and are already available with commercial
devices. However, in the case of the laser ablation, particular attention has to be
paid, because conventional sensors originate large artifacts when exposed to laser
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Figure 1.10: Representation of a laser ablation monitored with an external temper-
ature probe, positioned in the proximity of the laser applicator [41].

light. Advantages and disadvantages of the most common possibilities currently
employed are discussed in this section.

1.2.1 Metallic sensors

The first possibility is to use tiny metallic sensors, usually thermocouples, which
are widespread and cheap. Metallic sensors can be embedded into the same ap-
plicator that delivers the energy, which is metallic for RF and MW ablation, so
without changing the temperature distribution in the tissues, or, they can be used
in external probes to measure in the tumor boundaries [42]. However, in the case of
LA, it would not be possible to include a metallic sensor in the applicator, since it is
an optical fiber; therefore only external temperature probes are possible. Although
this solution is feasible and has been employed in several works [43, 44], it has to
be considered that the metallic sensor strongly absorbs the laser light, providing
large artifacts [45, 46] (Fig. 1.11) that can be up to about 5°C for a distance of
Lcm from the applicator [47].

Therefore, even if it could be possible to monitor the temperature increase due
to the laser absorption in the tissues with a thermocouple probe, the practical use is
cumbersome because it requires correcting the reading as a function of the distance
from the applicator and the operating power.

1.2.2 Imaging

The most interesting possibility comes from imaging techniques, such as CT and
MRI. With these, it is theoretically possible to obtain the temperature mapping
inside the tissues in a totally non-invasive way. In CT, the image is obtained from
the attenuation of x-rays in the tissue with the following formula:
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Figure 1.11: Temperature measurement of a thermocouple not in contact with the
laser source during a canine prostate ablation. The figure reports the thermocouple
artifact, the corrected cooling curve (¢t > 20s) and the calculated tissue temperature
during laser exposure (dashed line). T,: measured temperature; T.: calculated
temperature (¢t > 20s); T,: reconstructed temperature during laser exposure [48].

CT(x,y) = 1000 - PF29) = J1130] (1.1)
/JJHQO

where u(x,y) and py,o are the tissue and the water (taken as a reference) attenu-

ation coefficients, respectively. The tissue attenuation is related to its density and

therefore to the temperature by:

p(To)

p(T) = 14+ aAT (12)
with T, the reference temperature, p the tissue density and « the coefficient of
tissue expansion with the temperature [49].

Due to CT x-rays nature, in recent years particular attention has been given
to the MRI because it uses non-ionizing radiations, even if it is a more expensive
technology, not always available in all facilities and with some limitations for the
patients (no metallic implants allowed, claustrophobia, etc...) [50].

Several MRI techniques have been proposed to retrieve the tissue temperature
distribution but the most promising are based on the spin-lattice relaxation time
Ty and on the Proton Resonance Frequency (PRF) shift sequence. The former is
related to the temperature by:
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T o exp <_%> (1.3)

where FE,(T}) is the activation energy of the relaxation process, k is the Boltzmann
constant and 7' is the absolute temperature. This method has a high sensitivity even
with low fields, but it is tissue dependent. The other method, the PRF, is less tissue
dependent, has an even higher sensitivity and is linear with the temperature in a
broader range. However, it requires a very uniform field distribution to be accurate
and therefore it cannot be used with open magnets, preventing the possibility to
have access to the patient inside the MRI [51] during the treatment.

Given the extraordinary potential of these techniques, massive efforts have been
made to overcome their drawbacks [52, 53]. However, the most recent results still
report substantial inaccuracies and long acquisition time [54, 55]; therefore, they
are still not suitable to be used for real-time monitoring of an LA process.

1.2.3 Fiber optic sensors

Fiber optic sensors constitute another promising possibility for the temperature
measurement during an LA process.

Optical fibers are cylinders made of concentric rods of dielectric materials, such
as glass or plastic, with diameters in the order of hundreds of micrometers; they
capable of guiding light, with low losses, by exploiting the total internal reflection
at the interface between the inner rod, called “core” and the outer rod, called
“cladding”. For mechanic and protection reasons, other buffer layers are then added
over the cladding, as depicted in Fig. 1.12.

Buffer, ¢ 200
Cladding, ¢ 125 pm ulfieg @ Ll

Core, ¢ 10 um \

Figure 1.12: Structure of an optical fiber: the dimensions are those typical for a
single mode fiber employed for telecommunications.

Depending on the core size, operation wavelength, and core-cladding refractive
index difference, an optical fiber can propagate one or more electromagnetic field
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configurations, called “modes”; therefore it can be correspondingly called “single”
or “multimode” fiber [56].

Optical fibers have been extensively used for fabricating several kinds of sensors
for the most widespread applications. These sensors are commonly classified in
two groups: intrinsic sensors, when the optical fiber is itself the sensing element;
extrinsic sensors when the optical fiber conveys the light, which interacts with the
measurand and changes its characteristics [57].

Considering the temperature measurement, the main types of fiber optic sensors
are:

o Fluorence sensors: sensors based on the dependency of the fluorescence decay
time of a phosphor material with temperature. A light source, coupled inside
a standard optical fiber, is used to excite the phosphor, and its response is
acquired with a photodetector and processed to recover the decay time [58];

o Interferometric sensors: sensors based on the shift of the interference pattern
with temperature; one of the most promising examples is a Mach-Zehnder like
structure based on the interference between fundamental and first high order
mode in a Single mode - Multi mode - Single mode (SMS) structure [59].
These sensors exhibit a very large sensitivity but their cross-sensitivity issues
and sizes still prevent them from being effectively employed for the considered
LA applications.

o Distributed temperature sensors: sensors in which the entire fiber length is em-
ployed as a sensor. The measure can be performed in the time, Optical Time
Domain Reflectometer (OTDR), or frequency , Optical Frequency Domain
Reflectometer (OFDR), domains by measuring the Rayleigh backscattering
or the Brillouin stimulated scattering. This technique is theoretically able
to provide a very high spatial resolution, less than 1mm, over quite long
distances [60];

o Emissivity based sensors: a possibility to measure the tissue temperature
could be given by the IR emissions shift from the target, due to its tem-
perature increase. This IR light can be collected from an optical fiber and
delivered to a sensor in order to be measured. However, the amount of light
collected can be very tiny and is principally due to the temperature of the
tissue right in front of the fiber tip. In order to measure the temperature in
more than one point, a bundle of fiber has to be devised and this can be dif-
ficult and can increase the probe diameter. Moreover, since in order to keep
the fiber bundle together it must be embedded into a capillary, each sensing
fiber could collect only the light coming from the capillary and, therefore, it
could lead to temperature errors.
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o Fiber Bragg Gratings (FBGs): sensors better introduced in the next chapter
since they are the solution investigated in detail in this thesis because they are
a good compromise between performance and technological maturity. Indeed,
while fluorescence-based sensors can provide large artifacts when employed
with ablation laser light [61, 62], due to the laser absorption from the phosphor
material, distributed sensors have good performances but their interrogation
system is expensive (~ 100.000 $), FBGs can be interrogated with relatively
cheap systems (~ 10.000 $) and are extremely compatible with the laser
radiation [63].
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Chapter 2

Fiber Bragg gratings

Among the various fiber optic sensors, in this thesis, the focus is on FBGs, since
they represent the most promising sensors to be used for LA monitoring for their
unique combination of technology maturity and sensing performance. Moreover,
they induce very little perturbation due to laser light absorption, can be multiplexed
along the same fiber to measure in several points and can be easily integrated into
the applicator with the high power laser light delivery. The last feature is the most
important for this work because the aim is, on the one hand, to study an FBG
based probe to sense the temperature; on the other hand, to develop an applicator
capable of both delivering the light beam used for ablation and integrating control
process sensors. This solution is thoroughly described in Chapter 5.

FBGs are a periodic perturbation of the refractive index inscribed in the core of
a single-mode optical fiber. There are several methods to induce this perturbation
in standard fibers [64, 65], all based on the photosensitivity mechanism for which
the fiber core refractive index increases if it is exposed to a proper light source; the
most common exploit a UV intense laser beam and are:

o interference lithography method, in which theUV laser beam is split in two
and then recombined forming a certain angle to create the desired interference
periodic pattern into the fiber sample, in turn, capable of inducing a periodic
refractive index variation;

o phase mask method, in which the UV laser light is launched through a silica
phase mask with a defined period, obtaining at the output again a periodic
light pattern.

An alternative approach makes use of a femtosecond laser (an ultra-fast laser capa-
ble of emitting pulses with a duration of few hundred femtoseconds and for a peak
power reaching gigawatt) to induce localized material compaction and thus writing
the FBG point by point.

If a broadband light source is launched through a grating, a reflection peak is
obtained for the wavelength that satisfies a specific condition (the Bragg condition)
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2 — Fiber Bragg gratings

as a consequence of the coherent combination of the various reflections originated
by periodic perturbation. All the other wavelength are transmitted with very low
losses (Fig. 2.1).

A R EEERI

Ag A A

Figure 2.1: FBG working principle. If a broadband light is launched into a fiber,
with an FBG inscribed, only a certain wavelength will be reflected wile the others
are transmitted.

Given their notch response, FBGs have been mainly employed first as filters in
optical communications. However, since the Bragg wavelength also depends on the
temperature and strain applied to the grating, more recently they have been widely
used as sensors structural health monitoring [66] and temperature measurements
in particular conditions or harsh environments [67, 68].

In the next sections are provided and discussed all the equations that relate
FBGs reflection peak position with strain and temperature, a model based on trans-
mission lines to emulate the sensor response in different conditions and different
acquisition systems to interrogate the FBGs.

2.1 Sensing principles

As mentioned before, launching a broadband light source into an FBG, only the
wavelengths close to the Bragg condition are reflected, while all the other wave-
lengths undergo an extremely weaker reflection because of the phase mismatch.
This condition can be written as [69]:

)\B = 2neffA (21)

where Ap is the Bragg wavelength (i.e., the wavelength at which the reflection
peak is centered), nes is the modal effective index and A is the refractive index
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modulation period. In order to understand the relation between grating tempera-
ture/strain variation and Ag shift, it is necessary to take the differential of the Eq.
2.1:

_0dB, O)m B
d)‘B_(;_gdc+ 5TdT_
= iQ Al de+ i2 A dT =
T e R GE T e - (2.2)
B oA 02N oA 02N
= [271656—6 + 2A 5 ‘| de + [Zneﬁﬁ + 2A 5T ‘| dT
dividing the Eq. 2.2 by Ag = 2negA it becomes:
d\g | 10A 1 Oneg 1 0A 1 Oneg
P [A 5 e oc ]dH [A5T+neff 5T]dT (23)

where the first part represents the strain effect, while the second is associated with
temperature variations. In particular, the strain acts in two ways on the FBG
reflection: it modifies the grating period A but also the neg value (photo-elastic
effect). The latter, can be expressed through the photo-elastic coefficient p, as:

A)\B = (1 — pe) )\138 (24)
where p, (~ 0.22 x 10%uc7! for silica fibers) is given by:
Neg
Pe= | [p12 — v (p11 + p12)] (2.5)

where p;; and pio are the components of the strain-optic tensor and v is the Pois-
son’s ratio.

The relation between temperature changes and Bragg wavelength shift can be
written as:

A = (a + &) A\gAT (2.6)

1 5A . . . 1 5neff .
where a = (K) (ﬁ) is the thermal expansion coefficient, & = (neﬁ> ( 5T ) is

the thermo-optic coefficient and AT is the temperature variation experienced by
the grating. For silica fibers the thermo-optic coefficient is about 8.6 x 10761/°C,
while the thermal expansion is negligible (0.55 x 10751/°C) [70]. Finally, the total
wavelength shift can be expressed as:
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AXg = {1 — ("}) P12 — v (pn1 +p12)]} At
i {(%) (%) + (nlﬁ) (?}ff)}ATAB (2.7)

Adg=K. e+ Kp-T (2.8)

where K is the strain sensitivity (approximately 1 pm/ue), while K is the temper-
ature sensitivity (about 10 pm/°C). Therefore, it appears evident the importance
of discriminating the different contributions in order to selectively measure strain
and temperature despite their cross-sensitivity.

or, more easily:

2.2 FBGs transmission lines based model

For a uniform grating of length L, the reflectivity at a specific wavelength A can
be analyzed by means of the coupled mode theory [71], which gives:

O2sinh? sL
Aksinh? sL + s2 cosh? s

R(L,\) = (2.9)

s 2mn
where Ak = k — X is the detuning wave vector, with & = TO the propagation

constant and ng the average index in the fiber core, and s = Q2 — Ak2. Q =
7TAn—77(V) is the coupling coefficient, where An is the amplitude of the refractive
index modulation and 7 (V) is a function of the fiber normalized frequency V/,
which takes into account the fraction of the fiber mode power contained in the
core. This is a closed-form equation that, however, holds only if the sensor is
uniform (i.e., uniform spacing between the grating layers and uniform refractive
index modulation), which means that it has to be subjected to uniform temperature
or strain too, otherwise its properties would be modified in a non-uniform way.
The application discussed in this thesis uses FBGs that are working in highly
non-uniform conditions; therefore, a closed-form solution is not possible and another
model has to be used. A simple approach is to approximate the propagation of the
core mode in the periodic structure forming the grating as that of a TEM wave
in a multi-layered structure, in turn, modeled as the cascade of transmission line
segments, as sketched in Fig. 2.2 [72, 73, 74].
For each wavelength, the propagation constant and the characteristic impedance of
the equivalent transmission line for the i-th layer are:

k’zyith = k‘(]nith (210)
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Figure 2.2: Schematization of a four-layer equivalent transmission line structure.
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(2.11)

Zﬁc,ith —

where, kg is the vacuum wavenumber, 7 is the vacuum characteristic impedance
(i.e. ~ 377Q), and ny is the refractive index of the i-th layer. Then, the Fresnel
reflection coefficients p; can be computed at each interface as:

Z Z

co.ith — co.ith—1
= 2 7 2.12
p Zoo,ith + Zoo7ith—]. ( )

and, finally, it is possible to compute the input reflection coefficient I'j, starting
from the last section and back-propagating the reflection coefficient as:

Pith + Fith+1€_2‘7kithLi

1 + Pith Fith+1€

Fith = (213)

—2jk;tn Li
where L; the length of i-th layer. With this procedure it is possible to easily obtain
the grating reflectivity even in non-uniform conditions, changing the properties layer
by layer. In particular, it is possible to design different kinds of gratings with various
reflectivity values or bandwidth [75]. The reflectivity increases with the number
of layers, thus with the grating length and with the refractive index modulation.
Usually, commercial gratings are available from 1 mm up to few centimeters: shorter
gratings must have higher refractive index changes in order to be strong enough.
Typically, a refractive index modulation in the order of 10~* can be obtained by
UV exposure. Another parameter that can be tailored, according to the grating
length and the refractive index modulation, is the FBGs AApww, which can be

defined as:
1A\ /1\2
= =0 — 2.14
AXpwim )\Ba\l (2 . > + <N> ( )

where « is the grating strength between 0 and 1 (1 for strong gratings) and N is
the number of layers. Given this, once the refractive index change is fixed, it is
possible to increase the grating length in order to have narrower reflection peaks.
As an example, in Fig. 2.3 are reported the results obtained with transmission
lines approach, simulating a standard grating centered at 1549.47nm. The figure
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2 — Fiber Bragg gratings

also shows the response of a commercial grating obtained with the values reported
in Tab. 2.1.
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Figure 2.3: Comparison between the reflectivity of a uniform grating and the same
grating with apodization applied to avoid secondary lobes.

The difference between the two spectral responses is related to their refractive index
modulation, that in the commercial grating is non-constant (called apodized) to
avoid the oscillations in the reflectivity that are present in the first case. In the
uniform case, the refractive index perturbation can be modeled as:

n(z) =ng+ A(z) Any (2) cos ((2%) z 40 (z)) + Ange (2) (2.15)

with ng the core refractive index, A (z) the apodization function (equal to 1 in
2m
A
and Ang. (z) the perturbation offset. In commercial gratings, several apodization
profiles are commonly applied, like the Gaussian or the raised cosine. In this

thesis, the apodization function applied to the implemented FBG model is [76]

2
A(z) = cos® (fz — 1> and the results are shown in Fig. 2.4.

this case), An,. (2)cos (( > z+ 0 (z)) the alternating part of the perturbation

Table 2.1: Values employed for the numerical simulation with transmission lines.

Parameter Value
o 1.4440
Ang. le —4
Ange 2¢ — 4

A 536 nm
Layers 54000

Grating length  1.5¢m
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Figure 2.4: Comparison between the refractive index modulation of a uniform FBG
(left) and of an apodized one (right). For the sake of clarity in these graph the
refractive index has been computed on a small number of layers.

2.3 Typologies

As mentioned in the previous sections, according to the writing technology em-
ployed and the application aim, it is possible to obtain a different kind of refractive
index patterning that provides as many grating typologies.

i 1
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Figure 2.5: Comparison between the spectrum of a 5 uniform (not apodized) FBGs
array (left) and a chirped grating (right) obtained from the transmission lines
model.

The most widespread and employed type of grating is the uniform one, in which
the refractive index modulation is that described by Eq. 2.15, even if, as explained,
for many applications an apodization is required. Since many grating manufacturers
refer to apodized gratings as uniform, also in this thesis the name uniform is used
for apodized gratings although they belong to two different typologies. Moreover,
the same uniform grating can be inscribed alone on a fiber or an array of gratings
with different central wavelengths can be realized. Depending on the application -
thus on the expected maximum temperature and/or strain variation - attention has
to be paid in the specification of the array parameters since the various spectral
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2 — Fiber Bragg gratings

responses can overlap if the FBG central wavelengths are not spaced enough. The
possibility to multiplex the FBGs signal is one of the grating key features that
was of great importance in this work. Indeed, since one of the aims is to sense
the temperature in several points along the treatment region during an LA, it can
be exploited with an array made of short FBGs multiplexed on the same fiber.
The extremization of this concept is provided by the chirped grating, where the
refractive index is modulated with increasing period. Therefore, in principle, it is a
continuous array that can give information on a long region, even if they have been
invented for telecommunication applications, such as for dispersion compensation.
A comparison between array and chirped FBG spectra is shown in Fig. 2.5, where
the transmission line model was employed to obtain these results. Then, other
configurations, that were not considered in this work, are [77]:

e blazed grating, also known as tilted, because of the perturbation direction that
has an angle with respect to the fiber axis. They have been widely employed
for the gain-equalization in Er-doped fiber amplifiers, but are currently used
for sensing purposes, especially in biochemical applications;

o superstructure FBGSs, in which a slow spatial modulation is superimposed on
rapidly varying refractive index amplitude and pitch modulation; these are
currently employed in signal processing and tunable fiber lasers.

Depending on the grating structure and application, a proper interrogation sys-
tem has to be used to detect FBGs response. The main possibilities are explained
in the next section.

2.4 Acquisition system architectures

Most of the information that can be retrieved from FBG sensors is associated
with the central peak wavelength position of the reflection spectrum. This gives
several advantages in terms of robustness: indeed, if the sensor parameters were
related to the intensity of the signal, bending losses would introduce dramatic errors
in applications where the fiber is subjected to any movement or has to be handled
unless a proper compensation method is employed [78]. In the FBG case, this
problem could still occur, but only for curvature angles too narrow, otherwise, as
far as the Signal to Noise Ratio (SNR) is enough to detect the peak, it is possible to
estimate the central wavelength shift. Another advantage of wavelength encoding
method is the possibility to multiplex several grating inscribed on the same fiber
and sensing different point, in order to perform a quasi-distributed measurement.
In this case, the FBGs have to be appropriately designed in order to avoid any
spectra overlapping, since each reflection peak has its central wavelength and they
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2.4 — Acquisition system architectures

have to be separated according to the peak width and the expected shift due to the
application and the sensor sensitivity.

In order to analyze the FBG reflected spectrum, several methods are available.
In this section are described the two most comprehensive solutions [79] that have
also been employed in this thesis.

2.4.1 Broadband source and tunable filter

The first possibility to interrogate FBGs is to use a Super-luminescent LED
(SLED) or an Amplified Spontaneous Emission (ASE) source to generate a broad-
band spectrum. Then, light is guided through an optical circulator to the grating
and the reflection is acquired by an Optical Spectrum Analyzer (OSA) or a spec-
trometer (Fig. 2.6).

SLED % Carey—s FBG

OSA

N

Trans. Imp. Amp.

A/D
Converter

l Tunable B
filter INPor Photodiode

Ramp
generator

Figure 2.6: Schematic diagram of the FBG interrogation system based on a broad-
band source and the OSA. In the lower part there is the OSA schematic working
principle based on a tunable optical passband filter and a photodiode.

In order to sweep the input spectrum, there are several possibilities, all based
on a narrow optical pass-band filter followed by a photodiode connected to a trans-
impedance amplifier that converts the current in an analog voltage proportional to
the optical power at that wavelength [80]. Then, the amplifier output is converted
by an Analog to Digital Converter and displayed/stored. The difference between
commercial instruments is the technology that realizes the filter, the most common
being;:
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2 — Fiber Bragg gratings

» Fabry-Perot interferometer (2.7): the input light goes in a cavity composed of
two high reflectivity mirrors. The maximum transmission occurs at the cavity
resonance and this depends on the distance between the two mirrors; there-
fore, by changing it, it is possible to scan several wavelengths and measure
the received power by the photodiode;

= Ty )
Input e . AV Photodiode
Lens Lens

Cavity

Figure 2.7: Working principle of a Fabry-Perot cavity employed to select the wave-
length to be read from the photodiode: the light input is collimated into the cavity
and the focused on the photodiode by mean of two lenses.

« Michelson interferometer (2.8): interferometric filter based on the superpo-
sition of two waves obtained by decomposing the input beam and have it
reflected one from a fixed mirror and the other from a movable mirror. By
changing the position of the movable mirror, it is possible to have constructive
and destructive interference at different wavelengths.

o diffractive grating (2.9): the input light is collimated by means of a concave
mirror on a rotating diffractive grating. The grating diffraction changes ac-
cording to the angle and therefore can be tuned and focused by a second
concave mirror on the photodiode.

All these techniques yield to high wavelength resolution (~ 1pm) and thus are
widely employed in lab bench systems. Based on the last possibility, instead of
acquiring one wavelength at a time, it is possible to use a Charge Coupled Device
(CCD) array, increasing the performance in terms of speed and portability, although
at the expenses of the resolution (~ 10pm) and of the SNR. This is the option
that has been intensively employed for the experimental part in this thesis, and,
even if compared with electrical counterparts the acquisition system is expensive,
compared to other optical spectrum analyzer techniques is one of the most cheaper.

2.4.2 Tunable laser

Instead of using a broadband source and filter it, another possibility is to employ
a narrowband light source, like a laser, and tune it in order to cover the desired
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Beam splitter _
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Figure 2.8: Representation of the Michelson interferometer employed as bandpass
filter in a OSA.

Rotating
diffractive

grating L
Photodiode )
VA <

Concave mirrors

Figure 2.9: Working principle of a diffractive grating based OSA.

wavelength range (Fig. 2.10). In this case, the reflected light by the FBG is directly
focused on a photodiode, also in this case with the transimpedance amplifier and
the digitalization part.

This system can be cumbersome and not easy to move; therefore, it is employed
as bench system and was used in this thesis especially in the FBG characterization
part, since its performances allow 1 pm of accuracy and the possibility to acquire up
to four channels. Moreover, compared to the diffractive grating system with CCD
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A FBG
Tunable laser|——— <———> nm

Photodiode

AR

Figure 2.10: Working principle of the interrogation system based on a tunable laser.

the SNR is higher, due to the high power source, and the wavelength range is more
extensive (40nm vs. 100 nm), allowing the multiplexing of several sensors [81].

— Acquisition with CCD|
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tunable laser
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Figure 2.11: Comparison between the acquisition of a 5 FBGs array with a CCD
based system (left) and tunable laser based system (right).

An example of this comparison is reported in Fig. 2.11, where the two systems
that have been employed in this thesis have been used to acquire the same FBGs
array. In the CCD system, the intensity of the 5 FBGs is different, since the
SLED source (Exalos 1520-2111) is not flat in the working wavelengths interval
(Fig. 2.12). This does not appear for the tunable laser-based system since the laser
source always has the same intensity for all the wavelengths that sweeps and this
results also in a higher SNR.

2.5 Peak detection algorithm

Mainly when the CCD acquisition system is employed, the wavelength resolution
is limited to the array sensing elements density. The system that was intensively
used (BaySpec’s WaveCapture FBGA Interrogation Analyzer with Volume Phase
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Figure 2.12: Acquisition of the SLED source employed with the CCD system.

Grating VPG®) in this thesis, during experimental tests, has a 512 elements array
distributed in a 40 nm wavelength span between 1516 nm to 1569 nm, with a re-
sulting resolution of approximately 100 pm. Considering the typical temperature
sensitivity of a silica fiber FBG of 10 pm/°C this will result in a temperature reso-
lution of 10°C which is absolutely too high considering the application of the LA,
where large errors in the temperature estimation can nullify the treatment effect of
can provide risks for the patient safety. Therefore, the spectra acquired with the
CCD must be in real-time processed in order to increase the resolution to at least
1°C (i.e. 10 pm), which is reasonable considering the others uncertainty contribu-
tions that are discussed in this thesis. In order to do this, several interpolation
methods have been proposed in the literature [82, 83|, for different applications,
according to the expected uncertainty and the acquisition time required. In the
case of the LA, a few degrees of errors can be acceptable and the acquisition rate
can be between 1Hz to 10 Hz, therefore not so challenging in terms of processing.
A good compromise to fit FBGs spectra was then identified in the least square error
method [84] applied between the raw spectra and the objective function y;:

E=>[y—fN)] (2.16)

where N is the number of acquired points and f (\;) the powers at the wavelengths
fprovided rom the CCD. In this case, y; was a Gaussian curve described as:

(A — N)Q

yi=A-exp (— 57 ) +off (2.17)
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2 — Fiber Bragg gratings

where A is the Gaussian amplitude, y is the Gaussian mean value, o2 the variance
and of f is an offset value applied to compensate intensity fluctuations.

The algorithm developed in this thesis requires the user to input the nominal
central wavelength of each FBG to be tracked. Then, around every central wave-
length performs segmentation and then the fitting a small number of points (tens of
points for each peak). Once the best fitting Gaussian parameters i, o and of f have
been obtained from an iteration process, they are employed to find the maximum
of each peak and therefore its location in wavelength.
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Figure 2.13: Comparison between the Gaussian fitting algorithm applied on spectra
obtained from the CCD based system (left) and tunable laser based system (right).

Fig. 2.13 shows the developed fitting algorithm applied to the spectra obtained
with the Bayspec system and the Micron Optics system. In particular, since in
the first case the points resolution is 100 pm, the fitting has been obtained from
24 points around the peak, while, in the second case, the resolution is 10 pm, and
therefore the fitting was applied on 200 points.
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Chapter 3

FBGs for temperature
measurement

This thesis work aims to develop and study a new fiber optic tool for tumor laser
ablation with fiber optic sensing capabilities in order to both deliver the laser at the
tumor site and control the temperature reached by the tissues. To this aim, FBG
sensors are employed because of their compatibility with the laser radiation and
their sensitivity to temperature. Unfortunately, as described in Chapter 2, their
central wavelength variation also depends on strain, and strain cannot be controlled
during a real ablation where the tissue undergoes coagulation. This problem has
been tackled in different ways. For example it is possible to separate strain and
temperature using two FBG sensors Ag; and Ag, inscribed in the same fiber with
their proper sensitivities (K, , and K., ,). Since the FBG equations are linear, is
possible to write the following system of two equations and two unknowns [85]:

AT _l K., —K.| |A\g (3.1)
As| D —Krp, Kr, | A)gs .

where D is the determinant of the matrix, computed as D = K., Kt, — (K., Kr,).
Given this, the more the sensitivities of the two grating are different, the more is
possible to discriminate the two quantities 7" and ¢.

This approach is effective but it requires sensors having different sensitivity
coeflicients, and it is thus not easy to be implemented using commercial devices.
The solution investigated in this work takes advantage of a single sensor embedded
in a glass capillary. The capillary prevents any strain to be transferred to the FBG.
In this way, the sensor becomes only sensitive to the capillary temperature.

3.1 Commercial devices and proposed solution

There are several commercial devices based on the investigated approach:
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3 — FBGs for temperature measurement

o Embodiment for installation (Fig. 3.1). In this solution, a large embodiment
made of stainless steel or Glass Fiber Reinforced Polymer (GFRP) is applied
to prevent any strain to the FBG. The applications for these sensors is in
the temperature monitoring of large structures, where is possible to weld it
on the surface or embed into concrete mix and therefore the robustness in
necessary.

Figure 3.1: Example of the described embedded sensors (FS63-Temperature sen-
sors, Hottinger Baldwin Messtechnik GmbH ). From left to right: Embedded, Weld-
able and Composite temperature sensors.

The main specifications are reported in Fig. 3.2, where it can be seen that
the temperature accuracy is low if the proper acquisition system is employed
but their dimensions are cumbersome.

o Metallic probe (Fig. 3.3). Another devised solution is based on a thin metallic
probe that contains one or more sensors, and thus it allows a quasi-distributed
temperature mapping (5mm spacing) to be performed. The reported uncer-
tainty is 0.7 °C which, however, is subordinated to the acquisition system.

The specifications are reported in Fig 3.4.
o Dielectric probe. An interesting solution similar to the one investigated in
this thesis’ work is a dielectric probe which embeds the FBG (Fig. 3.5). In

this case, the probe is less robust and steady during the time but its totally
compatible with EM radiation.

From the technical specifications (Fig. 3.6) is possible to see that this sensor
has a lower sensitivity with respect to its metallic embedded counterpart and
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3.1 — Commercial devices and proposed solution

Specifications

Sensitivity' 33 °C/nm

Measurement range -20to 80 °C

Resolution? 0.1°C

Maximum calib. error®* 0.5°C

Dimensions Embedded: 100 Xx @ 10 mm

Weldable: 45 x 15 x 0.6 mm
Composite: 130 x 20 x 6 mm

' First order. Typical *To achieve absolute
values. measurements as

2For 1 pm resolution presented in this

in wavelength inormogator with an
measurement, as 9

found in FS22SI accuracy of at least

! +2 pm is required.
interrogator. *Typical traceability

uncertainty of +0.7°C.

Figure 3.2: Specification Hottinger Baldwin Messtechnik GmbH Fiber Sensors for
FS63-Temperature sensors.

/

Figure 3.3: WISTHEAT thin probe from PROXIMION AB°.

a limited temperature range.

In laser ablation the embodiment must guarantee the temperature transfer from
the tissue to the sensor and, on the other hand, it has to preserve the advantages of
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3 — FBGs for temperature measurement

Physical Properties Typ Min Max Comment

Number of FBGs per fiber 25 1 100 Max value limited by interrogator BW
FBG length 10 mm 1 mm 10000 mm Continuous FBG can be upto 10m
Operating Temperature Range -45°C +250°C  Standard temperatur range

-45°C +450°C  Extended temperatur range
-45°C +650°C  High temperature range

Thermal response 7.5 pm/°C -50-0°C
10.0 pm/°C 0-100°C
11.8 pm/°C 100-200°C
13.3 pm/°C 200-300°C
14.4 pm/°C 300-400°C
Package diameter 0.8 mm 0.25mm 2mm Hermetic package
1.5 mm 0.4mm émm Non-hermetic package

Figure 3.4: Specifications of WISTHEAT temperature probe.

Figure 3.5: FS63 High Temperature Dielectric Probe, Hottinger Baldwin Messtech-
nik GmbH.

the fiber optic probe in terms of compatibility with the laser light and immunity to
electromagnetic fields. Therefore, solutions with the metallic embodiment cannot
be employed. The commercial dielectric probe of Fig. 3.5 could be a solution but,
since in this thesis work the laser light is in direct contact with the probe, the sensor
polymer coating could absorb part of the light and then overheat the sensor. For
these reasons, in this work, the adopted solution is an IR-transparent quartz glass
capillary [86]. The capillary contains the FBG sensor and it is sealed at both ends
using epoxy resin(Fig. 3.7).
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3.1 — Commercial devices and proposed solution

Specifications
Sensitivity' 100 °C/nm
Measurement range’ 0to 200 °C
Resolution* 0.1°C
Maximum calib. error®® 12°C
Sensing point 20 mm (from the tip)
Materials
Sensing Head Polyimide, PTFE (Teflon®)
Cable Perforated PTFE/Kevlar
cable
Dimensions @ 3.0+£0.5 mm
Weight 40g
" Typical values. “For 1 pm resolution ° To achieve absolute ° Typical traceability
2 Temperature on the in wavelength measuremgnts‘as ;aneytalnty of +0.5°C.
sensingheadand ~ measurement, as  Presented in this Limited by the
cable found in FS22SI datasheet, an connector.
interrogator. interrogator with an

accuracy of at least
+2 pm is required.

Figure 3.6: Technical specifications of FS63 High Temperature Dielectric Probe,
Hottinger Baldwin Messtechnik GmbH.

FBG
—L—

TNERNNERAN NI —

Resin Capillary

Figure 3.7: Description of a typical FBG probe employed in this thesis, where the
single mode fiber containing the FBG takes place inside the quartz glass capillary.
The capillary is sealed. This figure was already submitted to [87]
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3 — FBGs for temperature measurement

In this way, the FBG is free to expand inside the capillary and its thermal ex-
pansion does not introduce any strain, Capillaries made with other materials, such
as PTFE, have also been considered. Simulations obtained changing the capillary
material as well as the study of the errors induced from such embodiment during
temperature measurements are described in Chapter 4.

3.2 Characterization in uniform conditions

A probe having the structure shown in Fig. 3.7 has been arranged and charac-
terized in order to find the relation between the central wavelength shift and the
temperature variation. This relation can be written as:

)\B = KT T+ )\() (32)

where Kt is the FBG temperature sensitivity in pm/°C and )\ is the FBG cen-
tral wavelength at 0°C. The procedure was carried out placing the FBGs probes
inside a climatic chamber (Votsch VC 4018) together with a Ptio reference sen-
sor (12mK standard uncertainty) whose four terminals resistance was acquired by
means with a digital multimeter (Agilent 34401A, 6% digits). In order to guarantee
an isothermal setup, the FBGs probes were fixed on the Pty99 metallic body with
isolating tape. The characterization procedure here described also takes advantage
of the interrogation system based on a tunable laser system (Micron Optics). The
acquisitions have been made from 0°C to 80 °C with steps of 10°C in order to have
enough points to verify the sensor linearity in a temperature range similar to the
one of a real application. At each step, the instruments reading were taken after
that a steady, steady state condition was reached. The FBG spectra were acquired
for 30s at a 10 Hz and the results averaged. This procedure has been employed to
characterize all the sensors employed in this thesis work. The results here reported
are a characterization example concerning a probe made with an FBGs array of
five elements of 1 mm length and spacing of 5 mm.

1. Raw spectra acquisition with tunable laser system.

In this case, the raw spectra acquired at 10 Hz rate for 30s for each temper-
ature step have been post-processed with a fitting algorithm in order to find
the central wavelength shift of each FBG with a better wavelength resolution.
The test results are reported in Tab 3.1.

The linear approximation of the sensor behavior was obtained using the
Matlab® polyfit function. Results are reported in Tab. 3.2 where is pos-
sible to see that the sensitivity coefficients are close to the FBG nominal
value of 10 pm/°C.

In Fig. 3.8 is reported an example of the linear interpolation of the experi-
mental results concerning the 4 FBG , where the non-linearity error reaches
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Table 3.1: Values of the central wavelengths (in nanometers) for a 5 elements FBG
array during the characterization process in a climatic chamber. Tcc and Tpy,,,
are in Celsius and Rpy,,, is in Ohm.

Tee  Reuy  Try, FBG:  FBG,  FBGs  FBG,  FBGs

0.1 100.222 0.568 1539.155 1543.050 1547.080 1550.979 1555.074
10.1 104.137 10.602 1539.265 1543.159 1547.189 1551.065 1555.184
20.2 108.016 20.573 1539.373 1543.267 1547.299 1551.175 1555.294
30.0 111.740 30.173 1539.475 1543.369 1547.403 1551.280 1555.398
40.0 115.616 40.195 1539.572 1543.468 1547.502 1551.381 1555.497
50.1 119.778 51.000 1539.660 1543.555 1547.592 1551.473 1555.585
60.1 124.176 62.434 1539.763 1543.658 1547.695 1551.578 1555.691
70.0 128.621 74.041 1539.883 1543.779 1547.817 1551.701 1555.816
79.8 133.240 86.146 1540.014 1543.911 1547.950 1551.836 1555.951

Table 3.2: Sensitivities and A coefficients found for the 5 FBGs.

Kr (pm/°C) Ao (nm)

FBG, 9.67 1539.172
FBG, 9.70 1543.066
FBG; 9.82 1547.095
FBG, 9.93 1550.971
FBGs; 9.87 1555.089

1.26°C at 62.4°C. For all the other sensors the maximum error is up to about
1°C.

2. Built-in peak tracking from tunable laser system.

The main output of the tunable laser system is the optical spectrum which has
been employed to locate the Bragg peak using a fitting algorithm. The system
is also able to track the peak position with a built-in function and thus some
tests were performed in order to verify the accuracy of the tracking system.
The sensors were thus characterized using the peak position directly provided
by the interrogation system thus obtaining the results in Tab. 3.3:

The comparison between the results of Tab. 3.2 and Tab. 3.3 shows a dif-
ference in the sensitivity of up to 0.03pm/°C and a difference of up to 20 pm
in the \g value. The sensitivity difference introduces a negligible error but
the offset of 20 pm cannot be neglected. As a consequence, the two methods
for the peak position measurement cannot be considered interchangeable and
thus during the sensor usage the temperature must be obtained processing
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0 20 40 60 80
Temperature (°C)

Figure 3.8: Example of linear interpolation of the experimental points for the 4"
FBG in the array.

Table 3.3: Sensitivities and Ag coefficients found for the 5 FBGs array probe ob-
tained with the built-in peak tracking.

Ky (pm/°C) Ao (nm)

FBG, 9.67 1539.188
FBG, 9.67 1543.060
FBG; 9.80 1547.098
FBG, 9.95 1550.991
FBG; 9.90 1555.080

the peak position obtained with the same method employed to characterize
the sensor.
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Chapter 4

FBGs behavior in non-uniform
temperature distributions

Part of the material presented in this chapter has been already published in [88]
(including Fig. 4.2, Fig. 4.3, Fig. 4.5, Fig. 4.6,Fig. 4.7, Fig. 4.8) and in [87]
(including Fig. 4.9, Fig. 4.10)

As mentioned in the previous chapter, FBGs are typically employed as temper-
ature and strain sensors in large structures or in the presence of moderate gradients
so that both the quantities can be considered uniform along the sensor. During a
laser ablation, the temperature must be monitored close to the delivery fiber tip
in order to avoid, from one side. the tissue carbonization and, from the other, to
ensure the proper treatment to the whole tumor. The sensor must be thus located
close to the hot point and, therefore, the FBG will experience a high-temperature
gradient because of the low thermal conductivity of organs like the liver. As a
consequence, the sensor is exposed to a non-uniform temperature, a condition that
is different from the calibration conditions.

Moreover, working in non-uniform conditions, became relevant the knowledge
of the grating position along the optical fiber. The position is difficult to know
with good accuracy since commercial gratings are expected to work in uniform
conditions and therefore their position on the fiber is provided by the manufacturer
with several millimeters of uncertainty. The sensor position along the fiber can be
measure with high accuracy only with optical techniques such as the OFDR, which,
however, is expensive and often not available.

Another relevant aspect is the effect of the sensor embodiment since it can affect
the temperature distribution and thus introduce measurement errors. Indeed, it
would not affects the measured temperature in uniform conditions, but introduce
a systematic error in presence of a gradient. Even in this case, a key role is played
by the thermal conductivity of the involved materials.

These aspects will be thoroughly discussed in the following sections.
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4 — FBGs behavior in non-uniform temperature distributions

4.1 Calibration setup for linear temperature dis-
tributions

Before to go through the particular case of the temperature gradient given by
laser ablation, in order to understand the behavior of FBG under non-uniform
temperature conditions, a preliminary study was made on a simplified setup. This
setup is devised to reproduce linear temperature distributions, which are useful to
locate the position of the grating on the fiber, and, at the same time, it allows
to characterize the sensor response to the temperature. This procedure is based
on the assumption that under linear temperature distribution the FBG provides
the temperature value related to average temperature, as was verified by means of
simulations carried out with a transmission line model (Fig. 4.1).
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Figure 4.1: Simulations of the behavior of a 1.5cm length under different temper-
ature distributions: reference (left), uniform (middle) and linear (right).

Figure 4.1 shows the response of a uniform (apodized) grating when its tem-
perature is increased from the reference value of 0°C (left), to 10°C (middle) in
a uniform way, that is maintaining the temperature constant along the grating
length. On the right, the figure shows the FBG spectrum shift when the tempera-
ture is not constant and but has a linear spatial distribution. In this case, the peak
shifts according to the average temperature, with the same sensitivity found for the
uniform temperature, and the spectrum width increases according to the gradient
value.

The setup was realized tapering an aluminum bar in order to have a working
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4.1 — Calibration setup for linear temperature distributions

region of 4 cm x 1 cm x 2 mm. Along the bar, three equally spaced 0.5 mm holes
of 8mm depth were drilled, 1cm. Three type-T thermocouples were inserted in
the bar holes and eventually fixed with conventional glue (Fig. 4.2). The choice
of use thermocouples is due to their small dimension in comparison with other
conventional metallic sensors, allowing punctual measurements along the bar.

Top view Thermocouples Aluminum
Bar
/
/

Figure 4.2: Schematic representation of the setup realized for the generation of
known linear temperature distributions.

"

Figure 4.3: Realization of the setup. Blue marks on the bar are 1 mm spaced. The
blue spot on the probe represents the FBG center.

The bar was also milled along the most extended direction thus obtaining a
groove that accommodates the capillary with the grating. Thermal grease was
also employed to ensure a good thermal exchange between the capillary and the
bar. Along the groove, several marks were made in order to easily read the grating
position on the bar (Fig. 4.3). The thermal gradient was obtained with a resistor
fixed on one bar side while the opposite side was cooled with a Peltier mounted on
a proper heatsink.

In order to minimize thermal convection, the setup was insulated with expanded
polyurethane (Fig. 4.4).

4.1.1 Setup characterization

The characterization aim is to relate the temperatures provided by the thermo-
couples on the bar with the thermal distribution along it. The temperature along
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4 — FBGs behavior in non-uniform temperature distributions

Figure 4.4: Picture of the setup during its use, where it is insulated to reduce heat
dissipation.

the bar is described using a linear model whose parameters, the gradient g and
the temperature at the very first position Ty on the bar, are obtained from the
thermocouple measurements using a linear fitting method. The temperature T at
any arbitrary position p along the bar can thus be described as:

where g and Tj can be computed with the measurement of the i-th thermocouple
T: in the 2-th position p; as:

N N N
NZPiTi - Zpi Z T
g= i=1 i=1 1:12 (42)

N N
NY - (zpi)
i=1 i=1

and

N N

vy - (L)

i=1 i=1
with N = 3 (number of thermocouples employed).

The employed thermocouples were verified in the climatic chamber with the
same procedure described in Chapter 3, with respect to the Ptiyy; their maximum
difference with respect to the reference sensor has been found to be 0.2°C, which
can be considered uniformly distributed and, therefore, the associated standard
uncertainty is up, = 0.12°C. Moreover, the thermocouples have been verified in a
fusing ice mixture and their differences were below 0.1 °C, which means that a single
verification for all the thermocouples can be performed. The thermocouples signal
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4.1 — Calibration setup for linear temperature distributions

is conditioned by a home-made circuit that employs as cold junction sensor an
array of two digital sensors with 60 mK of resolution, based on a 24 ¥/A converter.
The cold junction effect has been considered included in the difference between
the thermocouples and the Ptiqo, during the test presented in this thesis, the cold
junction has always operated at room temperature, as during the verification in
climatic chamber.

The knowledge of thermocouple position gives another contribution to the un-
certainty. Two factors are considered: the location of the hole where the sensor is
inserted and the dimension of the hole itself; the former can be considered negligible
with respect to the latter, for which a uniform distribution large as the hole width
can be assumed, thus obtaining wu, = 0.14 mm.

Afterward, a Monte Carlo method was implemented in order to evaluate the
resulting uncertainty associated with the temperatures along the bar 7. In the
method, the measurements from the sensors were considered with correlation equal
to one to avoid any underestimation, and 10000 random samples from uniform
distributions were generated. An example of uncertainty value was obtained for
the situation with the sensors in nominal positions p =5, 15, 25 mm measuring
respectively T' =42, 60, 80 °C, which is the situation that occurs when the setup is
programmed to provide a gradient of g =—2°C/mm, where the minus sign is given
according to the p increasing direction. From this situation, the simulation provides
a mean value for the gradient of g = 1.9°C with a coverage interval at 95% equal to
0.4°C. This value was obtained by subtracting the 2.5 percentile of 1.898 °C to the
97.5 percentile of 1.902 °C of the g distribution. The same procedure was employed
to measure Tp, thus obtaining a value of 32.17°C and a coverage factor at 95% is
0.46 °C, computed as the difference between the 2.5 percentile (31.94°C) and the
97.5 percentile (32.40°C).
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Figure 4.5: Temperature standard uncertainty obtained from the Monte Carlo sim-
ulation with g =—2°C/mm.

The distributions for g and Ty were then combined to obtain the temperature
T along the bar. In the reported example the resulting standard uncertainty of T’
can be considered approximately constant for each position on the bar, and it is
0.15°C (Fig. 4.5).

Another contribution is related to the temperature linearity. This contribution
cannot be estimated with the thermocouples and thus in only three points. To this
aim, an IR camera was employed (Fluke®, Ti10) in order to record the temperature
along the bar with a spatial resolution of 0.5 mm. The camera cannot be employed
to obtain the gradient since its accuracy is not better than the thermocouples. Fig.
4.6 shows an example of a picture taken by the camera when setup was programmed
to provide a nominal gradient of —2°C/mm.
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4.1 — Calibration setup for linear temperature distributions

Figure 4.6: IR picture taken from the camera. The lower part of the bar was made
opaque in order to better measure the temperature on it.
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Figure 4.7: Linear interpolation of the IR camera points (left). FError between
camera points and the interpolating line (right).

The non-linearity of the distribution was computed along a cut line of the bar
covered by matt paint thus obtaining 6,=0.5°C. The quadratic sum of the bar
uncertainty up and the non-linearity, assumed as uniformly distributed, yields to:

Urior = /U2 + 62/3 = 0.33°C (4.4)

This is the standard uncertainty of the temperature along the bar setup. There-
fore, this will affect the knowledge of the grating position, as it is explained in the
following section.

43



4 — FBGs behavior in non-uniform temperature distributions

4.1.2 Measurement of the FBG position

In section is reported the characterization of a commercial FBG (Technica, 90%
reflectivity, 0.3nm FWHM), 1.5cm long, encapsulated in quartz capillary with
inner diameter of 0.8 mm and outer diameter of 1.2mm. The fiber presents two
black marks delimiting a region of 2cm where the grating is located and therefore
results evident the importance to better estimate the grating position in order to
use it in the presence of relevant temperature gradients.

The described probe was previously characterized in uniform conditions in a
climatic chamber, and its standard uncertainty is ur,, =0.4°C.

In order to find the grating center, the sensor was placed on the aluminum bar
a gradient of about ¢ =—2°C/mm was set controlling both the heating resistor
and the Peltier cell. The FBG measures the average temperature, that is the
temperature of the grating center since the temperature distribution is linear. The
grating position p can be thus obtained using Eqn. 4.1 since parameters g and Ty
are known from the thermocouples measurements.

The position p can be located using the marks on the bar. These can be as-
sumed to be 0.5mm large that results in an associated standard uncertainty of
Uy =0.14 mm.

Considering a ¢ =—2°C/mm, this uncertainties can be combined with the setup
position uncertainty, yielding an uncertainty of the grating central point position
equal to:

2
UprBG = |/ Wy + Uy, + U2, = \/0.162 +0.224(0.25/V3) =03mm  (4.5)

a value that corresponds to an uncertainty in temperature of 0.6 °C with the pro-
grammed gradient. This value is significantly smaller, compared to the one that can
be obtained without characterization since the manufacturer provides the grating
position with an uncertainty of 5mm that corresponds to an uncertainty of 10°C.
In order to verify the obtained result, the characterized FBG was placed again
on the setup with the same g =—2°C/mm. The FBG center was positioned at
p =20 mm, where there is also the reference thermocouple. The result of this test is
reported in (Fig. 4.8), where the grating measurement has a difference of 0.1 °C with
respect to the temperature estimated at the same point using the thermocouples.
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Figure 4.8: Reproducibility test of a characterized FBG. The FBG measurements
correspond to the temperature of the central point which is in agreement with the
temperature Tp20 obtained with Eqn. 4.1.

4.2 Errors due to the embodiment

This thesis work investigates FBGs as temperature sensors in applications where
a rigid sensor embodiment, a capillary, must be employed in order to avoid strain
transfer to the sensor. In this chapter, the focus is on the thermal effect of the
employed embodiment.

Working with high-temperature gradients, the role of the capillary become rele-
vant. Indeed, probes with a thermal conductivity lower than the surrounding tissue
represent a preferential path for the generated heat, resulting in a lower tissue tem-
perature; on the other hand, higher thermal conductivity results in higher tissue
temperature. It is therefore important to minimize as much as possible this effect
or at least to quantify it. This is what is discussed and analyze in the following
sections.
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4 — FBGs behavior in non-uniform temperature distributions

4.2.1 Simulations

In order to quantify the effect on the measured temperature of the employed
FBG embodiment and to identify the best one which minimizes the temperature
distortion, a Finite Element software has been used to develop a model which is able
to simulate the sensor and the tissue under measurement during a laser ablation.

The model simulates both the laser and the heat propagation in the tissue. The
propagation of the laser light is modeled using the Lambert-Beer law. Different
probes made with different materials are considered inside the liver tissue in order
to estimate the temperature at the tumor site with and without the measurement
probe. The temperature error given by the sensor presence is therefore obtained.

The Lambert-Beer law, written as:

I =e M. .[0 (46)

allows computing the light intensity [ in a given position along the propagation
direction z, knowing the incident light I, and the attenuation coefficient u. This is
an approximation of a real LA since the divergence of the laser beam is not taken
into account. The p coefficient accounts for both the absorption and the scattering
of the considered material, liver in this case, and it is responsible for the power
produced per length unit inside the tissue.

In order to simplify the 3D simulation, the liver model has been realized with a
cylindrical geometry, where the laser light comes from the upper surface of a 20 mm
in diameter and 15mm in height cylinder (Fig. 4.9, left).
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Figure 4.9: Geometry of the studied model (left). Not in scale model scheme where
it can be seen the sensor position considered in the simulations (right).

To reduce the computational cost, the laser light is propagated in an inner
cylindrical region of 4 mm diameter only, while the heat transfer is computed in
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4.2 — Errors due to the embodiment

the whole domain. The input intensity was modeled as a Gaussian distribution,
considering a delivery optical fiber having diameter of 200 pm:

Iy = P, - el=(&%+v%/0°)] (4.7)

where the input power P, in the domain volume is 1.5 W and the variance of the
light distribution on the fiber output surface, o2, is 100 pm.

The simulation was computed for a time span of 5 minutes in order to be as
close as possible to a real LA procedure (Fig. 4.10). As can be seen, the extension
of the ablation region is of about 0.5cm and it is related to the fiber dimensions.
This is one of the drawbacks of the LA, where small diameter fibers are employed,
resulting in steep temperature distribution in front of the fiber tip.
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Figure 4.10: Temperature distribution in a inner section. The figure also shows the
cut line along which the temperature error was computed.

At the end of the simulation, when the condition can be considered steady,
the temperature along the probe longitudinal axis has been taken and compared
considering different materials:

 stainless steel, a capillary 1 mm of external diameter, 600 pm internal diameter
and with air inside, this emulates a metallic sensor that has been considered
only for comparison purposes;
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4 — FBGs behavior in non-uniform temperature distributions

o silica glass, a fiber of 200 pm in diameter, this probe is useful to study the
effect of a bare FBG without embodiment;

o silica glass bare FBG (200 pm) inside a quartz glass capillary with 1 mm of
external diameter, 600 pm internal diameter and with air at the interspace;

o silica glass bare FBG (200 pm) inside a PTFE capillary with 1 mm of external
diameter, 600 pm internal diameter and with air at the interspace.

The probes have been placed close to the delivery fiber tip (1 mm), just outside
the region where Lambert-Beer law is computed, and the temperature along their
longitudinal axis was recorded at the end of the simulation (Fig. 4.9, right).

In order to study the effect of the thermal load of the probes, their light ab-
sorption was not taken into account in these simulations. This means that the
temperature distribution inside the liver tissue is modified only by the different
material thermal conductivity and not from their optical properties. The error
given by each probe was obtained as the difference between the temperature along
the sensor and the temperature in the same region where there is the liver tissue
only. The results are reported in (Fig. 4.11), where it can be seen that the larger
error is obtained for each probe at the fiber tip and then it quickly decreases and
becomes negligible after a few millimeters.
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Figure 4.11: Temperature error given by different simulated probes. On the left
can be seen the probe and the temperature distribution taken along the cut line,

while on the right is reported the error with respect to the temperature distribution
without probe.

As expected, the highest error is related to the metallic sensors since it has
the most significant thermal conductivity with respect to the surrounding tissue.
In this case, at the sensor tip, the error is of —16°C, that is, the metallic sensor
cools the treatment region. After a couple of millimeters, the error changes sign
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4.2 — Errors due to the embodiment

and becomes positive, settling at 6.5°C. This behavior is due to the heat that
propagates into the probes, increasing its temperature. The same kind of pattern,
with different values, can be found for materials with a thermal conductivity higher
than the liver, as can be seen for the bare silica fiber and the silica fiber embedded
in the glass capillary. In the last simulation, the error is of —3°C at the probe
tip and becomes 1°C after 2mm. In case of an insulating material like PTFE, the
simulations return an opposite behavior. The error at the sensor tip is 2.2 °C but it
decreases and nullifies after few millimeters because of the compensation between
the PTFE insulation and the glass conduction of the inner fiber.

4.2.2 Experimental validation using a simplified setup

The simulation results cannot be validated during a real ablation since it is not
possible to know the temperature inside the liver without using any sensor. For this
reason, in order the experimentally assess the simulation results, a setup has been
arranged in order to compare different probes. The setup represents a simplified
version of the model shown in Fig. 4.9 but it allows the probe comparison to be
carried out in controlled and reproducible conditions.

The setup is composed of a rectangular block of liver phantom made with agar
jelly heated from one side with a resistor. A metallic bar distributes the resistor
heat on the phantom surface. In this way, an almost uniform thermal gradient will
be generated along the phantom.

°C

Top view
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Figure 4.12: Scheme of the simplified setup (left); simulations results: temperature
distribution in the liver block (right).

Two probes with different characteristics were employed and compared:

o asilica glass fiber of 125 pm in diameter, with 5 FBGs inscribed (1 mm each,
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4 — FBGs behavior in non-uniform temperature distributions

5 mm spaced), inside a quartz glass capillary with 1 mm of external diameter,
500 pm internal diameter and with air at the interspace;

« asilica glass fiber of 125 pm in diameter, with 5 FBGs inscribed (1.5 mm each,
5mm spaced), inside a quartz glass capillary with 1 mm of external diameter,
500 pm internal diameter and with air at the interspace;

so, basically, the probes have the same structure but different capillary wall thick-
ness (Fig. 4.12).

The setup behavior was firstly simulated from a thermal point of view. The
temperature distributions obtained with the simulations are reported in (Fig. 4.13)
where is possible to see that the temperature of the probe area that contains the
first two FBGs, that is the area in close contact with the ablation region and thus
the most important, is higher when the probes are employed.

Moreover, what it is important to notice is that a higher temperature corre-
sponds to a larger capillary, due to the higher thermal conductivity of the probe
with respect to the surrounding tissue (see Tab. 4.1).
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Figure 4.13: Scheme of the FBG probe employed (top); temperature distribution
inside the probe (bottom left) and magnification (bottom right).

The setup was that arranged and the probes were inserted as described in the
simulations. One of the main issues is the control of the probe position inside the
phantom block. Working with high gradients, such as 3°C/mm, each millimeter of
error in the position corresponds to 3 °C error in the temperature estimation. For
this reason, a liver phantom made with a solution of 5% w/v agar in water was
employed. This has, nominally, the same thermal conductivity as the liver, in a
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Table 4.1: Thermal conductivity of materials employed in the simulations.

Material Thermal conductivity (W/mK)
Swine liver [89] 0.54
Silica glass [90] 1.38
Quartz glass [90] 1.40
Agar gel (@60 °C) [91] 0.55
Air [90] 0.03
Copper [90] 400

temperature from 55°C to 60°C [92, 93, 94], but it is almost transparent, allowing
an accurate probe positioning to be performed. In any case, the real phantom
thermal conductivity and capacitance are known with a large uncertainty and thus
the setup can only approximate the simulation results. Nevertheless, the gradient
is pretty uniform along the phantom main axis and thus the setup can be employed
to compare different probes since they will experience the same gradient.

Figure 4.14: Realization of the agar setup with the hot plate on the left side (left);
example of FBGs probes with different capillaries thickness employed (right).

During the test, the setup was covered with a polyurethane box in order to
achieve a high-temperature gradient. The heater was turned on and after one hour
the thermal transient finished and the temperature measured using the FBGs (Fig.
4.15).

As can be seen, the temperature along the thicker probe is up to 1.5°C higher.
This result is in agreement with the simulations because the quartz glass probe
represents a preferential path for the heat flux with respect to the tissue.
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Figure 4.15: Temperature measured by different FBG probes in agar. Each probe
has 5 FBGs and the one labeled as 1 is towards the probe tip
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Chapter 5

All-fiber optic probe development
and characterization

Part of the material presented in this chapter has been already published in [95]
(including Fig. 5.6 (left), Fig. 5.7 (left), Fig. 5.14, Fig. 5.15), in [96] (including
Fig. 5.18, Fig. 5.19), or submitted to to IEEE Transactions on Instrumentation
€ Measurement with a work entitled "Temperature Monitoring with Fiber Bragg
Grating Sensors in Non-Uniform Conditions" (including Fig. 5.5 and Fig. 5.10).

In the previous chapters, FBGs have been investigated as temperature sensors
for LA monitoring and issues related to the non-uniform temperature distribution
along the sensor, as well as the load effect of the sensor embodiment, have been
addressed and quantified. In a real application, further problems arise since the
laser-delivery fiber and sensor probe positioning can be very difficult because of
the significant uncertainties related to the imaging systems employed to monitor
the positioning. As a consequence, large temperature errors due to the measure-
ment in the incorrect position lead to a misunderstanding of the treatment status.
Moreover, it has to be taken into account that LA should be a minimally-invasive
therapy and, therefore, the fewer insertions have to be performed, the less invasive
the treatment is.

Part of the thesis work was thus devoted to the development and the test of a
single probe that embeds both the laser delivery fiber and the sensing fiber. The
probe structure and some details regarding the manufacturing of delivery fiber are
described in the following sections.

5.1 Probe realization

As mentioned before, a single probe that combines both the FBGs and the
delivery fiber presents several advantages, since it is less invasive and guarantee the
proper FBG position with respect to the laser source. In this section, are described
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5 — All-fiber optic probe development and characterization

two different solutions devised to integrate the FBGs into the probe. In both cases,
the delivery fiber has been modified in order to shape the radiation pattern to the
tumor shape.

5.1.1 Delivery fiber modification

One potential issue of the LA is given by the optical power distribution at the
delivery fiber tip. Indeed, since the light is emitted from a small surface (the fiber
core, about 0.03 mm?) the power density on the tissue is very high and carbonization
can easily occur even at low power levels [97]. Carbonized tissues prevent the
laser radiation to penetrate into the remaining part of the tumor (Fig. 5.1) and,
therefore, it should be avoided. A solution would be to decrease the power to very
low levels, but this would result in a very long treatment time.

— @ !

Carbonization

Figure 5.1: Sketch of a flat tip fiber treating a tumor (left). Example of a test
conducted with a flat tip fiber on pig ex-vivo liver where there was not the tumor.
It is easy to see the carbonization produced and the small ablation area (right).

For this reasons, the thesis aim was then not only to study FBGs behavior for
monitoring LA treatments but also to improve the laser-delivery from the fiber in
terms of ablation size and effectiveness. To this aim, different solutions have been
investigated by several researchers, such as adding a lens at the fiber tip [98].
The approach studied in this thesis work does not require any additional optical
component because one of the requirements is, also, to minimize to the size of the
probe. The investigated solution relies on a modification of the fiber cladding in
order to allow a lateral emission of the light [99]. Part of the cladding is removed so
the light will be diffused in the whole damaged region, thus decreasing the power
density and preventing carbonization; moreover, the damaging size and severity
can be easily modified in order to tailor the optical power distribution to the tumor
shape and dimension. The damages have been performed by mean of a C'O, laser
that can be absorbed from the outer cladding of a 400 pm fiber; the outcome of this
procedure are small cuts from where the light goes out (Fig. 5.2).
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Figure 5.2: Sketch of a diffusing fiber treating a tumor (left). Example of a test
conducted with diffusing fiber on pig ex-vivo liver where there was not the tumor.
No carbonization occurs in this case and the ablation area is larger (right).

The emitting fiber modification also provides advantages from the sensor side:
it is now possible to aggregate, without increasing the probe size, the delivery fiber
with the sensing fiber, and the sensor can be located inside the hot spot in order to
measure the maximum temperature. The probe that embeds the fibers in a single
embodiment presents the following advantages:

1. only one, even if slightly bigger, insertion has to be done on the patient;

2. the relative position between the light source and the sensors is known (i.e.
no positioning errors);

3. if the ablation pattern is symmetric, by measuring along the fiber axis is
possible to retrieve the whole temperature distribution in the tumor.

The aspects related to the development and the characterization of an all-glass
fiber probe for tumors laser ablation are discussed in the next sections.

5.1.2 Single probe for Laser Ablation

Different probe structures can be devised in order to minimize the dimension
and to simplify the probe usage. The simplest solution is composed of two different
fibers, the delivery one and the sensing one, placed together into the same capillary,
fixed with optical resin at one side (Fig. 5.3). This solution is the most cheaper and
flexible and has been widely employed in the experiment described in the following.
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Figure 5.3: System employed with the two-fiber solution.

The second adopted solution is more complex and expensive but allows an even
smaller probe realization. In this case,
Double Cladding (DC) fiber where the core has been modified inscribed a cascade
of FBGs. In this, the laser is delivered through the inner cladding and the core
acts as a temperature sensor. The laser light is launched into the cladding using
an optical coupler that combines the laser light and the sensing signal (Fig. 5.4).

10/125 um fiber

Combiner

FBG interrogation
system

10/125 pm fiber

the employed fiber is a 20/400/440 pm

20/400/440 pm DC fiber

| DC fiber probe
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FBG array
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Figure 5.4: Probe based on a double cladding (DC) fiber.
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In the following sections, the characterization of both the solutions will be de-
scribed and measurements errors provided by the embedded FBGs will be analyzed,
while in the next chapter experimental results concerning the probe application are
presented.

5.2 Temperature distribution in liver phantom

So far, simulated temperature distributions were employed to study the FBGs
behavior under non-uniform temperature conditions.

In this section are reported procedures and results concerning the monitoring
of the temperature distribution that occurs in real applications. To do this, it is
useful both to assess the radiation distribution of the proposed probe and to assess
the measurement capability of the investigated temperature sensors.

To this aim, a modified version of the agar gel already presented was used.
Indeed, in this case, it is important to mimic not only the liver thermal conductivity
but also the optical absorption. The gel was, thus, loaded during the preparation
with Indian ink [100, 101, 102]. Then, the gel was left solidify in cylindrical molds
having height 0.5 cm and diameter 9cm. The final phantom was composed of three
layers so that the laser fiber can be easily inserted the middle of the phantom (Fig.
5.5 (right).

The fiber delivering the laser was, then, inserted in the inner agar layer inside
a quartz capillary in order to heat the phantom central part. Tests were done
to compare the radiation pattern of modified and non-modified fibers. A non-
modified 400 pm flat tip fiber was used first, then the same fiber was modified and
the test repeated. The laser power was set to 2W and the temperature at the
upper, external, surface of the agar pile was monitored using an IR camera. After
5 minutes the temperature was steady and then the upper agar disk was quickly
removed thus exposing the delivery fiber and internal part of the phantom. The
temperature distribution was immediately recorded with the camera thus obtaining
the result of Fig. 5.6. Qualitatively, it is easy to see that the phantom temperature
increase is more extensive for the diffusing fiber.
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Figure 5.5: Employed setup for the LA temperature distribution, with the laser,
the TR-camera and the liver phantom (left); sketch of the setup where the three
layers phantom has the laser delivery fiber inside and the IR-camera above (right).

Figure 5.6: Inner layer thermal image taken during the experiments of a 400 pm
flat tip fiber (left) and of the diffusive fiber (right).

The thermal distribution along the delivery fiber axis is shown in Fig. 5.7(left)
where is possible to quantitative compare the temperature distributions obtained
with the two fibers. For the non-modified fiber, the temperature reaches 60 °C, but
the distribution presents a very narrow peak with gradients up to 2°C/mm. The
modified fiber, instead, presents a smaller peak temperature and an approximately
flat temperature distribution around the radiating area.
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5.2 — Temperature distribution in liver phantom

This result shows that the modified fiber is the best candidate to be employed
in a probe for laser ablation.

The test also shows that the temperature barely reaches cytotoxic levels, but
is possible to tune the laser power and thus scale up the power distribution to the
desired values.
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Figure 5.7: Comparison between the temperature distributions obtained during the
tests on liver phantom with a flat tip fiber (left) and the diffusing fiber (right). At
yv=0 is positioned the fiber tip.

The shape of the temperature distribution in Fig.s 5.7 severely constraints the
FBG measurements. The temperature gradient is as large as 2°C mm so, as shown
in the previous chapter, any error in the sensor position significantly affects the tem-
perature measurements. Moreover, the FBG works in a region where the temper-
ature distribution is non-linear, thus resulting in further uncertainty contribution,
as discussed in the following section.

5.2.1 Errors due to FBGs length

The particular case of linear temperature distribution, studied in the previous
chapter, has shown that the FBG returns the average of the temperature along its
sensitive area. The response in the presence of a non-linear distribution has been
analyzed using the FBG model based on the transmission lines which has been
applied on a particular distribution recorded with the IR camera.

The simulation was based on a standard 1.5 cm that slides on the temperature
distribution, providing the FBG response at different positions.

The temperature error was obtained as the difference between the measured
temperature and the average temperature in the grating area (Fig. 5.8).

As can be seen, larger errors correspond to more substantial non-linearity in the
temperature pattern and, in particular, the maximum error registered is of 3°C
in (y = —1.5). In the region of uniform radiation, that is in the middle of the
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Figure 5.8: Temperature error (bottom) provided by a 1.5cm FBG shifted along
the temperature distribution (top).

diffusing part, the error is 0.7 °C.The temperature non-linearity has thus an effect
on the sensor output and it can be considered as an influence quantity on the FBG
measurement.

Moreover, the obtained error is valid only for a 1.5c¢m length FBG, but it
should be smaller in case of a shorter one. As a verification, another simulation
was carried out keeping the FBG always in the same position but reducing its
length. For the position (z,y) = (0,1.5) (i. e. where the error function presents
a maximum) the error corresponding to different FBG lengths is reported in Fig.
5.9 where it can be seen that the error monotonically decreases with the sensor
length, starting from 3 °C when the sensor is 1.5 c¢m long to 0.5 °C when its length
is Imm. As a consequence, the optimal solution would be to work with a sensor
as short as possible but, unfortunately, as the sensor length decreases the spectral
response intensity decreases and the peak width increases (Fig. 5.9 (right)) thus
compromising the accuracy in the peak identification. Moreover, the risk of spectra
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5.2 — Temperature distribution in liver phantom

overlapping, in case of an FBG array, is higher. A reasonable compromise is to use
sensors having a length of a few millimeters.
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Figure 5.9: Error for different FBG lengths (left); the corresponding increasing
peak width and intensity reduction (right).

In order to verify the results obtained from simulations, an experimental setup
was devised which is based on the agar phantom already employed in Chapter 4.
Even in this case, in order to have an accurate metallic reference sensor, was not
possible to use the laser. Therefore, the agar was not loaded with the ink and was
heated with a cylindrical resistor. The aim of this test was to compare, under the
same non-linear temperature profile, FBGs with different lengths and thermocou-
ples. The following sensors were embedded inside the agar perpendicularly to the
cylindrical resistor:

o asilica 10/125 pum fiber with a 1.5 cm FBG inscribed, previously characterized
on the setup for linear gradients, in order to know the exact position of it
(FBGL);

o a silica 10/125pm fiber with three 1 mm length FBGs inscribed, spaced by
4mm (FBGI1, FBG2, FBG3, FBG4);

o four type-T thermocouples placed one on the resistor and then every 5mm
in order to cover the whole longer FBG length.

The resistor was turned on and the temperature was recorded from all the
sensors. The measurements recorded at steady state conditions are reported in Fig.
5.10. Here the temperatures from the four thermocouples have been interpolated
in order to compare values at the FBG positions. It appears that, as reported in
Table 5.1, the longer FBG (FBGL) presents a higher temperature difference since
the distribution is not linear along it. For the shorter FBGs (FBG1, FBG2, FBG3,
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FBG4) the difference is smaller and is comparable with their expected uncertainty
(£0.6°C)and to the uncertainty due to the non-perfect knowledge of the sensor
position (+0.5mm).

Table 5.1: FBGs measured values

FBGL FBG1 FBG2 FBG3

Position P (mm) 8 4 8 12
Taverage (Celsius) 45.6 50.2 43.5 37.4
Tmeasured (Celsius) | 41.8 49.2 42.5 38
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Figure 5.10: Agar setup with two fiber placed perpendicularly to a resistor (left);
measurements taken from the different temperature sensors (right).

5.3 Validation in liver phantom

In this section, are described the procedures developed to validate the probes
composed of FBGs encapsulated in a quartz capillary. In these tests the simplest
probe version, having separated delivery and measurement fibers, was used. The
measurement fiber embeds three 1.5cm FBGs arranged in the quartz capillary
with the 1cm diffusing fiber, sealed and fixed on one side. The three FBGs are
placed in order to cover different regions on the diffusing part: the first (FBG1)
is in the area of almost uniform irradiation (and thus temperature), the second
(FBG2) is on the edge of the irradiating part and the third (FBG3) is outside the
radiating region, far from the fiber tip. The FBGs centers are spaced of about
lcem. In presence of the laser light, was not possible to use metallic sensors to
validate FBGs measurements and the agar was loaded with ink in order to reproduce

62



5.3 — Validation in liver phantom

the ex-vivo liver conditions. An IR-camera was used to register the temperature
at the phantom. Also in this case, as already done to estimate the temperature
distribution due to the laser, the phantom was made with different slices, in order
to quickly remove the upper one and take a more accurate measure with the IR-
camera. The probe was placed into the phantom and the laser turned on with power
between 2 W and 3W. The temperature was recorded, simultaneously from all the
FBGs, for the entire procedure. After about 10 minutes the temperatures were
steady and the camera was turned on. Then, the laser was turned off, the upper agar
layer quickly removed and the internal images were taken for few seconds. The FBG
measures were compared with the average temperature as recorded by the camera
after the layer removal. An example of the results obtained with this procedure is
reported in Fig. 5.11. Here, as expected, there is a good agreement between the
FBG1 measure and the average temperature measured with the camera. This is
because the sensor is in a region of almost uniform temperature. FBG2, instead,
measures a lower value with respect to the average, and this can be explained
with the results obtained in Chapter 4, since FBG2 is in a region of non-uniform
temperature, therefore it will underestimate the average temperature. FBG3 is,
as FBGI, in another area of uniform temperature, so, once again, its measure
is in good agreement with the camera, with a difference of 0.2°C from the first
measurement taken by the camera immediately after the agar slice removal.
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Figure 5.11: Results obtained with 2W. On the left are reported the temperature
during the whole experiment. On the right, the magnification of the green box,
where the camera was used to record the temperature evolution for about 30s.
The two red circles represent the two points that are considered for the comparison
between the camera and the FBG. The spike at time 550 s is due to the operator’s
hand.

Further tests were carried out using the probe composed of a single fiber. This
probe is based on the double cladding fiber and it has two gratings of 3mm in
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5 — All-fiber optic probe development and characterization

length, spaced by 5mm. A quartz glass capillary prevents any strain transfer. The
validation procedure was made using a different setup still based on the thermo-
optic liver phantom already described. In this setup, the ink-loaded agar gel was
poured on a plastic cylindrical pot of 3cm in height and 9cm in diameter. During
the solidification, the probe was positioned on the upper surface in order to be
covered by a thin agar layer (Fig. 5.12).

FBGA ] Delivery Probe

Figure 5.12: The FBGs during the validation test with laser.

The test aim is to compare longer and shorter gratings and to measure the
temperature distribution around the probe, so three furthers 1.5 cm gratings have
been placed on the phantom surface. With reference to Fig. 5.12:

o FBGI is placed just outside the capillary, in close contact with the capillary;

o« FBG2 and FBG3 are placed parallel to FBG1, at 0.5cm and 1cm from it,
respectively;

o FBG 4 is inside the dual-cladding fiber core, proximal to the probe tip, in the
region of maximum light emission (that is in the middle of the modified part
of the fiber);

o FBGS5 is in the dual-cladding fiber core, distal from the fiber tip.

Since in this test the probe is also able to deliver the laser light, no further
metallic sensors were placed to measure the temperature. Therefore, in this par-
ticular case, the reference measurement can be obtained with the IR-camera (Fig.
5.13).

The test procedure was as follow:

1. the phantom was covered with another thick agar slice;

2. the laser was turned on and the temperature from the FBGs registered;
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5.3 — Validation in liver phantom

Figure 5.13: Position of the IR-Camera on the agar phantom to record the experi-
ment temperature.

3. once the temperature from the sensors was steady, the upper agar slice was
removed and the camera turned on;

4. the uncovered sensors reach another steady state; then the laser was turned
off while the camera was still recording.

Test results are reported in Fig. 5.14 where it can be seen the behavior of each
sensor and the temperature increase recorded with the camera up to a steady state.

The laser was set in order to deliver a power of only 2W to avoid temperatures
higher than the agar melting point. After about 12 minutes the upper layer was
removed and the temperature of the sensors closer to the laser source measure
a temperature increase of a few degrees. These sensors, FBG4 FBG5 and FBGI,
measured almost the same value, with a maximum difference of 3 °C between FBG4
and FBG1; this is reasonable since FBG4 is in the hottest point, where the radiation
is higher, and FBG1 includes a larger region outside the capillary. FBG1 measure
is in good agreement with the one provided by FBG5, with a difference of 0.4 °C,
which is positioned where the radiation starts to decrease along the fiber. A higher
gradient is registered, instead, perpendicularly to the probe, from FBG2 and FBGS3.
In that direction, the temperature falls of about 20°C/cm because of the large
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Figure 5.14: Temperature measured from the five FBGs (left). Thermal evolution
recorded from the IR-camera after the upper layer was removed (right).

thermal gradient. The comparison with the IR-camera was obtained averaging the
pixels of the infrared image in the region of each grating. In Fig. 5.15 are reported
the measurements of the three 1.5cm length FBGs, compared with the averages
from the camera. These are in good agreement and therefore a validation of FBGs
measurements during an LA on liver phantom can be considered satisfactory.

The next step was to validate these measurements also on a real ex-vivo liver.
This was done using the same approach as for the agar phantom, with the delivery
fiber included between two swine liver slices (Fig. 5.16). In this case, only the
probe made with the DC fiber with the two grating inscribed has been used, and
the measurements have been compared once again with the average temperature
taken by the camera after the upper layer removal.

The results are reported in Fig. 5.16 where are shown the measurements of the
two grating during the whole test and the average obtained from the camera images
for a few seconds during the upper layer removal. The test lasts for ten minutes,
with 2 W of laser power, and produced the damage shown in Fig. 5.16 (right). In
this case, the temperature registered from the FBGs are few degrees higher than in
the phantom, probably because of the loaded agar optical absorption is lower than
the liver one. However, the difference between the two FBGs (4°C) is close to the
one obtained in the phantom (6°C), and the difference of the FBG in the hottest
region (FBG4) with the measure of the camera is of 1°C only (Fig. 5.17).

These results so far presented have shown the ability of FBGs sensors integrated
into a laser delivery fiber to monitor LA. However, the described tests have been
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Figure 5.15: Comparison between the longer FBGs and the IR-camera measure-
ments at the FBG position.

Figure 5.16: Validation test of the DC probe with two FBGs inscribed. (a) The
probe included in liver slices; the picture shows a bright spot due to the transmitted
laser light which is captured by the camera since it does not embed a strong filter
for IR light. (b) Picture of the probe taken while the laser is on and the liver setup
open; (¢) damage produced by the probe when the power was set to 2W for 10
minutes (1200J).

carried out in phantoms and ex-vivo liver, so in conditions that can only approx-
imate the behavior of human organs during a real LA since the presence of blood
vessels and, more generally, organ perfusion cannot be taken into account using a
bulky phantom.
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Figure 5.17: Comparison between the FBGs included in the DC fiber and the IR-
camera. On the left is reported the temperature acquisition for the whole test; on
the right, there is a magnification in order to see the comparison with the camera
that acquired for few seconds during the upper layer removal. The red circles are
the two points where the temperatures have been compared.

For these reasons, some very preliminary tests have been carried out using a
modified setup that emulates the presence of a single vessel. This setup represents
only a rough approximation of a live organ but it is useful to assess the quantitative
effects on the temperature distribution and thus on the sensor measurements.
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5.4 — Thermo-optical model

5.4 Thermo-optical model

As shown in the previous sections, FBGs are good candidates to monitor the
ablation procedure in the presence of intense laser radiation since they do not affect
the laser light propagation. It has been shown that few millimeters gratings can
be included in a single DC fiber that both delivers the light and performs the
measurements, thus allowing a minimally invasive probe to be devised. The results
presented in the previous sections are all related to a simplified setup where the
tissue around the probe, ex-vivo liver or agar-jelly phantom, is homogeneous and
does not present any perfusion. The presence of blood flow is one of the main
issues during thermal therapies since it drains a large amount of heat and it thus
significantly affects the ablation results. Actually, the vessel heat sink effect can
induce distortion in the temperature pattern around the probe and it can lead to a
misunderstanding in the interpretation of the FBG temperatures. In order to study
this problem, a thermo-optical model was implemented which employs a Finite
Element Method (FEM) software that combines ray tracing with heat transfer in
solids in a 2D geometry. For the sake of simplicity, the liver block was modeled
as a circle and the results obtained from these simulations have been preliminarily
validated by means of ablations performed in ex-vivo liver (Fig. 5.18)

T(°C)
100

Figure 5.18: Comparison of the isothermal curves obtained from simulations (left)
and thermal camera during a real ex-vivo liver ablation (right). The validation of
the FEM results in the ex-vivo case allowed the investigation of the in-vivo case
with blood perfusion.

It turned out that, even from simulations, with 2 W is possible to reach a cytotoxic
region (>55°C) of about 1.5cm in length.

This result ensures the simulation validity in the uniform case and it was there-
fore used to forecast also different conditions where a blood vessel is present. This

69



5 — All-fiber optic probe development and characterization

situation can be described by the Pennes’s equation (Eq. ),

pcpaa_z1 =V- (kVT) + Qlaser + wab,Ob(T - Tb) + Qm (51)

where py, ¢, wp and Ty, are, respectively, the blood density, specific heat, per-

fusion rate and average temperature: these are the quantities needed to evaluate

the blood perfusion effect. ()., models the heat source due to metabolic processes,

while p, ¢, and k are, respectively, the medium density, specific heat and conduc-

tivity, and Qaser is the power source term that takes into account the laser light
absorption in the medium (values in Tab. 5.2).

Table 5.2: Parameters values employed in thermo-optic simulations.

Parameter Value

Wh 0.064s7"
Ch 4180 J /kgK
Pb 1000 kg /m?
T 37°C
Qm 0W/m3

The metabolic heat rate is usually considered to be negligible, whereas the blood
perfusion deeply affects the treatment. Specifically, blood perfusion has the effect of
producing a general cooling of the treatment environment and leads to distortions
in the otherwise uniform thermal distributions obtained in laser ablation. As these
non-uniformities are not easily predictable, it is useful to rely on computational
tools in order to simulate the effect of such distortions on the heating process.
Given this, it was evaluated the effect of a blood vessel located in different positions
around the probe, in order to see if the sensors inside the capillary can discriminate
these situations and can give reliable information which can be employed to adjust
the laser power and control the ablation size.

5.5 Experimental setup mimicking in-vivo condi-
tions

The liver model described in the previous section was modified by adding a
8 mm circle that emulates a vessel located as shown in Fig. 5.19.
From the simulation results, it is possible to see a reduction of the ablation region
as large as few millimeters. The temperature distribution along the fiber axis was
studied considering several different vessel distances from the probe (2, 5 and 7 mm,
where the distance is considered from the tangent line to the circle). The results
are reported in Fig. 5.20, where, in the worst situation, a temperature reduction of

70



5.5 — Experimental setup mimicking in-vivo conditions

Figure 5.19: Simulation with a blood vessel in proximity of the ablation probe.

up to 5°C can be observed with respect to a non perfused case, while, after 7 mm,
the effect can be considered negligible.
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Figure 5.20: Temperature distribution along the LA probe for different blood vessel
distances.

The results concerning the worst situation were validated through experiments.
To this aim, a PVC pipe was inserted in the agar-loaded phantom during the
solidification, and a pump was employed to force a water flow of (240 dm?/h) (Fig.
5.21).

Temperature was measured using a fiber that embeds four FBGs having length
of 1 mm and spaced by 5mm. The probe was inserted in the phantom, through a 16
G needle at 2mm from the tube. The laser power was set to 2 W for 10 minutes. In
order to have a comparison between the simulations of in-vivo (circulating water)
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Figure 5.21: In-vivo phantom with the PVC tube inserted to emulate a blood vessel.

and the ex-vivo (no perfusion) organs, the in-vivo was performed at first, then the
tube was removed and the gap was filled with other agar and the test repeated.
The comparison between simulations and experimental results is reported in Fig.
5.22, where it can be seen that there is still a mismatch between simulations and
experiments that can be explained with the differences between the liver phantom
realized and simulated, in terms of optical absorption and thermal coefficients.
However, in both simulations and experimental tests, the blood vessel (circulating
water) has modified the temperature sensed by the FBGs inside the probe and
therefore it could be feasible to adjust the simulation parameters in order to forecast
several in-vivo situations, with the probe in proximity of a large blood vessel.

72



5.5 — Experimental setup mimicking in-vivo conditions

1 1 90 :
90 |—Ex-vivo | [ —e—n-vivo )
—In-vivo | 80 | |=*-Exvivo g
I 3
80 ;
: ! 70+ A
ey /
o70¢ | 2" FBG ., !
a-/ O\/ I II I’
= 60 1 [ ,/ 3 7
3 FBG 15t FBG j| 50 '/ //
50r — =1 — .. ) //
! 1 40 ;::::::::::I:::::: ........ =g
40 ¢ I i
: ‘ 30 ‘ ‘
0 2 4 6 8 10 12 1 2 3 4
Cut line length on fiber axis (mm) BETGOFE

Figure 5.22: Comparison of the temperature distribution along the LA probe in
the ex-vivo and in-vivo case between simulations (left) and experiments (right).
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Chapter 6

In-vivo experimental tests

Part of the results described in this chapter have been already published in [103]
(including Fig. 6.2 and Fig. 6.3) and have been obtained in collaboration with the
Institut de Chirurgie Guidée par I'Image THU in Strasbourg (FR).

The results described in the previous chapter showed that a probe composed of
delivery laser fiber and temperature measurement fiber is able to heat the tissue
above the cytotoxic level and to measure the temperature increase due to laser
absorption. The obtained results are promising but they do not take into account
all the aspects related to a real, in-vivo, scenario. The problem of perfusion was
preliminarily considered in the last tests shown in 5, anyway, the blood flux was
merely modeled as a single vessel, whereas the blood flux is distributed among
several vessels and their combined effects depend on aspects that can be hardly
taken into account:

» vessels position, or the positioning of the needle in which the probe has to be
inserted, often not so accurate;

» the artifacts given by the patient movement.

In order to better understand all these aspects, some tests on animal models
were performed thanks to the collaboration with the Institut de Chirurgie Guidée
par 'Image (IHU) in Strasburg (FR).

In this chapter are reported the preliminary results obtained using the developed
probe to perform LA in liver and pancreas.

6.1 Porcine liver and pancreas LA under CT/MR
imaging

Taking advantage of the THU facilities, in-vivo LA experiments have been con-
ducted on three pigs liver and pancreas, under CT 6.1 and MRI guidance.
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Figure 6.1: Picture of a pig under CT scanner employed for the LA experiment.

Given the experimental phase, the delivery probe employed was equipped with
one 1.5c¢m FBG with central wavelength at 1555.6 nm on a separate fiber, in order
to replace it or change its position if needed. The radiating probe portion was
1.5cm, the same as the grating length, which means that on the one hand, the
damage produced can fit a typical tumor size in both pig liver and pancreas and,
on the other hand, the sensor can work in an approximately uniform temperature
distribution, if correctly overlapped with the emitting portion.

The two fibers, delivery and sense, were put together into the already described
1.2mm (outer diameter) quartz capillary, which was sealed and glued. The overall
probe length is few centimeters longer than the emitting portion (Fig. 6.2). For
comparison purposed and in order to map the treatment surrounding area at dif-
ferent positions, another external probe was devised. It was based on an FBGs
array of seven elements of 1 mm each, spaced by 2mm, for a total length of 13 mm
(apodized, with a reflectivity >90%, acrylate-coated, Broptics Technology Inc.,
Taipei, Taiwan), embedded into a carbon fiber needle (1 mm of external diameter)
filled with thermal paste (Fig. 6.3).
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Figure 6.3: Spectrum of the FBGs array (left); FBG equipped needle (right, b)
employed to map the temperature in the surrounding of the laser probe. It has
seven sensor that are labeled from 1 to 7 starting from the needle tip, as shown in
the sketch (right, a).

No metallic parts were employed so everything was, therefore, compatible with
the MRI facility that was employed to facilitate the probes positioning and also,
in perspective, to perform temperature measurements. Results concerning MRI
temperature measurements are not shown in this thesis. The FBG-equipped laser
probe was then percutaneously inserted by means of a 1.5 mm (internal diameter)
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needle in a liver or pancreas region and, always under MRI guidance, the FBGs
carbon needle was positioned parallel to the primary probe, at 4 mm of distance.

Carbon
probe

Figure 6.4: Example of an MRI image, taken just before the experiments, showing
the probes arrangement inside the pig liver.

During these experiments, several LA ablations were performed in different liver
or pancreas locations. The pigs were under heavy anesthesia (10cm?® of Propofol
and 5cm?® of Esmeron, 2% isoflurane), in order to avoid any pain but still au-
tonomously breathing, and, after the experiments, they were immediately sacri-
ficed. These animals did not have any tumors, since the first aim of the activity
was to control the treatment, even on healthy tissues. Therefore, the positions (Fig.
6.4) in which the LA were performed have been chosen from surgeons, according
to their experience, among the most common for a liver or pancreas tumor eligible
for an LA.

In the following are reported, as an example, the results obtained for the first
pig during a liver ablation with a power setting of 3W applied for 10 minutes.
The sensors were all acquired by means of the optical interrogator (Micron Optics,
si155) through two different channels and had been stored both the raw spectra,
with a sampling frequency of 1 Hz, and the peak tracking provided by the acquisition
system, with a frequency of 10 Hz. Raw spectra were acquired as a backup, just
in case something went wrong with the system algorithm since sometimes it can
happen with short gratings that the reflectivity is too weak and the peak tracking
can be lost.

This is problem happened in the test of Fig. 6.5 where is shown the comparison
between the temperature variations obtained from the fitting algorithm applied to
the 1 Hz acquired spectra and the peaks tracking at 10 Hz directly provided by the
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Figure 6.5: Comparison between the temperatures obtained by fitting the spec-
tral responses acquired at 1 Hz (left) and the temperatures obtained by the peak
tracking at 10 Hz provided by the acquisition system (right).

acquisition system. In this test, the FBG 7 in the array was not recognized by the
system and would have been lost, but has been retrieved from the spectral analysis.
The maximum difference between the two algorithms is of 0.2°C and it is mainly
due to the noise present in the faster acquisition.

0 2 4 6 8 10 12
Time (min)

Figure 6.6: Temperature variations obtained from all the sensors employed. The
laser was turned on at minute 1 and turned off at minute 11.
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In Fig. 6.6 are reported the temperature evolution measured from all the sensors
(1 Hz acquisition) employed in the LA ablation on the pig liver and here is possible
to see the effect of a longer grating (FBG L) with respect to the shorter: even if the
temperature was supposed to be uniform along the probe, the long FBG provides
a temperature that is closer to the average of the temperature measured with the
array. Moreover, the temperature of the longest FBG should be higher than the
other, because of the 4 mm nominal distance between the probes, but, given the
issues in the positioning of the insertion needles, the probes are probably in close
contact. Moreover, the carbon needle containing the FBGs array could absorb part
of the laser light, thus resulting in higher measured temperatures. Although the
power settings were higher than in the ex-vivo case (3 W against 2 W), considering
a body temperature of 38 °C, it can be seen that the cytotoxic temperature of 55 °C
was not reached in all the points, because of the blood perfusion that dramatically
affects the treatment.

As mentioned before, one of the main issues that can occur during the in-vivo
experiment and that was not present in the ex-vivo conditions, is the movement
artifact that can be caused by several reasons but the predominant one, in these
case, was the animal respiration. In Fig. 6.7 is reported a magnification of the 10 Hz
acquisition where it can be seen that the motion due to the respiration apparently
affects the measurements up to 1.2°C. This problem only arises the FBGs array
that is enclosed a more flexible embodiment, while it is not present in the sensor
inside the delivery probe which is rigid.

Time (min)

Figure 6.7: Respiration artifact affecting the measurements of the FBGs array. The
temperature measured from the FBG in the applicator appears steady.

In order to see the spatial evolution of the ablated area, the temperatures from
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the array have been plotted every 200s (Fig. 6.8 (left)). The power was set to 3 W
for 10 minutes. The Figure shows the evolution and the extension of the ablation
region during the test and it shows the relative position between the irradiation
pattern and the array. At 0s the temperatures were uniform along the probe, then,
at 600s the temperature distribution was steady and reached its maximum value;
at this point, the laser was turned off and the temperature decreases approaching
its original value.

The reproducibility of the probe positioning was analyzed with a second ablation
performed in another region of the same organ. The result is shown in Fig. 6.8
(right). The laser power was set to 5 W and thus the temperature at the end of
the test was higher. Nevertheless, it is clear that the positioning of the second
probe close to the ablation probe is a hard task since it was placed nominally in the
same position of the previous test, but the measurements obtained with the FBG
array show that the position with respect to the radiation pattern is different. The
positioning difference is of about 5 mm and it is mainly due to the accuracy of the
images taken from the MRI and the accuracy of the marks made on the probe to
control the penetration depth.
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Figure 6.8: Spatial evolution of the temperature measured from the FBGs in the
carbon probe positioned at 4mm from the laser source with 3W (left) and 5W
(right).

These results have shown that it is essential to measure the temperature dur-
ing an LA procedure because the consequences strictly depend on the region that
reached the cytotoxic temperature. Moreover, it has been highlighted the im-
portance of the positioning of the sensors with respect to the source, because a
mismatch can give large errors in the performed ablation estimation.

Given these results, temperature mapping with an auxiliary probe can be very
useful to monitor the temperature in any arbitrary position but the positioning
error prevents this approach to be really effective. The probe the integrates the
sensor with the delivery fiber does not suffer from this problem.
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Chapter 7

Conclusions

This thesis work aims to investigate Fiber Bragg Gratings as temperature sen-
sors for laser ablation (LA) of solid tumors, a promising minimally-invasive tech-
nique that allows to locally treat several kinds lesions, especially in liver and pan-
creas.

One of the main issues of the LA is the control of the temperature distribu-
tion inside the tissues and, for this reason, the usage of LA is still limited since
it presents the risk of undertreatment or unwanted damages to healthy structures.
Nowadays, for the most of the commercial devices devised for LA, the laser light
is delivered to the tumor site using an optical fiber and the amount of energy is
set without any real-time feedback on the treatment effects. These devices do not
embed temperature sensors since conventional sensors employed in clinical applica-
tions are electrical and they are thus not compatible with the laser radiation. The
usage of dielectric sensors, like fiber sensors, is possible but still relegated to some
research applications.

Among all the available fiber sensors, Fiber Bragg Gratings have been intensely
investigated in this thesis work since they are the most suitable candidates to
measure temperature during LA. This kind of fiber sensor is fully compatible with
the laser light and can be integrated inside the same fiber employed to deliver the
laser radiation thus obtaining an innovative all-fiber applicator that performs LA
more safely and in a minimally invasive way.

In order to reach this goal, the performance of commercial FBGs have been
evaluated at first. They are well-known sensors that have been already widely
employed to measure temperature, but mainly in the structural monitoring field
where uniform conditions occur.

FBGs are also sensitive to strain, so they must be protected to unwanted me-
chanical stresses. A temperature probe has been thus developed (Chapter 3) by
encapsulating commercial FBGs into a glass capillary since it is compatible with
the laser radiation. These developed probes have been firstly characterized in uni-
form temperature conditions using a climatic chamber to find their sensitivity with
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the temperature. The resulted sensitivity values have always been close to the the-
oretical value of 10 pm/°C. However, since the considered application is the LA,
and thus the temperature gradient along the sensor can as large as few degrees
per millimeters, the measurement issues related to these conditions, different from
the characterization conditions, have been analyzed. This has been one of the cru-
cial points of this work since the analysis of the measurement errors provided by
FBGs employed in non-uniform temperature conditions has not been wholly ana-
lyzed so far. The FBG behavior has been intensely investigated both by numerical
simulations and experimental tests (Chapter 4). In particular:

e a numerical model that provides the response of an FBG sensor exposed to
any arbitrary temperature distribution along its longitudinal axis has been
implemented. According to the model, the FBG provides the average tem-
perature in the presence of a linear temperature distribution;

 the position of the grating along the fiber affects the measurement results but
the manufacturer provides this position with some millimeters of uncertainty
only, that could correspond to some degrees of temperature error. This issue
is often not considered in the literature, but it can lead to non-negligible er-
rors. By taking advantage of the numerical result obtained from the model, an
experimental setup able to generate reproducible linear temperature distribu-
tion has been realized. Experimental results carried out using the developed
setup with a commercial grating have shown that the position can be found
with a standard uncertainty of 0.3mm, a value that is acceptable for the
considered application;

o the load effect of the sensor embodiment has been evaluated by simulating
the temperature pattern of a real laser ablation performed with a flat-tip
delivery fiber. Different sensor embodiments have been considered and their
effect on the temperature measurements have been computed. In the case of
quartz glass, the error can reach up to 2°C toward the probe tip. These val-
ues have been then experimentally verified with a simplified setup developed
to compare different embodiments under the same non-uniform temperature
distribution. These results can be very useful to quantify the error with other
probe materials and to design a probe that minimizes the temperature load
effect. Also, this aspect is frequently underestimated in other research works.

The possibility of integrating FBG sensors in the same applicator employed to
deliver the laser energy has been considered in Chapter 5. A diffusive delivery
fiber has been realized with the twofold purpose of eliminating the hot-spots that
typically occur with flat-tip fiber and to have the monitoring sensor in a known
position. The probe has been validated using a custom-made setup based on ex-
vivo liver phantom/ex-vivo porcine liver. The setup exploits an IR-camera as a
temperature reference sensor.
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The temperature distribution provided by the new diffusive fiber has been
recorded and it has been employed to compute, by simulations, the temperature
errors which are related to the non-negligible sensor length. The errors have been
verified with an experimental simplified setup.It turned out that, as expected, the
error decreases with the sensor length, but also that the grating optical peak become
wider and less prominent. Short FBGs are also more expensive than “standard”
one because they are not so widespread. One of the outcomes of this thesis is thus
a trade-off between sensor length, measurement accuracy and sensor cost: working
with commercial FBGs, a good compromise is to use sensors having a length of
some millimeters. In the particular case of the temperature pattern provided by
the delivery probe developed in this thesis, the error can be as large as 3°C for a
grating of 1.5cm length and it decreases to 0.5°C for a 1 mm one.

Working with short FBGs was possible to integrate several FBGs with know
position and length into the same fiber employed to deliver the laser. To this aim, a
particular double cladding fiber with custom FBGs has been used to build a single
fiber probe that has been validated in ex-vivo conditions and, afterward, employed
to monitor the ablation in in-vivo conditions on pigs.

The results of these tests have shown that the proposed all-glass fiber probes
meet several requirements: the strain sensitivity is drastically reduced and can be
thus neglected, the sensor position is known and the associated temperature error
can be quantified, the laser absorption is negligible. Moreover, the dimension of
the single fiber probe has been significantly reduced.

The probes still present some drawbacks since the fibers are embedded into a
quartz capillary, a material that is almost transparent to the laser radiation but
that is very fragile and it must be handled with special care using an insertion
needle when employed in in-vivo procedures. A preliminary investigation has been
carried out in order to find a suitable material to be employed in real conditions
and some promising results have been obtained with synthetic polymers such as
PTFE.
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