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Foreword

My initial introduction to Claudio Pacella and his team was in 2005 when I
visited his hospital near Rome to get a better understanding of the work that
he was doing. As an associate editor of the Journal of Vascular and
Interventional Radiology (JVIR), I had the pleasure of reviewing and com-
menting on his hepatic ablation article in the journal and was so impressed by
his results in treating liver lesions that I booked a trip to Italy that year.
Claudio’s team of physicians are incredibly talented and devoted, most
importantly to patient care but also to the highly technical future of laser
medical therapy, which remains a largely unrecognized alternative for the
obliteration of various tumors at low risk and high success. I was able to
experience several ablation procedures and, afterward, sat among Claudio’s
team, listening to their stories and dreams. Amazingly, they asked me to dis-
cuss my experience with laser therapies, which I did (totally unrehearsed). It
was a fulfilling afternoon of observing and engaging with an incredible team
of clinicians. After leaving Italy, my team successfully initiated a laser abla-
tion program for a variety of tumors culminating in local and national recog-
nition on US television and news reports. With mentoring from Dr. Pacella
and team, our Texas program is now robust with over 300 procedures per-
formed to date. My team owes much of its success and drive to Dr. Pacella
and his associates, and we continue to consult them frequently.

Dr. Pacella’s book, like laser itself, is coherent in both time and location—
he provides us with current information regarding laser ablation of tissue
while dividing his chapters into anatomic regions. This organization allows
the reader to focus on the diseases relevant to them and obtain the latest infor-
mation as to the technique and follow-up required for the treatments applied.
While laser ablation (LA) for some circumstances is well-established (liver,
lung, thyroid, brain), some newer indications are quite promising. LA with
MRI guidance and MR thermometry is progressing rapidly in the United
States as the initial treatment for low- to intermediate-risk prostate cancer and
LA for pancreatic lesions, locally metastatic lymph nodes, and arteriovenous
malformations seems to have a bright future. Endoscopic or endovascular
laser procedures are ripe for development aided by non-traumatic delivery of
a small-diameter fiber. Spinal cord tumors are particularly suited for the pre-
cise MRI-guided ablations as well as paraspinal nerve ablations for long-term
pain reduction. I, like Claudio, believe that the possibilities are endless for
such minimally invasive laser procedures.
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Foreword

I am confident that the reader will find this book highly informative as they
begin or continue a path down the road of laser ablative procedures. The
beginning chapters are especially important in providing the physician with a
bedrock of basic knowledge regarding the physics of laser and the biology of
energy-guided heat transfer in human tissue. Subsequent chapters provide
specific information optimizing results for LA in a variety of locations.

As an interventional radiologist (IR), it is important to have a variety of
ablative techniques in one’s “toolbox” (microwave, radiofrequency, cryoabla-
tion, electroporation, focused ultrasound, and others). However, laser abla-
tion is a particular technique with numerous advantages including MRI
compatibility with real-time ablation monitoring, small probe diameter
reducing complications of percutaneous insertion, and a poorly understood
but real reduction in pain post-procedure.

As Claudio would surely agree, the addition of laser to the IR toolbox is a
valuable one.

Galveston, TX, USA John Sealy
Eric Walser



Preface

From the last decade of the last century to our days, we have witnessed an impetu-
ous flowering of clinical applications supported by so-called minimally invasive
therapies (MIT). Among the techniques that use heat to kill neoplastic cells, the
technique based on laser light appears fast, precise, and relatively insensitive to tis-
sues and, even if less diffused than other techniques, has been successfully applied
for several different clinical applications. Particularly, laser ablation, due to its
physical characteristics, allows achieving very precise and reproducible ablations
and is extremely versatile in its possible applications. Thanks to the use of very
thin applicators, with laser ablation, it is possible to tackle with great success and
safety several lesions that are difficult to reach and/or close to vital structures in
the various organs. Also, in cases where the clinical condition of the patient to be
treated is compromised, laser ablation represents a very safe and effective treat-
ment modality. On the other hand, with the possibility of applying multiple fibers
simultaneously, it is possible to obtain large and shaped ablative areas.

To date, there is no ablative technique which has been proven to be better than
the others and none that can be used effectively in all applications. For some
applications, one or the other technique can be more effective or safe. Furthermore,
each technique has specific technical characteristics, advantages, and limits.
Similarly, patients may have some contraindications to some ablation techniques,
and indication can differ according to tumors number, size, and site. It follows
that, in our opinion, the choice should be based on the characteristics of the
patient, tumor, and ablation techniques. Ideally, each center should have all the
techniques available to move toward a tailored approach to thermal ablation, and
operators should be familiar with all the available techniques.

In the present book, the technical characteristics of laser ablation are
described, and all the different clinical applications are illustrated, with high
focus on the evidence present in the literature on the topic. Also, an overview on
the potential of the technique and on its future possible development is provided.
The book is divided into 16 chapters which, after the initials on history and tech-
nique, are dedicated to the different applications developed in these past three
decades. Some applications are well established, while others are more recent
and in the process of being perfected. The reader does not necessarily have to
read the entire book but can read the chapter or chapters of his interest.

Rome, Italy Claudio Maurizio Pacella
Hangzhou, China Tian’an Jiang

Milano, Italy Giovanni Mauri
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History of Laser Ablation

Claudio Maurizio Pacella and Giovanni Mauri

1.1 Introduction

Developing the theory of Albert Einstein on the
stimulated emission of radiation, the American
physicist Maiman first realized in May 1960 at the
laboratories of Hughes Research in Malibu
(California, USA) an artisan laser with a ruby crystal
[1, 2]. Since then the invention has given life to all
subsequent laser applications in the most disparate
fields. Already in 1962 the laser found its first practi-
cal application for microsoldering during retinal sur-
gery. Thus, historically, lasers were initially applied
in ophthalmology because the eye and its interior
belong to the most accessible organs thanks to their
transparency. Following Meyer-Schwickerath’s data
on retinal-tissue-induced coagulation using xenon
flash lamps [3], and the first experimental studies
published by Zaret et al. [4], patients with retinal
detachment were successfully treated by Campbell
et al. [5] and Zweng [6]. Almost simultaneously, the
first applications in dentistry started [7, 8]. At the
beginning, laser treatment was limited to the appli-
cation of ruby lasers. Then other types of lasers fol-
lowed. To date, due to the variety of existing laser
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systems and the diversity of their physical parame-
ters, each branch of surgery and medicine has been
involved [9, 10]. And today, a large variety of laser
procedures are performed all over the world [11-
13]. Most of them belong to the family of minimally
invasive surgery (MIS), a novel term that describes
noncontact and blood-less surgical procedures.
These two characteristics have mainly promoted the
laser as a universal scalpel and an indispensable aid
for the treatment of the most varied pathologies.
Some patients and even some surgeons mistakenly
considered the laser to be a sort of miraculous instru-
ment and aroused excessive hope. This attitude led
to erroneous indications and aroused unjustified
hopes. In fact, laser technology has multiple effects
that must always be evaluated with accurate evi-
dence-based studies but cannot be considered valid
and useful in all circumstances and in all types of
pathology. For example, the heating of cancerous
tissue can mean the death of the cancer cells but by
using the same parameters in retinal coagulation we
can burn the retina with consequent irreversible
blindness. So the same effects can be good in some
treatments but disastrous in other cases.

1.2  Early Medical Applications

of Lasers

In light of the fact that the ruby laser was able to
produce holes in razor blades, it was natural that
the very first studies focused on the vaporizing
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effects of this type of pulsed laser on small exper-
imental tumors in animals [14]. Soon after, in
1964, Goldman and Wilson used the ruby laser to
destroy a basal cell epithelioma in humans [15].
In the same year Minton reported his results on
the use of a very powerful pulsed neodymium
laser in two experimental tumor systems [16, 17].
The CO, laser was the first laser to be used in a
gastroenterological application to treat rectal
cancer using a rigid rectoscope [18]. The CO,
laser was the first to be used in the treatment of
bleeding erosions in the stomach by means of a
cystoscopic control in laparotomy [19]. Nath in
1973 demonstrated the potential of argon and
Nd-YAG lasers transmitted through fiberoptic
waveguides within flexible endoscope to stop
gastrointestinal bleeding [20], while Kiefhaber,
in 1977 reported on the efficacy of the Nd-YAG
laser as a means of stopping bleeding and obtain
hemostasis in a large series of patients [21]. In
the early 1980s, bronchoscopists published data
on the efficiency and effectiveness of the Nd-YAG
laser in recanalizing obstructed bronchi or the
trachea blocked by tumors [22]. Finally, data on
the use of flexible endoscopes to recanalize the
esophagus obstructed by tumor masses have been
reported [23].

Many of the clinical applications of lasers in
gastroenterology require output powers varying
from a few hundreds of joules as for hemor-
rhages to some thousands as happens in the pal-
liation of an esophageal or rectal tumor (it is
typically about 5000 J). Immediately below the
beam, if the powers and energies are sufficient,
some parts of the tissue will vaporize while the
adjacent ones will undergo necrosis. The depth
of the vaporized tissue will depend on the amount
of total energy applied while the extent of the
damage in the remaining tissue will depend
much more on the wavelength of the laser light
used. These clinical applications are not the
object of this book and therefore refer our read-
ers to books or dedicated works. Here we discuss
the important advances achieved by reducing the
50-80 W Nd-YAG laser powers used to stopping
bleeding or debulking advanced and obstructive
tumors at only 1-2 W. This methodology is
known as interstitial hyperthermia, and its use

with the Nd-YAG laser was reported for the first
time in 1983 by Bown [11]. Interstitial therapy
has opened a completely new range of lesions to
laser treatment. The idea is very simple. Instead
of dispensing light from a contactless fiber or a
tip in contact with the tissue surface, the fiber is
inserted directly into the target organ. In this
way, the maximum response can be achieved
within the organ with little surface effect apart
from the small hole required for fiber insertion.
This can be extremely valuable, even if it means
that it is impossible to evaluate the results of the
treatment visually and immediately. In order for
this to happen safely, it is essential to be able to
accurately predict or monitor the nature, extent
and healing of tissue damage caused by the
parameters planned for treatment. This approach
is more suitable for tumors of solid organs such
as the liver or other organs although it could also
be useful for solid wall lesions of hollow organs,
such as sessile villous adenomas in the colon.
When the tip of the fiber is inside the tissue, the
response takes place in a very small space. If the
energy is delivered at high power, the result can
be drastic, because if the water is vaporized,
there is no space for its exit, and this can lead to
the “breaking” of the lesion due to the local
increase of the pressure. Furthermore, the tip can
be damaged if it gets too hot while it is in contact
with biological material. Therefore, interstitial
therapy can be performed with laser powers so
low as to avoid vaporization while other thermal
effects such as coagulative necrosis with subse-
quent healing by cicatrization or regeneration
occur as with the high-power laser. However,
since the exposure time used is long (usually a
few minutes), there is the possibility that the heat
delivered by the laser further expands into the
tissue, causing necrosis up to 8-9 mm from the
tip of the fiber. Thus, a necrotic area of 16—18 mm
of diameter can be obtained inside the target
organ. This can be further increased by using
multiple activated fibers simultaneously by treat-
ing overlapping regions [24]. Contrary to what
was reported in the literature about the low val-
ues above the recommended, we used higher
laser parameters up to 3—5 W with exposure
times comparable to those reported above with
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effects, in our opinion, that were valid and inter-
esting, which will be possible to read in Chap. 3
of this book.

1.3  Laser Ablation

The first coagulation zone was obtained in 1983
from Bown at the National Medical Laser Centre
in London in cutaneous metastasis in a patient
with lung carcinoma using Nd-YAG laser light
with an output power of 20 W for a time of
10 min [11]. Bown obtained an area of coagula-
tion necrosis around the fiber inserted in the con-
text of the tumor with a peripheral ring of tissue
still vital (partial ablation). This data represents
the first example of the use of laser energy as an
ablation technique. The heat generated by the
energy-tissue interaction (in this case the
Nd-YAG laser light) around the fiber (applicator)
inserted in the lesion induces irreversible damage
to the tumor cells (in situ destruction). In essence,
Bown with this initial in vivo experiment has
done nothing but confirm what has been known
since ancient times [25] on the ability to apply
local heat to a specific tumor in order to kill the
malignant cells that are more sensitive to heat
than normal cells [26-28]. In the same way Asher
in Graz (Austria), as reported personally to
Heisterkamp (Department of Surgery, Erasmus
University and University Hospital, Rotterdam,
Dijkzigt), obtained the coagulation of an inoper-
able menigeal tumor, positioning a laser scalpel
in the tumor mass after craniotomy using a lower
output power than that normally used for cutting.
The patient quickly showed an improvement in
his clinical condition after an initial paralysis due
to the edematous swelling of the tumor after abla-
tive treatment [29].

Laser technology is one of the three ablation
techniques that uses heat to kill cancer cells. In
fact, thermal ablation therapies, such as radiofre-
quency, microwaves and lasers, use the energy-
tissue interaction generated around an inserted
applicator to adequately heat target cells to
induce irreversible lesions (50-54 °C for 4-6 min
is a commonly used endpoint). So, as I have
already mentioned in the introductory paragraph,

it belongs fully to the group of minimally inva-
sive therapies (MIT). These techniques uses ther-
mal (or chemical) technologies to induce cell
death within the focal target tumor, ideally
including an additional margin of 0.5-1.0 cm of
ablation of the contiguous normal-appearing
parenchyma to target while limiting damage to
large amounts of normal tissue [30].

It may be appropriate here in this specific
chapter to mention the different synonyms that
the various authors have used over time to define
this type of technique. Bown, as a pioneer, bap-
tized the technique calling it interstitial laser
hyperthermia (ILH) [31]. Amin called it intersti-
tial laser phototherapy (ILP) to distinguish it
from hyperthermia at low temperatures [32].
Interstitial laser ablation (ILA) [33], laser-
induced thermotherapy (LITT) [34], interstitial
laser thermotherapy (ILT) [35], interstitial laser
coagulation (ILC) [29], and interstitial laser ther-
mal ablation (ILTA) or laser thermal ablation
(LTA) [36, 37] have been adopted over time by
Nolsoe in 1989, from Vogl in 1995, from
Tramberg in 1996, from Heisterkamp in 1999,
and from Pacella in 1993 and in 2000, respec-
tively. Each of these acronyms underlines an ele-
ment of the technique as the anatomical site
(interstitial), the means used (laser), the effects of
treatment (coagulation) or, more properly, the
destruction of substance (ablation). But follow-
ing the efforts of a committee of experts who
have worked for years on the standardization of
terminology in order to provide an appropriate
vehicle for reporting the various aspects of
image-guided ablation therapy, the technique
must simply be called laser ablation (LA) [38]. In
fact, the committee expresses itself as follows:
“The term laser ablation should replace terms as
“laser induced interstitial tumor therapy”, “laser
coagulation therapy,” and “laser interstitial pho-
tocoagulation.” This term should be used for all
types of ablation using light energy. Given mul-
tiple laser technologies and application methods,
including superficial therapy (contact/noncontact
mode) or transcutaneous ablation, the term
“Interstitial” or “direct” can be reported to clarify
that the laser is applied with fibers directly
inserted into the tissue” [38—40].
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1.4 Historical Notes on the Use
of Heat to Stop Bleeding

and Destroy Tumors

Cauterization, clearly described for the first time
in the ancient medical literature in Edwin Smith’s
Papyrus dating to 1700 BC, has been used in the
treatment of breast cancers. The verb is “to burn”,
and the instrument used as the burning tip was a
piece of wood used by the Egyptians to light fire
[25]. Cautery was widely used in ancient Greek
and Roman medicine and we know a consider-
able amount of instruments designed in different
forms for different applications. The ancient cau-
tery instruments were usually made of iron,
which despite being a more perishable material
than bronze was harder than the softer bronze.
Cauterization was used in a wide variety of medi-
cal purposes for example, as a hemostatic or to
disrupt benign and malignant tumors. The writ-
ings of Hippocrates (c. 400 BC) refer to cauter-
ization tools as “the irons.” With specific ovoid
shapes they were used to destroy nasal polyps or
in tubular forms protected by tubular sheaths to
block bleeding from hemorrhoids in the anus.
Celsius (first century AD) says that this tube must
be a calamus or a ceramic tube. Ezio’s descrip-
tions in the fourth century AD on the use of cau-
tery as a means of destroying tumors are known.
Cautery remained the most used medium as a
hemostatic until the sixteenth century when
Ambroise Pare in 1951 popularized ligation as a
method of hemostasis for large vessels after
amputation. Cautery was first used in 1880 to
treat bleeding from gastric ulcers in man by
Mikulicz and Kuster during early operative
attempts to control gastrointestinal bleeding as
reported by Dieulafoy, G in Krasner, N [10].
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2.1  Introduction
In the early 1960s, after the first positive results
in the development of a new generator of special
light in the visible and almost-visible regions
of the electromagnetic spectrum [1], several
research laboratories and some industrial organi-
zations have made available valid devices for the
continuation of researches for possible practical
applications [2]. Such generators go under the
designation of “lasers” or optical masers; the first
term is an acronym for the “amplification of light
by stimulated emission of radiation.” These lasers
were quickly used in communication technolo-
gies and in physics experiments. The researchers
soon realized that since the laser was an emitter
of light with a wide range of controllable opti-
cal properties and very high intensity, it can be a
new source of energy with which one can explore
its effects in ophthalmology and other organs in
view of biomedical applications.

From the point of view of medical inter-
est, there are two important properties of laser
light beam, the extremely collimated behaviour,

C. M. Pacella (D<)

Department of Diagnostic Imaging and Interventional
Radiology, Regina Apostolorum Hospital,

Albano Laziale, Rome, Italy

L. Breschi - D. Bottacci
Elesta Srl, Florence, Italy

L. Masotti
Scientific Committee, E1.LEn. S.p.A., Florence, Italy

© Springer Nature Switzerland AG 2020
C. M. Pacella et al. (eds.), Image-guided Laser Ablation,
https://doi.org/10.1007/978-3-030-21748-8_2

i.e., coherence in space, and its high degree of
monochromaticity, i.e., coherence in time. The
collimation property implies the possibility of
obtaining large energy densities in narrow beams
[3] for cutting and precisely ablating soft tissue.
The monochromaticity permits to utilize selec-
tive interaction with tissue both for diagnostic
applications and for therapeutic ones. Thanks to
the fact that the laser light is coherent and mono-
chromatic, it can be propagated in a very thin
flexible optical fiber (200 pm in diameter or less)
and can be used to reach every part of the body
and deliver substantial amount of energy even
over long distances without significant losses. So,
lasers are sophisticated light sources capable of
yielding large amounts of energy to vital tissues
with great precision [4].

The laser is based, among other involved
phenomena, on the spontaneous emission of
photons characteristic of excited atoms or mol-
ecules. Each of the emitted photon can stimulate
the emission of a couple of identical and coher-
ent photons mainly from nearby excited atoms or
molecules. In this way a cascade effect is acti-
vated that could amplify the number of coherent
photons. But the non-excited atoms or molecules
tend to absorb the emitted characteristic photons,
so that to activate the amplification of photons
effect most of the atoms must be in the excited
state. According to the thermodynamic statistics
laws, equilibrium in an isolated medium implies
that the number of nonexcited particle population
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is higher than that of the excited population. The
required “inversion of the population” is obtained
by pumping energy into the system in various
forms, including electrical sources, radiation of
photons of appropriate energy and the energy
generated by chemical reactions. The pumped
energy allows the system to sustain the amplifi-
cation, and the energy that is extracted from this
kind of sources is used for different applications.
In this simplified and synthetic explanation it is
worthwhile to mention that the directivity of the
laser beam is obtained because the phenomena of
the light amplification is realized into a resonant
cavity equipped with two parallel mirrors at the
extremities. The photons inside the cavity move,
according to thermal agitation, in a random way;
only the photons having the direction of move-
ment parallel to the axis of the cavity, i.e., normal
to the mirror surface, moving forward and back-
ward, reflected each time by the mirrors, contrib-
ute to the amplification phenomenon. In fact only
in this direction the stimulated emission becomes
a cascade effect. This is the direction of propaga-
tion of the beam of photons which are extracted
from the cavity through one of the two mirrors.
The mirror from which the output energy is trans-
mitted is made only partially reflecting for this
purpose, so that only a fixed percentage of the
impinging photons are reflected back inside the
cavity; the others come out of the resonant cavity.

2.2  Laser-Tissue Interactions

The nature of the effects of the interaction of
the laser light with the tissues depends on many
factors: mainly the laser wavelength, the laser
power, the exposure time, the pulse duration
and repetition frequency (when pulsed emission
is used), the beam characteristics, the physical
properties of the tissue and the optical applica-
tor features [5]. In living tissue the final biologi-
cal effect depends not only on what happens to
each particular portion of tissue exposed to the
light beam, but also on what happens in the sur-
rounding areas, as these will determine the type
of response to local thermal insult and how it will
evolve towards necrosis or healing. Therefore, it

is essential to observe the entire volume of the
affected tissue from the beginning of exposure
to the end of the treatment and then to the sub-
sequent evolution of the tissue. It is relatively
easy to evaluate the effects of a laser like a CO,
laser, whose beam is absorbed into a very thin
layer of water (0.1 mm), since the most evident
and interesting effect for surgical applications is
tissue vaporization to obtain cutting or ablation
or hemostatic effects precisely. With deeper pen-
etrating beams, like those of the Nd:YAG laser,
the situation is more complex [4].

The range of laser-tissue interaction effects
that can be produced is very wide. We limit men-
tioning only three important effects utilized for
medical applications: (1) thermal effects: (a)
vaporization, (b) necrosis, (c) coagulation; (2)
photochemical effects: photodynamic therapy;
(3) mechanical effects: lithotripsy [4, 6]. In this
chapter and in the remaining chapters of the book,
we will not deal with photochemical or mechani-
cal effects but only with the thermal effects that
underline the mechanisms of tumor destruction.
The thermal effect is the main laser-tissue interac-
tion. The light is emitted at a specific wavelength
that determines the property of the laser when it
is interacting with the biological tissue. The laser
acts as a means of delivering light energy into
tissue where it is transformed into heat. Within
tissue, light can be reflected, transmitted, scat-
tered or absorbed. Only absorbed energy can pro-
duce biological effects; reflection, transmission
and scattering determine where the light goes,
and, consequently, the areas in which it can be
absorbed. All factors that influence the ablative
effect resulting from temperature increase due to
heat generation must be taken into account dur-
ing treatment in order to ablate the tumor with
no risks of damaging healthy surrounding tissue.
Among these, the penetration depth, defined as
the tissue depth needed to absorb 63% of the inci-
dent light intensity, is the most important param-
eter. The penetration depth is typical of each laser
type because it depends on the light wavelength
and on the characteristics of the tumor and of the
surrounding healthy tissue [7]. As we said before
laser lights which are strongly absorbed by bio-
logical soft tissue are used for superficial treat-
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Fig. 2.1 The drawing 102 .

shows that a high depth
of optical penetration is
required to treat deep
tumors (Courtesy of
Elesta Srl, Calenzano,
Florence, Italy)
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ment. Conversely, in order to treat deep tumors,
a high optical penetration depth is required
(Fig. 2.1). This is the reason why, in clinical
practice, different lasers are used to obtain dif-
ferent effects. The operator must choose the laser
(wavelength) and its setting most suitable for the
purposes that he or she wants to obtain during the
procedure [8].

LA can be performed by using the laser emis-
sion in continuous wave (CW) or pulsed mode
(PW). In continuous wave, the laser power level
is ranging from 2 to 3 W up to 30 W (and the
treatment time range is from a few minutes to
more than 20 min) [9]. In pulsed mode the laser
energy is intermittently released in a series of
pulses, the pick power, i.e., the power level of
each pulse, is higher in comparison with the CW
emitting laser but the average power has a level
comparable with that of the CW laser.

2.2.1 Tissue Alterations
Due to the Temperature

Increase: Thermal Dosimetry

It should be noted that increasing the tissue tem-
perature by setting the laser at a higher level and/
or longer treatment time the dimensions of the
ablated tumor does not increase proportionally

Nd:YAG
Therapeutic 3
window 3
Water H,O
Emoglobine Hb
400 600 800 1000 1200 1400

Wavelength [nm]

[10]. This nonlinear relationship between laser
settings and the amount of ablation is due to the
mechanism by which the ablation is obtained.
For most applications involving temperatures
where tissue coagulation necrosis is achievable
within an exposure time from seconds to min-
utes, generally the NIR light part of the spectrum
is used. One of first mathematical models that
takes into account the various elements involved
in the process of biological heat transfer (bio-
transfer) is the Pennes model. This model also
takes into account the role that the flow of blood
circulating in vascular networks in the context
of the tissue plays as a source of heating or sink
(cooling effect)! [11]. This model can be further

'The Pennes equation was developed around 1948 [11]
and, in the years to follow, it has been deeply analyzed and
reinterpreted also at the mathematical level. Pennes con-
ducted a study on a mathematical model based on the
energy balance of an arbitrary volume of tissue. In this
model the energy transfer is due to the phenomenon of
conduction, metabolism and movement of blood or con-
vection. In more detail, it takes into account many param-
eters including the thermal conductivity of the tissue—the
capacity of the tissue to conduct heat, the rate of perfusion
and the specific heat capacity of the blood, the specific
heat and the mass density of the tissue, the density of the
absorbed power—the external heat input to the tissue or
the energy released from the outside, and again the heat
generated by tissue metabolism (generally negligible
compared to other heat inputs), the tissue and arterial
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Laser-tissue interactions
thermal damage evaluation (area/volume) related to output-power and heat dose

(“ex vivo” Porcine liver at 20°C temperature — Laser Nd:YAG — single source; plane-cut fiber)
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Fig. 2.2 Correlation between energy transferred (heat dose) outpower and volume of thermal damage induced with
single fiber in ex vivo porcine liver (Courtesy of Elesta Srl, Calenzano, Florence, Italy)

exploited for treatment planning and to develop
a model for real-time monitoring and controlling
of procedures of LA guided by magnetic reso-
nance (MR-g LA) [12].

The complex mathematical description based
on Arrhenius rate analysis allows us to estimate
cell death as a function of both temperature and
exposure time [13-15] (Fig. 2.2). Assuming
a body temperature of 37 °C, no measurable
effects are observed for the next 5 °C above
this. The first mechanism by which tissue is
thermally affected can be attributed to confor-
mational changes of molecules. These effects,

blood temperatures over time—the kinetics of heat trans-
fer caused, respectively, by thermal conduction (fats and
proteins) and convection (blood flow). Alternative theo-
retical models have been studied to describe the character-
istics of heat transfer of tumors more accurately,
considering the “thermally significant” blood vessels, but
the bioheat transfer (BHTE) serves as a good starting
point. The balance equations are linear and, therefore, the
tissue studies can be solved by various methods. For this
last reason, the Pennes equation is universally recognized
as the equation of human warmth (“bioheat equation”).

accompanied by bond destruction and mem-
brane alterations, are commonly classified with
the term hyperthermia for the temperature inter-
val ranging from approximately (42-50 °C). If
such a status is maintained for several minutes, a
significant percentage of the tissue will undergo
necrosis. Beyond 50 °C, a measurable reduc-
tion in enzyme activity is observed, resulting
in reduced energy transfer within the cell and
immobility of the cell. Consequently, certain
repair mechanisms of the cell are also disabled.
Thereby, the fraction of surviving cells is further
reduced. At 60 °C, denaturation of proteins and
collagen occurs which leads to coagulation of
tissue and necrosis of cells (Fig. 2.3). At even
higher temperatures (>80 °C), the membrane
permeability is drastically increased, thereby
destroying the otherwise maintained equilib-
rium of chemical concentrations. At 100 °C, the
intra- and intercellular water molecules begin
to vaporize. The great heat of water vaporiza-
tion is advantageous since the generated steam
takes away the heat and helps prevent any fur-
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Fig. 2.3 The drawing '
shows the critical
temperature for cellular
death (Courtesy of n0r
Elesta Srl, Calenzano,
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ther increase in the temperature of the adjacent
tissue. Due to the strong increase in volume
during this phase transition, gas bubbles are
formed which induce sudden mechanical break-
age and thermal decomposition of tissue frag-
ments. Once all the water molecules have been
vaporized and the laser exposure continues,
the temperature continues to increase. At tem-
peratures above 100 °C, carbonization occurs
which is observable by the black appearance
of a thin superficial layer of the adjacent tissue
and by smoke escape. Over 300 °C sublimation
or fusion may occur depending on the target
material. Sublimation occurs when the target
material is a soft biological tissue. This phase
transition from solid to gas generates a cavity
around the applicator at the expense of a por-
tion of the energy supplied by the laser light.
In other words, when the tissue is completely
dehydrated, further heating produces a very
thin film of carbonized tissue on the surface of
this cavity (Fig. 2.4). The carbonized film with
the further increase in temperature, due to con-
tinuous exposure to laser light, sublimates and
enlarges the cavity. The inner cavity continues
to increase until the intensity of light (photons
per unitary surface) decreases to a level that
is no longer capable of giving rise to sublima-
tion. The energy of light continues to heat the

10! 102 103 10*

Exposure time [s]

internal surface which, in turn, by conduction
mechanism, transmits heat to the surrounding
tissue which is cooled by contact with healthy
tissue perfused by blood. After a certain expo-
sure time, the energy supplied to the tissue no
longer has the effect of enlarging the volume of
the ablated area; so the amount of ablated tis-
sue increases with a nonlinear and less efficient
behavior.

2.2.2 Equipment for LA

2.2.2.1 Laser Source

Superficial treatments, as previously said,
require CO, lasers, thulium lasers or holmium
lasers (Ho:YAG) with wavelengths of 10,600,
2016 and 2100 nm, respectively, with lower pen-
etration (from about 0.1 mm to almost 1 mm).
Neodymium:YAG lasers (1064 nm) have been
the most widely used for decades due to the
excellent penetration (millimeters) of its light
into deep tissues and, therefore, very suitable for
successfully treating internal tumors (Fig. 2.1).
During the 1980s, advances in solid-state lasers
allowed the creation of portable water-cooled
devices, but with the semiconductors diodes of
the 1990s, lasers became even smaller and more
compact. Such systems weigh less than 20 Ib.
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Fig. 2.4 The surgical
postoperative specimen
shows the area of
coagulation necrosis that
surrounds the central
elliptical area of
carbonization (Courtesy
of Elesta Srl, Calenzano,
Florence, Italy)

Laser-tissue interactions
heat-dose and treated volume with a single fiber

Experimental Set-Up (ex vivo):
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Currently, most LA procedures use Nd:YAG
(A = 1064 nm) or semiconductor diode lasers
(A = 800-980 nm) operating in the range of
2-40 W and use a standard 110/220 V socket
and are air cooled. These lasers do not require
water cooling, do not require pump lamps, and
they, hence, are also more cheap and easier to
maintain than the first lasers.

2.2.2.2 Laser Transmission and Cooling

The laser applicator must be inserted into the
tumor in a minimally invasive way; it must be
stable and allow maximum light transmission.
Optical fibers are used to deliver the laser light
with high efficiency; they are very small in
diameter (few tenths of a millimeter) and are
flexible, allowing to reach every part of the body
via natural apertures or by very small diameter
needles. An efficient device is the one that is
able to obtain maximum volume of ablated tis-

Total delivered energy (J)

sue for a given amount of laser energy. For this
purpose an accurate design of the applicator is
very important. The emission characteristics
of the optical applicator play an important role
in the geometry of the damaged tissue. Laser
energy is delivered to the site of interest inter-
stitially and percutaneously. Images obtained
with real-time ultrasound imaging, computed
tomography (CT), fluoroscopy or magnetic res-
onance imaging are used to guide the applicator
through the tissue to the context of the lesion to
be treated.

In some laser applications a diffusing tip fiber
is used, which is designed to radiate light radi-
ally over a length of 0.5-2.5 cm in order to heat
simultaneously and symmetrically large isotro-
pic volumes of tissue. Diffusing tip fibers often
incorporate small, dispersed particles, such as
gold or titanium dioxide, into a mixture of elasto-
mers such as a silicone epoxy resin. Both the dif-
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fusive material and the epoxy resin must be able
to withstand high temperatures. The distribution
of the light emitted along the entire length of the
diffusing fiber can be modulated by varying the
diffusion properties, i.e., via varying the particle
concentration or size along the whole diffuser
according to Beer’s law; for example, a region
with a high concentration of particles followed
by a region of lower concentration can be used to
obtain a fairly constant emission along the length
of the diffuser.

The optical fiber for delivering the laser
light consists of a silica-based core with a thin
surrounding coating also made of silica or a
hard polymeric material. The fiber is enclosed
in a jacket, often made of fluoropolymer or
polyamide-type materials, whose purpose is to
provide a nonstick surface for the coagulated
tissue and provide strength and flexibility. The
optical fibers used for ablation have a diameter
of 400—600 pm and can transmit large amounts
of energy over a long distance with minimal
losses (for MR imaging—guided procedures the
fiber can be 10 m long). Bare fibers with the
distal surface emittent are used for LA applica-
tions. Appropriate design and production of the
applicator’s emitting surface allows to reduce
the power density and the temperature on their
surface and of the tissue that is in contact with
it as well as to increase the possibility to check
the geometry of the damaged tissue [16]. These
fibers operating at powers of the order of 2—4 W
for 15 min slowly heat large volumes of tissue
with minimal vaporization and carbonization of

Fig. 2.5 Introducer
sheath and optical fiber:
the drawing and the
image show the
introducer needle and
the flat-tipped bare fiber.
A schematic drawing
indicates the laser beam.
The caliber of the
introducer and of the
fiber are shown in the
drawing (Courtesy of
Elesta Srl, Calenzano,
Florence, Italy)

Needle 21G (0.8mm)

Needle 21G (0.8mm)

the irradiated area [17, 18]. Experimental study
in rat tumor found that the maximum lesion
diameter produced with this fiber was 1.6 cm
[19]. Others have confirmed that the maximum
achievable lesion size by a bare fiber is approxi-
mately 2 cm [20]. Of course the lesion size is
also dependent on the type of tissue and tumor.
These fibers are ideal for treating small lesions in
a suitable anatomical location using a fine-bore
(21- to 23-gauge) cannula/needle for access. We
ourselves used this type of fiber in the 1990s
and in the first 5 years of 2000 and success-
fully treated tumors at risk-sites and in locations
difficult to approach because of close proxim-
ity to vital structures. Using a power setting of
3-5 W with exposure times of 6-10 min with
four 21-gauge introducers and fibers of 300 pm,
appropriately positioned to create a square con-
figuration in the context of the tumor nodule,
spaced 1.5-1.8 cm, we have effectively ablated
hundreds of tumors with sizes up to 4 cm [21-
23] (Fig. 2.5) (see also Chap. 3).

In the same period, other researchers used
quartz diffusing laser fibers with cylindrical
shaped applicators with larger diameters. The
light is emitted on the whole diffusing sur-
face usually at a power setting of between 4
and 10 W [24-26]. Laser energy is distributed
with minimal intralesion variation, produc-
ing a large volume of coagulative zone, with
minimal carbonization [27-30]. Subsequently,
other applicators have been designed and
validated, such as zebra applicators [8, 31],
or sapphire-tipped applicators in order to

Optical fiber 0.3mm Laser beam

—

Optical fiber 0.3mm
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Fig.2.6 The figure
shows how the
water-cooled device is
constructed. It consists
of two concentric tubes
that create a cavity
where a cooling fluid
(saline) flows. The
innermost tube houses
the optical fiber with a
distal diffusing tip of

10 mm. Note how the
ablated area in a live pig
liver does not show the
central carbonization
zone (Courtesy of Elesta
Srl, Calenzano,
Florence, Italy)

limit the carbonization around the tip of the
fiber [32, 33] and to penetrate with the abla-
tion more deeply into the tissue [28, 30, 34].
Finally, various solutions based on the devel-
opment of cooled applicators have been pro-
posed [29, 35-40]. To obtain large areas of
coagulation both with flat-tipped fibers and
with cooled devices, multiple applicators were
simultaneously used [22, 23, 35, 41].

Since high light intensities increase the
risk of producing the carbonization of the tis-
sue nearest to the applicator and of damaging
itself, the cooling of the laser fiber was intro-
duced with the dual purpose of reducing these
limitations and at the same time with purpose of
obtaining larger coagulation areas. The cooled
tip fibers are now a promising technology for
an approach of the ablative technique even if
being more expensive [42]. Most of solutions
of this new technology are based on the adop-
tion of a dual-lumen design to circulate the
cooling liquid (often a physiological solution
at room temperature) around the fiber during
the procedure (Fig. 2.6). These systems allow

surgical specimen of live pig liver with
the ablated area

Water-cooled applicator

>

optical fibers of 300-ym 'l cooling fluid — 30 ml/min 10W 4,500J

fiber with knurled diffuser housed in the cooled
device of 1.65 mm (17)
T T =3

control of the temperature of the tissue nearer
to the applicator, avoiding early generation of
a highly dehydrated area and obtaining in this
way a larger volume of ablation. In the case that
the laser light source that impinges the tissue is
too intense, the temperatire reaching the surface
layer will be so high that the tissue will lose by
evaporation all the water intra- and intercellular
and it becomes very poorly transparent to the
laser light and poorly heat conducting, so that
very soon the heat produces carbonization fol-
lowed by sublimation of the soft tissue. If we
use a lower level of laser light intensity, we
make the dehydration take place more slowly
because the water abandons the tissue gradu-
ally and it is partially replaced by water coming
from the farthest layers of the tissue. The lon-
ger the transparency time of light and heat con-
duction, the more the phenomenon approaches
the “reduced heat cooking mode” as we know
from the barbecue hobby that a violent fire give
you a carbonized superficial layer but not total
cooking of the internal parts. On the contrary
when putting the meat more far from the fire
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(i.e., lower intensity heat source) one obtains
completely cooked meat also on the inside. The
current cooled applicators operating at 980 nm
are able to obtain lesions up to 3 cm with an
appropriate combination of power, exposure
times and type of irradiated tissue. The cooled
applicator implies that a negligible part of the
energy coming from the laser source is lost
because the cooling liquid draws away part of
the heat from the system. During the same treat-
ment session, multiple ablations are possible so
that larger areas of ablation can be achieved by
simply pulling the applicator back or advanc-
ing it forward; this is possible with bare fiber
applicators. To generate even larger lesions
safely and to reliably deliver the greatest energy
needed, when the apparatus used is equipped
with several independent laser sources, various
applicators can be positioned and activated in
a selectable sequence separately or simultane-
ously. Power settings of 25-30 W can achieve
tissue coagulation zones of 4—6 cm as maximum
diameters [43, 44]. A large diameter (3 mm) of
the cooled fiber necessitates wide bore cannula
(9- to 11-gauge) for percutaneous insertion and
positioning.

Because this is not the place to discuss widely
the RMN guidance system, however, a mention
on this topic deserves to be made to the reader.
Since the technique that uses laser fibers does
not require metal applicators, it becomes com-
patible with MR even with higher field strengths
(>1.5 T). Despite the costs and complexities
inherent in working in the MR environment, mag-
netic resonance imaging has many advantages
for performing thermal therapy procedures such
as LA. Magnetic resonance imaging gives us an
extraordinary contrast between soft tissues and it
is able to give us functional images and informa-
tion on tissue metabolism. Furthermore, the opti-
cal fiber does not affect or degrade the quality of
the images acquired during the procedure. MR

images can be acquired in almost real time on
any arbitrarily chosen plane. This has advantages
in the optimal planning of the procedure with
more precise monitoring and controlling of the
treatment area and of nearby critical structures.
After therapy delivery, in addition to the routine
relaxation mechanisms (T1 and T2 weighing), it
is possible to use changes in many parameters,
such as tissue perfusion or diffusion, to visual-
ize the actual extent of therapy. One of the most
useful advantages of performing LA in the MR
environment is the availability of periproce-
dural multiplanar temperature-sensitive imaging.
Because modern LA delivery aims to generate
lesions in tissues that have many convective heat
sinks and critical structures (such as brain and
prostate), the ability to visualize and to quantify
tissue temperature changes can be crucial feed-
back for safety, efficacy and overall outcomes of
these procedures. So, MR temperature imaging
(MRTY) is a noninvasive method for qualitatively
and/or quantitatively characterizing changes in
tissue temperature [12, 45—47]. In simpler words,
complete destruction of the target tumor with or
without safety margin can be guided by mag-
netic resonance imaging. In practice, after having
performed the correct positioning of the devices
in the lesion to be treated (targeting) under US
guidance or preferably under CT guidance, as
reported by the Frankfurt group, which uses and
has used this imaging technique most of all, we
can perform monitoring and assessment in real
time and the entire operation is concluded as
soon as it is established that the target has been
achieved. It will be possible to clearly observe
that during the heating process the tissue adja-
cent to the catheter containing the fiber rapidly
undergoes coagulative necrosis while the con-
tiguous vessels are occluded and the water near
the coagulated area is expelled. The heat expands
into the surrounding tissue by conduction as the
temperature increases (Fig. 2.7).
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Fig. 2.7 In vivo experimentation on a healthy pig liver
for the macroscopic and histological evaluation of a ther-
mal lesion induced by LA treatment performed by a
17-gauge cooled device positioned laparoscopically and
under ultrasound guidance in the liver tissue of the right
lobe. (a) The longitudinal ultrasound scan shows a good
position of the needle cannula in the hepatic tissue before
starting the delivery of the thermal energy. (b) The ultra-
sound image documents the appearance of an ill-defined
hyperechogenic zone in the treated area due to the vapor-
ization of the tissue fluid and the formation of gas micro-
bubbles. (¢, d) The treatment has led to a thermal damage
lesion around 35 x 20 mm. It should be noted that the
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Experimental Data and Clinical
Studies of Laser Ablation

Claudio Maurizio Pacella and Tian’an Jiang

3.1 Experimental Data
and Initial Clinical Studies

(1980-2000)

In the last 30 years or so, after the first studies on
the tissue-laser interactions conducted by Bown
in 1983 [1], a long series of experimental studies
took place on healthy or diseased tissues and on
animal models. Over time there have been many
clinical trials that have validated laser technology
as a means of treating neoplastic focal lesions in
different organs with sufficient efficacy and safety.

After the first works of the 1960s [2], numer-
ous experimental studies were conducted both
in vivo and ex vivo on healthy tissues and on
tumor models of various animals in the 1980s in
order to establish the most suitable parameters
to obtain a coagulation area as large as possible
in the shortest possible time [3—-12]. More pre-
cisely, while studies on induced tumors aimed
to assess the toxicity of laser energy, studies on
normal liver aimed to develop the best strategy
to obtain large areas of coagulative necrosis.
In fact, the main objective of the research was
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the development of a technique able to obtain
large areas of coagulation safely and quickly in
a single session. In his early work, Matthewson
inserted into a rat liver lobe via laparotomy a
0.4 mm diameter fiber using an Nd-YAG laser
light. Using an output power of 0.5-2.0 W for
an exposure time of 2400 s, he was able to
achieve a well-defined coagulation zone, clearly
distinct from the surrounding healthy tissue.
Matthewson also observed that an increase in
the applied outpower meant a corresponding
increase in the size of the coagulation area [3].
Subsequent experimental studies on tumor mod-
els have confirmed this relationship between the
size of the lesion and the applied energy without
deterioration of liver function [10]. The damag-
ing effect was also confirmed on some tumors
implanted subcutaneously in some rodents
[7, 13]. Finally, to increase the volume of the
coagulation zone in a single session, Steger
first applied multiple light sources activated
simultaneously on a normal dog liver through
a device (beamplitter) able to distribute energy
to four fibers equidistant 1.5 cm from each
other, obtaining a coagulation necrosis area of
3.6 x 3.1 x2.8 cmequal to 15.6 mL using 1.5 W
for 670 s (4020 J in total) [14].

Hashimoto [15] treated the first patients with
hepatic metastases and hepatocellular carcinoma
in 1985 by laparotomy using a bare-tip fiber and
an Nd-YAG laser. This author has used powers
of 5 W for a relatively long time obtaining a fall
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of the carcinoembryonic antigen (CEA) and of
the a-fetoprotein (AFP). Although it is not yet
clear what the benefit was for patients, but the
study showed that the technique was free of
major complications. In subsequent studies, other
authors used different combinations of power
and exposure times with fibers and diffusers that
were able to avoid carbonization. Hahl in 1990
[16] and Huang in 1991 [17] performed a simple
hyperthermia using cooled devices able to main-
tain a constant temperature around 4145 °C for
10-30 min in order to avoid a direct coagulation
of the tissue. Since the air systems used to cool
the devices have caused a fatal complication (gas
embolism), these options have been completely
abandoned. Today, cooling systems with salt
solutions are used for this purpose.

In the 1990s the first works on percutaneous
procedures guided by ultrasound appeared in
the literature. Amin [18] in 1993 using four hol-
low 18-gauge needle and four flat bare-tip fibers
of 600 nm activated simultaneously with 2 W
for 8 min treated 55 metastases with a diameter
between 1 and 15 cm in 21 patients. Metastases
smaller than 4 cm in diameter were treated
more effectively and required fewer treat-
ment sessions than did those larger than 4 cm.
Complications were minor and included severe
pain in four cases, persistent pain for up to
10 days in 11 cases, and asymptomatic subcap-
sular hematoma (four cases) and pleural effu-
sion (six cases) seen with CT. Of the 21 patients
14 remained alive, with a median survival of
7.5 months (range, 4-29 months). Nolsoe in the
same year [19], with the use of a specific modifi-
cation of the bare laser fiber diffuser tip, demon-
strated how it was possible to produce spherical
coagulations with a diameter comparable to
that of liver metastases. With ultrasound (US)
guidance, a 1.2 mm (18-gauge) lumbar needle
was introduced via the multipuncture needle
guide and positioned with its tip in the center
of the metastasis (two of these were treated in
laparotomy). The Nd-YAG laser was turned on,
and the laser treatment continued until the tem-
perature display read 60 °C or had stayed con-
stant at 45 °C for 15 min. The laser output was
varied between 4 and 8 W, and the activation

time varied between 5 and 45 min, depending
on the size and the vascularity of the metasta-
ses. This technique was used in 11 patients with
16 colorectal liver metastases with diameters
of 1-4 cm, 12 of which were radically ablated.
Schroder in 1994 [20] used bare-tip fibers with
output powers of 2—6 W for 8—15 min on both
secondary (6 cases) and primary (2 cases of
hepatocellular carcinoma and 2 cases of breast
cancer) lesions of 0.5-7 cm. Treatment was
technically possible in all cases. The smallest
metastasis disappeared totally while some larger
tumors were reduced in size during a follow-up
period of 6 months to 5 years. There were no
serious complications. Vogl in 1995 [21] treated
33 metastases with a diameter of 1-4 cm in
20 patients using a cooled diffuser with pow-
ers of 3-8 W for 10-35 min. Under ultrasound
guidance and with laparotomic access using an
“icy” sapphire fiber with powers of 6-10 W for
5 min with simultaneous complete occlusion of
hepatic flow, Tranberg in 1996 [22] treated 3
HCC, 18 colorectal metastases and 1 cancer of
pancreas with diameters between 1 and 10 cm.
Pacella in 1996 [23] under US guidance treated
metastases with an average diameter of 2.9 cm
(14 from colorectal cancer, 5 from breast can-
cer and 1 from lung cancer) in 14 patients with
21-gauge thin needles and flat bare-tip fibers of
300 pm using output powers of 5 W for 6 min.
Gillams in 1997, as reported by Heisterkamp
[24], treated percutaneously 148 metastases in
55 patients with a diameter between 1 and 6 cm
with US and MRI approaches using bare tips
simultaneously at 2 W x 7 min in multiple ses-
sions. The authors cited above report to the con-
trol with CT and NMR a percentage of complete
coagulative necrosis between 16% and 58%.
All of them underline the difficulty of obtain-
ing complete response in lesions with diameters
above 2.3 cm. Finally, it should be noted that
it is difficult to compare the data available for
the different selection and recruitment criteria
of the patients used by the different researchers.

Regarding the impact of the survival, Vogl
[25] in 1997 reported the local tumor control and
survival of 134 consecutive patients with a total
of 383 hepatic metastases treated with magnetic
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resonance laser-induced thermotherapy (LITT)!
with 1048 applications. The major groups were
liver metastases from colorectal cancer (88
patients) and liver metastases from breast can-
cer (20 patients) as well as miscellaneous pri-
mary tumors (26 patients). All of the patients
tolerated the procedure under local anesthesia
well, and no severe complications or side effects
were observed. During the follow-up period, 29
of the 134 patients treated died. The mean sur-
vival time was 35 months in the colorectal can-
cer group, 30 months in the breast cancer group,
and 34 months in the group with miscellaneous
primary tumors. The statistical assessment of the
equality of survival distribution showed no sig-
nificant differences between the three groups.
These results suggest that in patients with liver
metastases local tumor destruction using mini-
mally invasive percutaneous LITT' under local
anesthesia results in improved clinical outcomes,
independently of the type of primary tumor.

3.2 Complications

As far as complications are concerned, it must be
said that the major ones are really rare in this ini-
tial group of works. Pain of varying intensity is
described at the point of insertion of the needles
and the right shoulder as a consequence of the
irritation of the diaphragm. The temperature usu-
ally rises in the days following the treatment as
well as the levels of GOT and GPT as a sign of
tissue coagulative necrosis and cytolysis. After a
few days the temperature values return to normal
and within one month the serum levels of GOT
and GPT are restored. A case of biloma, two
cases of subcapsular hematoma, a vasovagal reac-
tion during treatment and a high percentage of
pleural effusions that heal without sequelae and

!'As previously explained in the first chapter and reiterated
in the second chapter of this book, the term “laser abla-
tion” (LA) is associated with several alternative acronyms
in the literature, including laser-induced thermal therapy
(LITT), interstitial coagulation of laser (ILC) interstitial
laser therapy, interstitial laser phototherapy (ILP) and
photothermal therapy, a term that has gained popularity
among scientists working in the field of nanotechnology.

without the need for special therapies have been
described. In some cases the administration of
antibiotics for a few days was needed, especially
when an area of coagulation zone of discrete vol-
ume was associated. Two fatal cases have been
reported. A fatal case of Budd-Chiari syndrome
was reported by Bown to Heisterkamp [24] prob-
ably for the treatment of a lesion close to the
suprahepatic veins and another by Tranberg [22]
for acute multi-organ failure after treatment of a
tumor of 8 cm. The author, in order to increase
the volume of necrosis, completely excluded
the blood supply to the liver during treatment.
Massive necrosis probably induced a shock simi-
lar to that caused by Lee [26] after treatment of
large lesions with cryosurgery without excluding
the blood supply. It therefore remains to be clari-
fied what role is played by the volume of induced
necrosis and the role played by the occlusion of
blood flow in multi-organ failure. Finally, as the
case reported by Bown demonstrates, it is neces-
sary to use caution and prudence when treating
tumors close to vital structures. From the above
it emerges that with the techniques used initially
laser ablation was safe, well tolerated and effec-
tive in the local treatment of lesions with dimen-
sions below 3 cm.

Recent Clinical Studies
(2000-2018)

3.3

In 2000 Gillams and Lees [27] adopted Amin’s
technique to treat 69 patients with multiple liver
metastases from colorectal cancer. The mean
number was 2.9 (range, 1-16), the mean maxi-
mum diameter was 3.9 (range, 1-8) cm and the
mean initial total liver tumor volume was 47
(range, 1-371) mL. Eighteen (26%) had under-
gone previous hepatic resection. Sixty-two of
67 (93%) received chemotherapy at some stage.
Twenty (29%) had extrahepatic disease. Median
survival time from the liver metastasis diagnosis
was 27 months. Of a group of 24 patients with
less than four metastases and less than 5 cm in
maximum diameter, the median survival time
was 33 months from first thermal ablation versus
15 months for the remainder (P = 0.0004). Major
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morbidity occurred in 3.2%, lower morbidity
occurred in 12% and there was one periprocedural
death. Based on these data, Gillams concluded
that percutaneous therapy with laser improved
survival in patients with inoperable but limited
liver metastases. Thermal ablation produced an
improvement in the natural history of the disease
and the results of known chemotherapy.

Later, Vogl provided updated data in a more
robust series of patients in 2004 [28]. In detail,
MR imaging—guided LITT' was performed in
603 patients (mean age, 61.2 years) with 1801
liver metastases of colorectal cancer. Local tumor
control and tumor volume were evaluated with
nonenhanced and contrast material-enhanced
MR imaging. Indications for the procedure were
defined for patients with five or fewer metastases,
none of which were larger than 5 cm in diam-
eter. Local recurrence rate at 6-month follow-up
was 1.9% (9 of 474) for metastases up to 2 cm in
diameter, 2.4% (13 of 539) for metastases 2.1—
3.0 cm in diameter, 1.2% (4 of 327) for metasta-
ses 3.1-4.0 cm in diameter and 4.4% (13 of 294)
for metastases larger than 4 cm in diameter. The
mean survival rate for all treated patients, with
calculation started on the date of diagnosis of
the metastases, was 4.4 years (95% CI: 4.0, 4.8)
(3-year survival, 56%; 5-year survival, 37%).
Median survival was 3.5 years (95% CI: 3.0, 3.9).
Mean survival after the first LITT! treatment was
3.8 years (95% CI: 3.4, 4.2). So with this well-
documented and detailed work, Vogl, the author,
who has systematically used the laser technique
for years in Frankfurt using cooled devices (9-F
sheath) inserted under CT guidance in the con-
text of metastatic lesions and monitored the
entire ablation maneuver with MRI, states that
MR imaging—guided LITT' yields high local
tumor control and survival rates in well-selected
patients with limited liver metastases of colorec-
tal carcinoma.

In the same years Pacella published the
results of his group on a small series of metas-
tases from colorectal cancer treated with the
technique of thin needles with low-power laser.
The study included 44 individuals with 75 unre-
sectable liver metastases and no known extrahe-
patic disease. The median number of metastases

treated for each patient was one, with a range
of 1-4. Metastases had a median diameter of
3.4 cm (range 0.5-9 cm) and a median volume
of 16.8 cm® (range 0.4-176.4 cm?). All patients
also received systemic chemotherapy with
modalities that differed according to the type of
response to LA. After treatment, 61% (46/75) of
the tumors were ablated completely. The like-
lihood of achieving a complete ablation was
significantly higher when metastases had a diam-
eter <3.0 cm (P = 0.004). Overall survival was
30.0 = 12.7 months in patients with a complete
ablation and 20.2 + 10.2 months in those with a
partial ablation (P = 0.002). There were no major
complications during or after LA. These findings
indicate that this LA technology can be safely
used as an adjunct to chemotherapy in unresect-
able colorectal liver metastases and may have a
positive impact on survival [29].

In the same year Gillams signaled his expe-
rience in the treatment of unresectable hepatic
metastases from neuroendocrine tumors in 25
patients. Since the early 1990s Gillams has
treated 189 tumors in 66 treatment sessions.
Thirty of these treatment sessions were per-
formed with a solid-state laser and 36 with
radiofrequency. All treatments except one were
performed percutaneously under the guidance of
the image. The authors do not report significant
differences between the two techniques. Sixteen
patients had metastases from primary carcinoids,
three from gastrinoma, two from insulinoma and
four from various causes. Fourteen out of 25
had symptoms of hormone secretion. Imaging
follow-up was available in 19 patients with a
median of 21 months (range, 4-75 months).
There was a complete response in six patients,
a partial response in seven and stable disease
in one. The tumor burden was controlled in 14
out of 19 patients (74%). The relief of hormone-
related symptoms was achieved in nine out of
14 patients (69%). The median survival period
from the diagnosis of hepatic metastases was
53 months. A patient with end-stage heart dis-
ease died after a carcinoid tumor seizure. There
were eight (12%) complications, five local and
three distant, four main and four minor [30]. It
is not possible to draw valid considerations and
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conclusions from this particular experience since
the data of the two techniques have not been
clearly defined since the beginning of the study.
For this particular type of metastasis from neuro-
endocrine tumors (NET) it may be useful to read
the chapter dedicated to them in this book (see
Chap. 14).

In 2006, the Frankfurt group published
promising results of the first feasibility study to
evaluate the safety and efficacy of laser-induced
interstitial LITT! MR-thermometry) in adrenal
metastases in nine patients with nine unilateral
metastases (mean diameter 4.3 cm) from colorec-
tal carcinoma (n = 5), renal cell carcinoma
(n = 1), esophageal carcinoma (n = 1), carcinoid
(n = 1) and hepatocellular carcinoma (n = 1).
Follow-up studies were performed at 24 h at
3 months and thereafter at 6-month intervals
(median 14 months). All patients tolerated the
procedure under local anesthesia. No complica-
tions were reported. The average number of laser
applications per tumor was 1.9 (range 1-4) with
an average energy of 33 kJ (range, 15.3-94.6 kJ).
A coagulation necrosis induced by the laser sys-
tem with an average diameter of 4.5 cm (range,
2.5-7.5 cm) was obtained. Complete ablation
was achieved in seven lesions, verified by MR
imaging, while progression was observed only in
two lesions [31].

This solid body of good quality studies has
been the background behind further research
on the use of laser technology in the treatment
of focal malignant pathology in different organs
and tissues. Additionally, over the same period of
time it has been possible to open a new and inter-
esting field of study for the treatment of benign
focal lesions (see Chap. 7). So in the following
years interesting works were done in other organs
and on metastases of different nature both with
cooled and noncooled devices. The experience in
the treatment of hepatocellular carcinoma (HCC)
with variable dimensions without or in com-
bination with transarterial chemoembolization
(TACE) belongs to this period [32-35] as well as
to this period belongs the treatment of HCCs at
risk sited in close contiguity (less than 5 mm) with
vital structures such as the gallbladder, the biliary
tract, portal vessels and the hepatic hilum [36]. As

well as studies on the role of safety margin in the
study of local or remote relapses and in the sur-
vival [37] (see Chap. 4). Equally important are
the combined studies with repeated embolization
or those associated with antiblastic drugs (irino-
tecan) of metastasis from colorectal carcinoma,
gastric cancer or from ovarian tumors performed
by the Vogl group with cooled devices? [38-40].
In 2014, the same Vogl group gave us convincing
data on the predictive factors of the survival of
patients with metastases treated with LITT.! The
number and size of metastases, together with the
status of the initial lymph nodes, are significant
prognostic factors for long-term survival [41].

Worthy of note is the work on the unresect-
able primary and metastatic adrenocortical carci-
noma by the Pacella group. After three sessions
of LA, the primary tumor of 15 cm was ablated
by 75%. After 1-4 (median 1) sessions of LA,
five liver metastases ranging from 2 to 5 cm
were completely ablated while the sixth tumor of
12 cm was ablated by 75%. There were no major
complications. Treatment resulted in an improve-
ment of performance status and a reduction of
the daily dosage of mitotane in all patients. The
three patients with liver metastases presented a
marked decrease of 24 h urine cortisol levels, an
improved control of hypertension and a mean
weight loss of 2.8 kg. After a median follow-up
after LA of 27.0 months (range, 9—48 months),
two patients had died of tumor progression while
two other patients remained alive and free of dis-
ease [42].

34 Complications

Regarding the rate and type of complications in
this more recent period two works have allowed
to update the data. The first work reports the
updated data of the experiences carried out with
the cooled devices. On the basis of a total of 2132

2An MR-compatible cannulation needle (length, 20 cm;
diameter, 1.3 mm) with a tetragonally beveled tip and sty-
let, a guide wire (length, 100 cm), a 9-F sheath with stylet
and a 7-F double-tube thermostabile (up to 400 °C) pro-
tective catheter with a stylet that enables internal cooling
with saline solution (0.9% NaCl).
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LITT" procedures performed, complications
were divided into major and minor categories
and detected at clinical or imaging studies. Major
complications included three deaths (0.1%)
within 30 days after treatment, pleural effusion
requiring thoracentesis in 16 (0.8%) cases, hepatic
abscess requiring drainage in 15 (0.7%) cases,
bile duct injury in four (0.2%) cases, segmental
infarction in three (0.1%) cases and hemorrhage
requiring transfusion in one (0.05%) case. Minor
complications included postprocedural fever in
710 (33.3%), pleural effusion not requiring thora-
centesis in 155 (7.3%), subcapsular hematoma in
69 (3.2%), subcutaneous hematoma in 24 (1.1%),
pneumothorax in seven (0.3%) and hemorrhage
in two (0.1%) cases. These data for treating 899
patients with 2520 malignant hepatic tumors over
a period of 8 years document, according to the
authors, that the MR-guided LITT with local
anesthesia was a safe technique with an accept-
ably low rate of complications [43].

In a multicenter study involving 9 Italian cen-
ters, 520 patients were selected with 647 HCC
nodules treated with 1004 sessions of LA. There
were 15 (1.5%) major complications, including
four deaths (0.8%), without any seeding, and 62
(7.2%) minor complications. Major complica-
tions were associated with higher laser energy
delivered to the HCC nodule and with HCC
deeply located in the liver. Minor complications
were associated with higher energy deployed and
in patients with low serum level of bilirubin and
altered prothrombin time. Complete response
was achieved in 314/387 nodules <3 cm and
94% of patients were free of local recurrence
12 months after LA. Therefore, also the thin nee-
dle technique appears safe and has low complica-
tion rates [44] (see also Chap. 4).

3.5 Conclusions

Before closing this section, it will be useful
to mention some other applications that will
be illustrated in the respective chapters of this
book. Regarding the treatment of pulmonary
metastases or primary tumor lesions during the
last few years, works have been published with

cooled devices [45, 46] while surprisingly few
works have been published with thin noncooled
devices. It is known that the laser technique is
more manageable, faster and does not present
the problems of conductivity of the radiofre-
quency and the difficulty that the microwaves
have in the distribution of their energy in the
tissue. We know that about 40 cases (metastases
and primary tumors) have been treated in Italy
and have been communicated in an international
meeting [47, 48]. Chapter 12 is dedicated to this
application. Finally, recent interesting applica-
tions in small renal tumors should be mentioned
in patients at risk of bleeding [49] and in the
benign and malignant pathology of the prostate
[50] (see Chaps. 6 and 13). In light of the numer-
ous applications in the most diverse fields of
study, it is worth pointing out the recent update
review of some experts who have listed them
taking into account the different wavelengths of
the lasers available [51].

3.6 Technique
We believe it is useful and appropriate to pro-
vide information on the characteristics of the
technique used in the numerous applications
described in this book. The laser technique has
been described and commented in 2005 [52, 53].
Tumor ablation with the use of laser technique
involves the placement of laser fibers (one or sev-
eral) into a tumor via a needle or sheath, which is
then retracted, exposing the laser fiber itself to the
tumor. The laser sources used in the last decade
of the 1990s and in the first decade of the 2000s
were mainly continuous-wave Nd:YAG devices.
Neodymium rods are energized to produce pho-
tons and those emitted along the long axis of
the rod are deflected by a mirror, resonated in
a cavity, and emitted as a 1064 nm wavelength
beam, which is propagated through a 300 pm
quartz-core fiberoptic (see Chap. 2). We used
a laser generator with a beam-splitting device,
allowing us to place four separate laser fibers in
a square configuration within a tumor with the
use of 21-gauge needles. The optical fibers are
illuminated simultaneously. The wavelength and
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power of an Nd: YAG laser is well suited to medi-
cal applications with tissue scatter and absorption
able to create an ablation zone of approximately
1-1.5 cm, allowing finally the four fibers to
achieve a tumor ablation zone of approximately
4 cm.

The laser system with which the most recent
applications have been performed and is still
used on an inpatient basis is a commercially
available system consisting of a US device and
a multisource laser unit (EchoLaser, Elesta
Srl, Florence, Italy). The laser unit uses semi-
conductors diodes with a wavelength of 1064 nm
which carry the light beam into the tissue through
the quartz-core fiberoptic of the same caliber
of 300 pm used in previous historical applica-
tions. The laser unit allows the use of up to four
sources both simultaneously and separately from
each other even at different output powers. Laser
diodes are replacing the Nd:YAG laser because
they are more compact and portable (weighing
less than 10 kg), less expensive and have a tissue
penetration similar to that obtained by Nd:YAG
lasers. The system also integrates special guiding
systems with software tools for the guidance of
needles and advanced laser heat treatment plan-
ning software.

Given that laser tumor ablation has equivalent
local control, survival and complications rates
as RF ablation [54], Eric Walser pointed out in
his editorial the peculiar and faster mechanism
of cell death from laser light than the radiofre-
quency technique. He argues that “Although
heat from laser light absorption is the primary
mechanism of cell death, there is some evi-
dence that laser ablation may cause coagulation
of microvessels and progressive ischemic injury
as long as 72 h after the ablation procedure [55].
Other forms of heat generation may also cause
these microvascular injuries, but the laser may be
more capable of “tuning” to wavelength to cause
lethal endothelial injury (as in laser vein ablation
procedures). Additionally, anyone performing
RF ablation of large lesions will appreciate the
increased efficiency afforded by laser tumor abla-
tion. The illuminations performed by Pacella and
colleagues [52] were done over a 6 min period as
opposed to approximately 20 min for RF abla-

tion.” And again, “This time factor may seem
inconsequential, but when multiple ablations or
illuminations are being performed, the proce-
dural time becomes considerably longer with the
use of RF. This is of great importance in proce-
dures performed in the CT area, where patient
throughput and scheduling issues are extremely
important” [53].

The use of thin needles reduces the size of the
puncture and allows to more safely treat cirrhotic
patients who often have poor coagulation param-
eters. The simultaneous positioning of several
needles also reduces the number of punctures
and allows the four fibers to be advanced into
the tumor in any geometry desired by the opera-
tor. In other words, it is possible to adapt both
the number and the spatial configuration of the
heat sources to the size and shape of the lesion
to be treated (tailored treatment). This explains
the possibility of treating high-risk and/or hard-
to-reach tumors effectively [36]. This technique
inevitably requires skillful and experienced
operators. The use of thin needles also explains
the choice to treat predominantly hepatocellular
carcinomas in cirrhotic patients [34] unlike what
happened in Frankfurt where the number of cir-
rhotic patients were considerably lower than the
Italian experience [35]. Conversely, the German
group has gained more experience in treating a
large number of patients with liver metastases
with larger devices (see previous paragraph) [28].
In fact, the method of the Vogl’s group consists
of a laser fiber enclosed in a cooling sheath with
a diameter of 9 F. This sheath is provided with
a diffusing tip, which allows the light to diffuse
12-15 mm from the point of origin. With this
method, the group treated metastases and hepato-
mas of up to 2 cm in diameter with a single appli-
cator but also treated tumors as large as 8§ cm with
the use of four or five carefully positioned laser
sheaths [28].

Since the fibers used in the laser tumor abla-
tion are fully compatible with MR, Vogl’s group
uses this advantage to perform the ablation of the
MR-guided liver tumor. Special RM sequences
designed to evaluate thermal models (i.e., MR
imaging thermometry) can monitor the actual for-
mation of ablation zone. This allows theoretically
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to complete tumor ablation and obtain a variable
safety margin in a more controlled and reproduc-
ible fashion compared to the hyperechoic focus
that is formed when performing RF ablation
under US guidance. Because the light genera-
tor laser is not MR compatible, it remains in the
shielded MR control room. The laser energy does
not decrease along the long fibers necessary to
travel from the MR console to the gantry where
the ablation treatment takes place. So the main
advantage of MR over other imaging modali-
ties is its sensitivity to thermal changes [56-58],
which enables to monitor the heating process in
near real time to ensure that the entire lesion has
been treated and to reposition the applicators in
case of residual tumor. Obviously, this is not pos-
sible with the Pacella group’s technique, which
therefore must program in advance the param-
eters of outpower and time to obtain both the
death of the tumor and a sufficient safety margin.
Clinical data have shown a correlation between
the amount of energy distributed to the tumor and
the volume of induced necrosis. With 3600 J (two
fibers) it is possible to obtain a volume coagu-
lation zone of 5.3 + 1.6 (range, 5.0-8.0), with
7200 J (four fibers) a volume equal to 15.0 £ 5.1
(range, 8.0-25.0) and with 28,800 J (four fibers
and two pullbacks) a volume of 30.8 = 12.0
(range, 13.0-60.0) [52]. Knowing these param-
eters and the relative areas of ablation, the opera-
tor can easily plan the exposure times at fixed
powers of 3—5 W to successfully ablate the tumor
and thanks to the thin needles’ reach with suf-
ficient safety of nodules at risk sites and those
difficult to approach.

Lastly, it should be emphasized that the intro-
duction in the clinical practice of the contrast
agent-enhanced US [(CEUS) a solution of encap-
sulated microbubbles stabilized by a phospho-
lipid shell] performed 10 min from the end of
the ablation maneuver by using a low mechani-
cal index contrast specific nonlinear technique
(CnTI) allows to verify the completeness of the
ablation procedure. The accuracy of postproce-
dural CEUS in early evaluation of the ablation
procedures has been reported to be comparable
to CT performed at 24 h [59, 60]. So at pres-
ent CEUS is recommended as a valid tool in the

postprocedural assessment of the completeness
of ablation [60]. Therefore, we think that post-
procedural CEUS can counterbalance the advan-
tage of MR in terms of correct evaluation of
the completeness of the treatment, allowing for
US-guided ablation whenever the tumor can be
well visualized and confidently targeted by US
with obvious cost savings and shorter duration of
the procedure.

Additionally, it should be emphasized that an
obvious disadvantage of the Frankfurt technique
is the use of a large sheath with a cooled jack-
eting with consequent large size puncture in the
liver during procedures, which are often repeated
in as many as four or five locations. Bleeding
problems are minimized by the use of fibrin
sealant; however, the 9-F sheaths used by the
Vogl group [43] generate hesitation between the
interventional radiologists more accustomed to
the smaller needles used for RF ablation. These
problems are not present with the technique of
the Rome group, which still achieves high rates
of complete ablation and which compare favor-
ably with the Frankfurt group, especially in the
treatment of hepatocellular carcinomas, even
without real-time monitoring.

Lastly but not least important is the relatively
recent update of the guidance system to precisely
position the needles and fibers into the tumor
making the technique less operator dependent.
Needles are positioned inside the target nodule
easily and quickly, and correct spacing (1.5—
1.8 cm) between light sources is immediately
achieved. This guide allowed to obtain a high rate
(92%) of complete ablation in lesions up to 5 cm
[61] (Fig. 3.1).

Finally, it is worth noting that it is possible
to activate the four sources simultaneously and
separately to treat multiple nodules located in
separate sites in the liver in a single session. In
other words it is possible to treat four lesions of
one centimeter in different segments distant from
each other as in the miliary-shaped metastatic
forms of some NETSs, or two lesions of 2 cm
each or a lesion from one centimeter and another
2-3 cm at various distant, etc. We consider it use-
ful for readers and operators to draw up a list of
practical points that can effectively highlight the
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Fig. 3.1 Drawing of the two guiding systems of the mul-
tifiber technique with thin applicators: (a) system that
allows to place the needles and the fibers one after the
other from a single point of entry into central tumor mass;
(b) novel dedicated probe that allows the precise insertion

characteristics of this technology whose multiple
applications are described and discussed in this
book.

3.7  Practical Points

1. Laser energy, like RF and microwave energy,
induces electromagnetic heating to raise the
temperature of tissues to lethal levels. It is a
fast, precise and relatively tissue-insensitive
technique and can be delivered very easily
and safely with simultaneous techniques to
obtain large areas of coagulation.

2. The laser technique uses very thin applica-
tors considerably smaller (<1 mm) than
radiofrequency ablation electrodes and
microwave ablation antenna. Up to now they
represent the smallest energy applicators
available in the tumor ablation field with
minimally invasive approach.

3. The laser ablation shows an efficacy and
safety profile with very short (up to 4—6 min)
treatment time per session.

4. Usually, one to two fibers with or without a
pullback technique are used to treat nodules
up to 1.5-2.5 cm in diameter and four fibers
arranged in a square configuration equidis-
tant from each other of 1.2-1.8 cm to treat
the nodules up to 4.0 cm. With the pullback
technique it is possible to treat nodules

of the needles in a parallel fashion, facilitating precise
positioning of the needles in geometrical configurations to
maximize the ablative effect—see also refs. [48, 55]
(Elesta Srl, Calenzano, Florence, Italy)

greater than 4 cm with excellent results.
After a single session complete tumor abla-
tion was achieved in 92% of nodules up to
5.0 cm in size.

5. Thanks to fine applicators, laser light tech-
nology is safer and more suitable for ablating
lesions in high risk sites or in locations that
are difficult to reach. It is possible to obtain
complete ablation in a high percentage of
cases (up to 93%) without using special tech-
nical devices to protect adjacent structures.

6. In addition to the possibility of obtaining an
effective and safe ablation of tumors up to
4 cm due to a volume amplification mecha-
nism, thanks to the simultaneous and sepa-
rate activation of the thin devices, it is
possible to treat several lesions in different
segments of the liver in the same session of
ablation as in the case of four tumors of 1 cm
each or two tumors of 2 cm each and so on
(Fig. 3.2).

7. The laser ablation technique can become the
ablative technique of choice in patients with
small or recurrent lesions of varying sizes
ranging from 5-6 mm to 3—4 cm in diameter.
Therefore, patients with disseminated
hepatic metastases of varying sizes as some-
times occurs in neuroendocrine tumors can
be treated at different times with the inten-
tion of reducing tumor burden and improv-
ing local or general symptoms. Furthermore,
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Fig. 3.2 Representative case of multiple HCCs of differ-
ent sizes (two lesions of 2 cm and one of 3 cm) treated in
the same session with the insertion of 8 needles through
the new dedicated probe (CA431). The treatment was per-
formed by first treating the HCC of 3 cm in 12 min placing
four fibers spaced 1.5 cm apart and immediately afterward
with simultaneous ablation of the remaining two lesions
of 2 cm each in 6 min (Courtesy of Giovanni Giuseppe Di
Costanzo, Liver Unit, Department of Transplantation,
Cardarelli Hospital, Naples, Italy)

10.

the laser technique can be repeated several
times safely for a period of years.

LA, thanks to the recent introduction in clin-
ical practice of a novel guide system which
facilitates both the parallel insertion of mul-
tiple thin needles and their positioning in
geometrical configurations to maximize the
ablative effect, is more effective in achieving
large volumes of coagulative necrosis and
effectively treat lesions of 5-6 cm in diame-
ter with safety at any location without using
sequential combined treatment.

In case of pauci-lesional disease the multi-
modality locoregional ischemic treatment
alternating catheter-based technique (i.e.,
radioembolization, ethiodized oil based or
drug-eluting bead (DEB), bland emboliza-
tion) with laser thermal ablation can be per-
formed even with multiple sessions.

In the case of unresectable metastatic hepatic
lesions or hepatocellular carcinomas larger
than 4-5 cm in size, in which a combined treat-
ment can be planned (laser followed by TACE),
it is possible to obtain a reduction in the volume
of the large lesion with the laser technique so as
to allow a more effective ablative action of

TACE which, as is known, can be effective for
lesions of a discrete volume around 3 cm in
maximum diameter (see also Chap. 4).
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4.1 Introduction

Surgical resection is considered the best treatment
to eradicate liver tumors. However, it is applicable
only in a minority of cases due to the position of
cancer nodules, comorbidities, and liver function.
Furthermore, it is expensive, requires in some
cases long hospital stay, and may cause signifi-
cant morbidity. In patients affected by hepatocel-
lular carcinoma (HCC), the rate of cancer
recurrence is about 15% per year and 70% at 5
years; in these cases repeat resection may be often
not feasible. Resection, mainly when performed
with open procedure, causes the release of intra-
cellular molecules known as alarmins or damage-
associated molecular patterns which may be
linked with inflammatory response and tumor
proliferation [1, 2]. Due to all these factors, mini-
invasive treatments of liver tumors have become
more and more popular. Among these, the local
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application of high temperatures through the
insertion of needles inside cancer nodules is one
of the most widely employed techniques. Since
the first use of radiofrequency ablation (RFA) in
1990, new devices, generator machines, and
energy sources have been introduced in clinical
practice. Currently, there are three main types of
percutaneous hyperthermic treatments for liver
tumors, including RFA, microwave (MWA), and
laser ablation (LA). The primary mechanism of
action of these techniques is the focal increase of
temperatures inside the tumor nodule in a rela-
tively short period of time (6—12 min) with the
goal of inducing irreversible cell injury [3].
Among these treatments, LA is the less-known
and -employed technique. The aim of this chapter
is to describe the technique and the results of LA
in the treatment of liver tumors.

4.2 Technique and Devices

Quartz fibers with different sizes and designs
have been used to transmit the laser light inside
the liver. According to the shape of the tip, fibers
may be classified as bare-tip or cylindrical dif-
fusing fibers. The traditional bare-tip fibers have
a diameter ranging between 300 and 600 pm; the
light is emitted only at the tip and are introduced
through fine needles (21-22 gauge). Real-time
ultrasound (US), computed tomography (CT),
or magnetic resonance imaging (MRI) is used to
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guide the insertion of the needles, and the choice
between them is determined mainly by the expe-
rience of the operators and their availability. LA
is the only percutaneous ablative technique that
may be used with MRI that is theoretically the
best method for planning and monitoring abla-
tion. In fact, MRI allows the implementation of
the real-time monitoring of thermometry that is
useful for adjusting power settings and treatment
duration to obtain appropriate temperature ele-
vations beyond tumor margins [4]. Furthermore,
MRI with specific liver contrast media is well
suited to detect residual vital tissue which should
still be ablated [5]. However, MRI use is lim-
ited by machine availability and complexity of
the technique with a procedural time ranging
between 60 and 120 min. CT is less used because
it is less effective in evaluating thermal tissue
effects immediately after ablation. Many centers
use US guidance to position multiple thin fibers
because it is simple, fast, and widely available.
The used light sources are usually neodymium-
doped yttrium aluminum garnet (Nd:YAG) and
solid-state diode lasers with a wavelength of
980-1064 nm, and the power settings range
between 2 and 5 W. A single bare fiber, when
illuminated for 4—-6 min, releases 1800 J to the
tissue producing an almost spherical lesion with
a maximum diameter of 12—16 mm [6]. To ablate
larger tumours, 2—4 fibers can be introduced
with a distance of 15 mm between tips, and up
to four fibers may be activated simultaneously.
When four fibers are used, the tips are arranged
in a square configuration with a side length of
15-18 mm. In nodules larger than 30 mm, after a
first illumination the needles may be pulled back
for 15 mm and further illuminations can be done
according to the size of the nodule. All needles
are positioned before starting LA so that any gas
caused by the treatment would not prevent the
correct positioning of the needles. Experimental
ex vivo studies have shown that the simultane-
ous activation of four fibers produces an abla-
tion zone up to 11 times larger of that obtained
by using a single fiber [7]. In patients, multifi-
ber treatment produces ablation zones ranging
between 20 and 50 mm. Because the insertion
of multiple needles may be challenging and

time consuming, we have designed a guide that,
attached to the ultrasound probe, allows the
insertion of two needles in a parallel fashion
at a prefixed distance, permitting a geometrical
arrangement of needles [8]. The precise disposi-
tion of needles is crucial to obtain a large vol-
ume of necrosis. In fact, using this guide in case
of nodules >30 mm, we obtained an ablation
rate >90%, higher than the 60% rate observed
in a previous large series where the operators
inserted the needle through a standard biopsy
needle guide [9]. Precise disposition of applica-
tors is crucial also when large diffusing tips or
other methods are used [10]. At the end of the
procedure, the still-illuminated fibers are with-
drawn to induce hyperthermia along the needle
tract in order to avoid neoplastic seeding and to
achieve the coagulation of this tract.

Diffusing laser fibers are larger than bare-tip
fibers and are introduced through wide-bore nee-
dles or cannulas with a diameter of 1.0-3.8 mm
(9-17 gauge) that are mainly positioned under
MRI guidance. These fibers have cylindrical dif-
fuser endings which emit light up to a distance of
10-30 mm and are cooled by a continuous water
flow that avoids tissue charring and allows the
use of high power settings up to 45 W. The largest
successful experience with the use of large appli-
cators (9 gauge) under MRI guidance for the
treatment of liver metastases has been reported
by Vogl and Coll [11]. Also with this technique,
to destroy nodules larger than 20 mm, 2—4 appli-
cators should be simultaneously used [12]. In our
opinion this technique is less applicable in cir-
rhotic patients that have often impaired coagula-
tion. Recently a smaller LA applicator with a
flexible diffusing fiber and 17-gauge internally
cooled catheter (Visualase®, Medtronic) was
introduced. When illuminated at 15 W for 3 min,
one or two applicators can achieve an ablation
zone of 25 or 42 mm, respectively [13]. In Europe
this applicator is used in neurosurgery, and stud-
ies in liver tumors are awaited.

The use of multiple thin bare-tip fibers as
compared to diffusing fibers with large-bore can-
nulas has the advantage of being more simpler to
perform and of increasing the applicability of the
procedure. In fact, nodules located in difficult
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areas, for example, behind large vessels, in the
caudate lobe, near the hepatic hilum, or in the
liver dome, may be treated more easily and
safely using thin needles [14, 15] (Figs. 4.1, 4.2,
4.3, 4.4, 4.5, 4.6, and 4.7). Furthermore, these
needles can be inserted through the branches of
the intra-hepatic portal vein without risk so that
segmental neoplastic thrombosis may be safely
treated (Fig. 4.8).

Fig.4.1 A 10 mm HCC
nodule located near
recanalized umbilical
vein (arrow): (a) before
LA and (b) after LA
using two 300 pm fibers

Fig.4.2 CT scan of an
exophytic 30 mm
nodule, adjacent to the
colon: (a) before LA and
(b) after LA using four
300 pm fibers

As compared to the standard RFA technique,
LA has some theoretical advantages when large
nodules should be treated. First, LA releases the
energy precisely in a well-defined area limiting the
risks of damaging adjacent structures, mainly when
large amounts of energy are used. Second, the
simultaneous activation of laser applicators may be
more effective than alternate activation of radiofre-
quency needles in obtaining large ablation areas.
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Fig. 4.3 MRI scan of
an exophytic 35 mm
nodule, adjacent to the
right kidney: (a) before
LA and (b) CT scan
after LA using four
300 pm fibers

Fig.4.4 CT scanofa
20 mm HCC nodule
(arrow) located in the
caudate lobe: (a) before
LA and (b) after LA
using two 300 pm fibers
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Fig. 4.5 MRI scan
showing a 30 mm HCC
nodule located near the
hepatic hilum: (a) before
LA and (b) CT scan
after LA with four

300 pm fibers

4.3 Endoscopic Approach

In very selected cases of tumors located in the left
liver, especially in the caudate lobe, inconspicu-
ous on conventional ultrasound or when there is
no perforation path and there is risk to damage
adjacent major structures, percutaneous interven-
tion cannot be performed. The data reported by
Kazuyama et al. indicate that RFA as an effective
treatment modality for HCC in the caudate lobe
does not appear to be very convincing [16].

In the last 30 years, the development of ultra-
sound endoscopy (EUS) and its functional expan-
sion have enabled its use not only in diagnostics
but also in the treatment of focal lesions. The
EUS can clearly show the relationship between
the lesion and surrounding tissue as in the case of

peri-esophageal lesions [17]. Therefore, EUS
guidance may be a good alternative to display
and treat the lesions in the left liver and caudate
lobe.

Cases of LA of left hepatic and caudate lobe
tumors have been reported. Di Matteo et al. in
2011 reported that the treatment of caudate lobe
tumors by laser ablation under EUS is effective
and safe [18]. Jiang et al. reported and discussed
10 cases of tumors located in the caudate lobe
(Fig. 4.9) and left liver treated with LA under
EUS guidance [19]. The sizes of the lesions
treated ranged from 0.9 x 0.7 to 3.4 x 2.7 cm. The
EUS-guided laser ablation (EUS-LA) of these
tumors was successfully completed without com-
plications in all patients. However, long-term
prospective studies are still lacking.
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Fig. 4.6 Images of a
54-year-old patient with
a hepatic tumor located
in the portal cava
interval and treated with
ultrasound (US)-guided
laser ablation. (a) Pre-op
(MRI) T2-weighted
image depicted the
tumor (arrows) located
in the portal cava
interval; (b) the
contrast-enhanced MRI
scanning described the
tumor as an enhanced
signal (arrows); (c)
pre-op US image
showed a 1.7 x 1.2 cm
tumor in the portal cava
interval of the liver; (d)
the location of the
guiding needle and laser
fiber during the
operation; (e, f) the
post-operative contrast-
enhanced
ultrasonography (CEUS)
image revealed the
lesion was a well-
defined perfusion defect
throughout all phases;
(g, h) the post-op
contrast-enhanced MRI
scanning revealed there
was no enhanced signal
during the arterial phase
and portal phase, which
indicated the ablation
was complete

4.4 Results

4.4.1 Hepatocellular Carcinoma

HCC is a lethal disease being the fifth most com-
mon cancer worldwide and the second most com-
mon cause of death due to cancer [20]. HCC
occurs in most patients affected by cirrhosis. In
these patients the choice of the best available

therapy may be hard, and the majority is treated

with mini-invasive locoregional treatments.
Several retrospective studies have shown that LA
is a safe and effective treatment of HCC. Using
multiple thin bare fibers a complete ablation of
HCC nodules sized up to 50 mm has been
achieved in 82-97% of cases [8, 9, 21-23].
Adding up the results of three studies, a complete
ablation was obtained in 85-100% of 288 nod-



4 Liver Tumors Laser Ablation

37

Fig. 4.7 Images of a 37-year-old patient with recurrence
of hepatocellular carcinoma. Contrast-enhanced magnetic
resonance imaging (MRI): (a) right lobe of the liver dem-
onstrates a 1.5 x 1.0 cm tumor nodule (arrow) located in
porta hepatic close to the right branch of the portal vein
which was hardly treatable for radiofrequency ablation
(RFA) or trans-arterial arterial chemoembolization

ules <20 mm, in 82-100% of 324 nodules
between 20 and 30 mm and in 60-94% of 148
nodules between 30 and 40 mm [9, 24, 25].

The use of diffusing applicators introduced
through 9-gauge (3.8 mm) cannulas (Somatex,
Berlin, Germany) has been reported in 113 cir-
rhotic patients with 175 HCC nodules <50 mm.
To limit the risk of peritoneal bleeding due to the
use of large bore applicators, only patients with
normal coagulative parameters (platelets
>100,000 and prothrombin time >70%) were
treated. Complete ablation rate was 98% with a

(TACE). (b) Contrast-enhanced ultrasound (CEUS) before
laser ablation (LA). (¢) Ultrasound image during ablation
shows an area of coagulative necrosis and the total energy
is 1800 J. (d) CEUS was repeated after the LA and the
lesion was not enhanced, suggesting complete ablation. (e,
f) The contrast-enhanced CT after LA and the lesion
(arrow) revealed no enhancement during the whole period

very low local recurrence of 2%. However, due
to the complexity, costs and long duration of the
procedure (up to 90 min), this technique is less
frequently used [26].

LA for the treatment of HCC in cirrhotic
patients has been validated in a randomized non-
inferiority trial. One-hundred forty patients with
HCC within Milan criteria were treated with RFA
using a 17-gauge cooled-tip single electrode
(Cool-Tip, Valleylab, Burlington, MA, USA) or
LA with multiple thin fibers using a commer-
cially available system (EchoLaser, Elesta Srl,
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Fig. 4.8 Treatment of
tumor thrombosis: (a)
US showing infiltrating
HCC (1) and segmental
thrombosis (2); (b)
contrast-enhanced US
showing hyper-
enhancement of nodule
and of thrombus; (¢) a
21G needle was inserted
in the thrombus (1: tip of
the needle) and a

300 pm fiber was
introduced (2: tip of
fiber); (d) contrast-
enhanced US after LA
showing complete
ablation of nodule and
thrombus

Calenzano, Florence, Italy) equipped with a
diode laser. The rate of complete tumor ablation
was comparable among the RFA (97%) and LA
(96%) groups. Both procedures were reported
safe, and the occurrence of local tumor progres-
sion and overall survival were similar in the two
groups. The study also suggests that LA may be
cheaper than RFA, but appropriate designed trials
are needed to confirm this finding.

Local tumor progression is a relevant factor
affecting the long-term results of local ablation.
Among factors related to the occurrence of local
progression, one of the most significant is the
achievement of large safety margin to kill occult
foci of cancer cells [27-29]. In a study evaluating
LA, a safety margin >5 mm was observed in
82/132 nodules (62%) and >7.5 mm in 43/132
nodules (32.5%). A safety margin >7.5 mm
resulted related to a lower incidence of local pro-
gression (P 0.020, OR 4.1 [1.1-14.7]) [30].

An advantage of LA as compared to radiofre-
quency and microwave ablation is the possibil-

ity of treating the majority of nodules located at
high risk sites without the need of using artificial
methods as artificial ascites [31]. According to
the literature, nodules are defined to be in high-
risk location when they are located less than
5 mm from large vessels or vital organs. In a
study on 116 nodules with a diameter <40 mm
in 106 patients, complete ablation was achieved
in 92.2%. Major complications occurred in two
patients (1.9%): one death due to liver failure and
one deep jaundice due to biliary stricture [15].
Treatment of large unresectable HCCs with a
diameter >40 mm is still a matter of debate and
research; transarterial ~ chemoembolization
(TACE) is the most applied treatment. In these
cases, we evaluated the efficacy of LA using
eight fibers. The fibers are positioned in two-
squared fashion and four fibers per time are
simultaneously activated; in our experience
maximum energy deposition of 55,000 J is safe.
In a case-control study in patients with HCC up
to 75 mm, we have compared this technique with
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Fig. 4.9 A case of EUS-guided LA in hepatocellular carci-  (a—c) (white arrows). EUS-guided laser fiber inserted into the
noma in the caudate lobe. 63-year-old man with hepatocel-  tumor (d) and then total enhancement of the lesion (e) (white
lular carcinoma. Pre-operative MR and CEUS images arrows). One year later, substance phase MR image showed
showed a mass of 2.2 x 1.7 cm in size in the caudate lobe that the mass has a complete response (f) (white arrows)
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TACE in 82 patients [32]. No major complica-
tions occurred; complete ablation was obtained
in 67% of cases with LA and in 19.5% with
TACE (P < 0.001). The best response rate, up to
75%, was observed in nodules sized <60 mm,
and we believe that LA treatment should be
restricted to nodules up to this size. Combined
treatment with LA and TACE whether as adju-
vant or as neoadjuvant treatment seems promis-
ing and may be applied in multifocal and large
HCC. In large HCC, a protocol of repeated
TACE sessions before LA or TACE after LA
gave excellent results, but further studies are
needed [22, 33].

In a small series, LA was reported safe and
effective in cirrhotic patients waiting for liver
transplantation. Complete necrosis at explant was
found in 8/12 nodules (67%), and no major com-
plications occurred [34]. Further data on this
topic are needed.

The rate of complications for LA is compara-
ble to those reported for RFA and MWA. In a
large multicentric Italian study, 520 patients with
647 HCC nodules treated with 1064 sessions
were evaluated [35]. One hundred and eighty-one
patients had poor liver function (Child-Pugh
grade B—C), in 10% ascites was present and 39%
of nodules had a size >30 mm. Fifteen patients
(1.5%) had major complications and 4 patients
deceased (0.8%). Large tumor size, poor liver
function and uncontrolled ascites resulted related
to these events. Seeding was not observed.

Long-term outcome of early HCC (single
nodule <40 mm or three nodules <30 mm)
treated with LA was investigated in a retrospec-
tive study involving 432 patients [9]. Median
overall survival was 47 months and resulted inde-
pendently related to age <73 years, albumin
>3.5 g/dL and complete ablation. According to
the results of this study, the ideal candidates for
LA are younger patients with albumin >3.5 g/dL
and HCC <20 mm in whom a 5-year survival
probability of 60% was observed. The median
time to recurrence was 24 months, and the median
disease-free survival time was 26 months.

4.4.2 Metastases

Liver metastases account for the vast majority of
hepatic malignant masses, usually carcinomas,
and the most common sites of origin are colorec-
tum, pancreas and breast. Resection of colon
metastases is unfeasible in 75-90% of cases [36,
37] and prognosis of patients treated only with
systemic therapy is dismal; therefore, minimally
invasive techniques have been attempted in
selected cases, in particular, in oligonodular and
metachronous metastases. However, robust data
regarding the efficacy of thermal ablation for
treating liver metastases, mainly controlled ran-
domized trials, are lacking; oncological and sur-
gical communities are not yet totally convinced
that ablation may improve patient survival.
Among ablative techniques, LA alone or com-
bined with adjuvant or neo-adjuvant treatments
has been used also because it has some favorable
characteristics. In an experimental model of
colorectal metastasis, laser hyperthermia pro-
duced progressive microvascular and tissue
injury that peaked by 72 h after starting illumina-
tion [38]. Therefore, after a first phase of direct
thermal damage there is a second phase of pro-
gressive ischemic damage that causes the increase
of ablation area. Laser light seems more effective
than other hyperthermic treatments in inducing
damage of endothelial cells as observed in the
treatment of varicose veins. Furthermore, it was
demonstrated both in experimental models and in
patients that LA might stimulate host immune
defenses against cancer-inducing local and sys-
temic Th1 immune responses [39, 40].

Several studies using mainly large-bore diffus-
ing tip applicators showed a positive effect of LA
in unresectable colorectal metastases. The largest
experience have been reported by Vogl et al. that
treated patients with no more than five metastases
and a size up to 50 mm. A similar cut-off was indi-
cated by two panels of experts evaluating radiofre-
quency ablation: the best nodule size should be
<30 mm, but <5 nodules <50 mm can be effec-
tively treated depending on anatomical location
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Fig.4.10 Contrast-
enhanced US of a

60 mm neuroendocrine
metastasis after LA with
eight thin fibers showing
complete necrosis

[41, 42]. Six-month local recurrence rate was <5%
in patients with nodules <40 mm. The median sur-
vival was 3.5 years: 94% at 1 year, 77% at 2 years,
56% at 3 years and 37% at 5 years [43]. Comparable
results were reported in another series using the
same technique [44]. Concerning the complete
ablation rate, it was reported to be 100% for nod-
ules <20 mm in diameter, 71% between 20 and
30 mm, 46% between 30 and 40 mm and 30% for
metastases >40 mm [45]. Pacella et al. obtained
similar results using multiple thin fibers with a
complete ablation rate of 87% in metastases
<30 mm and 23% in nodules >30 mm [46].

LA may be used in patients with liver metastases
from neuroendocrine tumors who are unfit for sur-
gery. Two small series have shown that LA with
multiple thin bare-tip fibers, alone or combined with
TACE, is safe and allows for complete ablation in
80-100% of cases [47, 48] (Fig. 4.10). Comparable
results were obtained with the use of large diffusing-
tip applicators [49]. In most of patients a multimo-
dality approach is chosen to fight neuroendocrine
metastases and in the therapeutic strategy LA may
be considered a very useful tool [50].

Liver metastases from breast are a controver-
sial indication to local ablation. Good results
have been reported in patients with oligonodular,

a

non-resectable tumors, recurrent tumor after
resection, bilobar tumors and those without
extrahepatic involvement except for bone metas-
tases under control [51]. In a study evaluating
232 patients with 578 metastases, an ablation
area larger than the initial volume was obtained
in all except two cases. The median survival was
4.3 years: 1-year survival was 96%, 3-year 63%
and 5-year 41%. Comparing data from literature,
the local tumor progression after RFA and LA
was 13.5-58.0% and 2.9%, respectively [52].

In some cases, mainly when multiple and
large metastases should be treated, combination
of catheter-based treatments (transarterial embo-
lization, chemoembolization and radioemboliza-
tion) and percutaneous ablation may be used [53,
54]. Transarterial treatments may be performed
in a neoadjuvant setting to reduce the tumor load
and to increase tumor ischemia for increasing LA
applicability and success rate. Alternatively, cath-
eter treatments are also used in an adjuvant set-
ting to complete the ablation performed with LA,
mainly when residual tumor persists after abla-
tion at the periphery of cancer nodules.

Prospective studies to confirm the effective-
ness of LA in the treatment of liver metastases
are needed.
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Retroperitoneal and Abdominal
Lesions Laser Ablation

Giovanni Mauri, Tian’an Jiang, Qiyu Zhao,

and Weilu Chai

5.1 Introduction

The retroperitoneum is the part of the abdomen
which is bounded anteriorly by the posterior
parietal peritoneum, posteriorly by the trans-
versalis fascia, and laterally by the lateroconal
ligaments. The retroperitoneum contains the
adrenals, kidneys and ureters, the duodenal loop
and the pancreas, the great vessels with their
branches and associated lymph node chains,
and the ascending and descending portions of
the colon, including the caecum. Clinically, ret-
roperitoneal tumors are insidious in onset with
few early manifestations, so that they reach
a large size by the time of diagnosis: in 80%
of cases they are large enough to be palpable.
Refractory abdominal pain is the commonest
presentation, probably attributable to the inva-
sion to solar plexus. Metastatic retroperitoneal,
peritoneal, and nodal disease diffusion are one
of the signs of advanced stage or terminal stage
of malignancy, which is usually recurrence of a
urological, gynaecological, hepatic, pancreatic,
or gynaecological tumor. An effective local con-
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trol of metastatic disease might represent a way
to improve the survival time and the quality of
life in patients with advanced stage disease [1].
Surgical resection of retroperitoneal tumors
at the time of initial diagnosis offers the most
curative potential and largest survival benefit.
However, most retroperitoneal tumors are inva-
sive and cannot be resected completely for the
constraints of their proximity to vital structures
in the abdominal cavity and adjacent compart-
ments. Therefore, in a large majority of cases,
it is very difficult to obtain clear microscopic
margins, limiting the treatment to an R1 or
even R2 resection. Supplemental treatment
modalities including radiation therapy, abla-
tion, and chemotherapy have been used in
addition to surgical resection to provide more
definitive local control of retroperitoneal neo-
plasms that are not amenable to an RO resec-
tion [2]. Local ablative therapies such as
radiofrequency ablation (RFA), microwave
ablation (MWA), cryoablation, and irreversible
electroporation (IRE) have been reported to be
minimally invasive modalities in the palliative
treatment of solid tumors in a variety of organs,
RFA remaining the most common one [3-10].
More recently, there are interesting data about the
use of these thermal and non-thermal techniques
in the percutaneous treatment of adenocarcinoma
[10]. Also, percutaneous ultrasound-guided LA
has been reported to be an efficient and extremely
well-tolerated treatment modality in a variety of
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different organs and diseases [11-20]. To date,
the introduction of curvilinear endoscopic
ultrasound (EUS) probes has made possible the
booming development of EUS-guided fine-
needle aspiration (FNA) [21, 22]. Subsequently,
EUS-guided fine-needle injection (FNI), espe-
cially the EUS-guided ethanol injection,
emerged as a new method for the chemoabla-
tion of pancreatic cysts or hepatic tumors [23,
24]. Guided by a needle puncture, laser fiber is
inserted at different angles and allows multiple
punctures. It has been reported that EUS-
guided LA remains a feasible alternative in the
situations where the target is hard to reach or
where there is a lack of an appropriate punc-
ture route from the percutaneous approach
[25-33].

Also, in some cases, small peritoneal implants
or nodal metastases can develop after primary
surgical resection. These lesions are often
detected when still of small dimensions, but can
be located in very difficult anatomical locations
and/or very close to critical anatomical struc-
tures. LA, with the application of very thin
devices and very precise energy delivery, might
represent the ideal ablation method in this
setting.

5.2  Patient Selection

A proper patients’ selection is crucial for suc-
cessful  application of laser  ablation.
Multidisciplinary discussion of each case and
deep discussion of the therapeutic proposal with
the patient are of paramount importance. As a
general rule, LA can be proposed in patients with
a limited number of small metastatic lymph
nodes in the retroperitoneum or peritoneum or
peritoneal localizations, which are not respond-
ing to chemotherapy or radiotherapy [2]. LA can
be proposed with a curative intent, in order to

eradicate all visible disease locations, or with a
palliative intent, in order to reduce the tumor bur-
den or palliate symptoms of the progressing dis-
ease [11]. Patients are generally excluded by LA
in case of severe comorbidities or coagulation
disorders [2].

5.3 LAProcedure

Immediately prior to LA procedure, contrast-
enhanced ultrasound (CEUS) imaging or
contrast-enhanced CT (CECT) is generally
used to thoroughly asses the vascularization
of the lesion and its relationship with adjacent
structures.

The best approach to the lesion can be estab-
lished case by case, according to the techni-
cal availability and operators’ experience.
Particularly, the percutaneous approach with
US or CT guidance is generally considered the
first option when feasible [11], while the EUS
approach is reserved to lesions in difficult ana-
tomical locations which can be hardly reached
through the percutaneous approach.

General anesthesia is suggested for this kind
of procedures, as it allow for a better control of
the patients’ movement and respiratory excur-
sions, which are considered crucial in this sce-
nario. Furthermore, pain control is extremely
better with the patient in general anesthesia, and
difficult puncture to deliver local anesthesia is
avoided. For US and CT approach, standard tech-
niques can be used. Fusion of preacquired imag-
ing datasets and virtual navigation can be
extremely useful in this setting. For EUS-guided
procedures, a curvilinear echoendoscope can be
used to visualize the lesion through the gastric
wall.

LA with a wavelength of 1064 nm with bare
fibers (300-pm, quartz-core) with a flat tip is gen-
erally used for these treatments. 1.5 m long laser
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fibers can be used for percutaneous applications,
and 3.0 m long fibers for EUS-guided ablations.
Fibers are inserted through fine needle (22-
gauge), into the end of the sheath, and carefully
advanced out of the needle tip for 5 mm. Multiple
laser fibers can be inserted simultaneously, and
up to four simultaneous laser applications can be
performed. The number, length, and arrangement
of needles or fibers in the percutaneous approach
are determined in accordance with the tumors’
size, shape, and location. Real-time ultrasound
and subsequent CT acquisitions are used to avoid
critical structures such as the pancreas, bowel,
vessels, and bile ducts [11].

In transgastric approach, a single-fiber tech-
nique with multipuncture LA is generally
adopted. The lesion is directly punctured via the
adjacent gastrointestinal walls, taking care that
the tip of the guiding needle is at least 10 mm
away from the distal borderline of the lymph
node. Once the fibers are accurately positioned in
the desired place, the laser is turned on at a power
of 3.0-5.0 W, and a total energy of 1200-1800 J
is applied for each single illumination. Procedure
is monitored in real time with US when feasible,
in order to depict the gas forming during ablation
enclosing the whole lesion. CEUS and CECT can
be used before patient awakening in order to
establish the success of the treatment, to establish
if additional ablation is needed, and to depict
early signs of complications (Fig. 5.1).

5.4  Results

A recent systematic review of the literature
on thermal ablation of retroperitoneal lesions
identified 398 patients with 491 retroperitoneal
tumors treated with various ablative devices with
the percutaneous approach, with good results
and few complications. Until now, the evidence
is sparse, and several different methods includ-

ing radiofrequency ablation, cryoablation,
high-intensity focused ultrasound, and even
irreversible electroporation have been applied
with good results. In the still limited experi-
ences reported on percutaneous application of
laser ablation in the treatment of retroperitoneal
lesions, good results and few complications
(limited to mild discomfort and fever) were
reported. In recent years, EUS-guided laser
ablation of pancreatic neuroendocrine and
hepatocellular carcinoma has been success-
fully performed and reported. In the short-term
follow-up, contrast-enhanced CT suggested that
the ablated zone was uniformly hypoattenuated
without any enhancement, leading to the con-
clusion that EUS-guided LA is an effective and
safe method for EUS-accessible solid tumors.
Artifon et al. presented their innovative work
with EUS-guided alcohol ablation of a left adre-
nal metastasis in a patient with non-small cell
lung cancer, further highlighting the safety of
this approach for retroperitoneal ablations [34].

In 2016, Mou et al. evaluated the US-guided
LA to unresectable retroperitoneal and hepatic
portal lymph nodes from hepatic cancer. The
local response rate at 6-month follow-up was
75% and the abdominal pain score decreased sig-
nificantly in all patients [35]. Percutaneous LA
has also been reported to be tolerable for those
patients with poor general condition or the one
with lesions located at high-risk position, and this
is particularly due to the fact that the guiding
needle is thinner than in other ablation modalities
[2]. The application details of EUS-guided laser
ablation to retroperitoneal metastasis, including
adrenal metastasis, were also described. Some
advantages of this technique appear to be
extremely interesting. First, the technique con-
quered the dilemma of applying percutaneous
puncture to a difficult target, which increases the
risk of injuring the adjacent tissues. EUS-guided
LA switched the puncture orientation to avoid the
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Fig. 5.1 Ultrasound-guided percutaneous laser ablation
(LA) of retroperitoneal metastatic tumors from hepatocel-
lular carcinoma (HCC). The AFP was 1389.9 ng/mL. (a)
T2-weighted magnetic resonance imaging (MRI) showed
a hyperintensity lesion (red arrow) located at retroperito-
neal space. (b) Preoperative contrast-enhanced ultraso-
nography (CEUS) showed that the retroperitoneal lesion
(red arrows) was hyper-enhanced at arterial phase. (c)
Two fibers were inserted across the liver into the lesion. A
total of 3200 J was transmitted. (d) Gas formation during
ablation is enclosing the whole lesion. (e) In post-
operative CEUS, the target was completely non-enhanced.
(f) Two months after the first period of LA T1-weighted

MRI showed that the tumor was recurrent adjacent to the
ablation zone. (g) In ultrasound image, the recurrent
lesion was presented as a hypoechoic zone. AFP was
reduced to 446.8 ng/mL. (h) The laser fiber was inserted
into the right part the recurrent lesion. (i) The laser fiber
was inserted into the rear part of the recurrent lesion. (j)
The right and rear parts of the recurrent hypoechoic lesion
were totally ablated. (k) Two fibers were used to ablate the
left and rear parts of recurrent lesion. (I) Right after the
third ablation, the target hypoechoic lesion was com-
pletely ablated. (m) Two months after ablation, the AFP
was reduced to 109.5 ng/mL. (n) MRI revealed that the
retroperitoneal lesion was completely ablated
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important structures in the puncture route to left
adrenal lesions. Second, given its minimal inva-
siveness, EUS-guided LA was easily performed
with short application time, a low risk of collat-
eral damage and good patient tolerance. Finally,
the EUS-guided laser fiber could be inserted from
multiple angles to ablate the different parts of the
tumor. The intraoperative CEUS might help
detect residual lesions and direct the fiber place-
ment in the next step [36-38].

5.5 Discussion

Surgical resection, chemotherapy, radiotherapy,
and, more recently, thermal ablation have become
standard treatments for retroperitoneal and peri-
toneal lesions. Particularly, RO dissection is gen-
erally recommended whenever feasible, even if
the frequency of associated surgical complica-
tions still approaches 10% [2, 3]. However, some
lesions are not manageable with surgery and in
some cases are even not sensitive to radiotherapy
or chemotherapy. Some patients whose general
condition is poor cannot tolerate chemotherapy,
radiotherapy, or surgery, and treatment options
are limited for these patients. Image-guided ther-
mal ablation might represent a further therapeutic
option for achieving local tumor control in these
cases.

The commonly used percutaneous ablation
modalities, which include RFA, MWA, cryo-
ablation, and LA, were reported to be applied
in retroperitoneal and adrenal metastasis. In a
study by Arellano et al., image-guided percu-
taneous RFA was proposed as a possible alter-
native to currently available therapies to treat
recurrent metastatic disease due to endome-
trial carcinoma [39]. When the primary foci in
liver have been removed, Gao et al. suggested
RFA was a supplemental method for the retro-
peritoneal metastatic lymph nodes from HCC,
which was free from the heat-sink effect of adja-
cent aorta and IVC [40]. In 2014, Wang et al.
reported that CT-guided radioactive '*I seed
implantation is showing good palliative pain
relief with acceptable short-term effects, which
has proved to be a relatively uncomplicated

treatment option for symptomatic retroperito-
neal metastatic lymph nodes [33]. Other authors
reported that CT-guided percutaneous cryoabla-
tion was a broadly safe, effective local cancer
control option for retroperitoneal metastatic
lesions, hepatic non-resectable tumors, or recur-
rent soft tissue carcinoma [41-43]. Recently,
the newly developed non-thermal ablation
technique, whose acronym is IRE, was used to
supplement primary surgical resection of locally
advanced pelvic and retroperitoneal tumors. It
helps to provide better local control by mar-
gin enhancement where complete macroscopic
margins were obtained [44]. Furthermore, it has
been reported that RFA might prolong survival
in patients with retroperitoneal metastasis, even
with controllable hematogenous metastasis [45—
50]. The advantages of these minimally invasive
therapies are short hospitalization, low morbid-
ity, and acceptable complications. As in adrenal
metastasis, image-guided thermal ablation was
also effective for local tumor control without
major complication and with a low morbidity
rate related to the procedure [51-53].

Percutaneous US/CT-guided LA has been
reported to be a minimally invasive and extremely
well-tolerated procedure without severe compli-
cations [54]. We believe that the main advantage
of applying laser ablation is the use of very thin
needles, which are less traumatic and can be
handled more easily by the operator to reach dif-
ficult sites. On the other hand, lasers with a
wavelength of 1064 nm were used because the
penetration of light is optimal in the near infra-
red spectrum. This type of laser has been com-
monly used in interstitial ablation because it can
target the needle in virtually any plane. The laser
destruction of tissue including tissue protein
denaturation, coagulative necrosis, tissue lique-
faction, vaporization, and carbonization occurs
very rapidly. Although part of the heat is removed
by blood flow, the size of the affected area is still
around 12-15 mm in diameter when 3 W of
power were used for 10 min with a single device
[2, 36, 37, 55] and around 4 cm using four
devices [55-57].

In HCC ablation, the ideal candidates for LA
are those with well-differentiated histology, non-
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Fig. 5.2 Endoscopic ultrasound (EUS)-guided LA to ret-
roperitoneal metastatic tumor from HCC. The AFP was
124 ng/mL. (a) Contrast-enhanced computed tomography
(CT) revealed a retroperitoneal lesion adjacent to the pos-
terior wall of the stomach. (b) In EUS scanning, a
hypoechoic retroperitoneal lesion was revealed. (¢) EUS-
guided LA was performed to ablate the retroperitoneal

infiltrating growth, naive tumors, a first treatment
session, and normal bilirubin levels [13, 58, 59].
Previous studies demonstrated that LA retained
an equal ablation efficacy to that of RFA, and the
published complete response rate ranged from
82% to 97% [60]. When certain tumors are in
close proximity to gastrointestinal structures, the

lesion. (d) Gas forming during LA ablation. (e) One
month after the maneuver, the US examination showed
residual tissue of 1.4 x 0.6 cm. The AFP was 101 ng/mL.
(f) The residual lesion was covered by hyperechoic zone
during second ablation. (g) In follow-up, the ablation zone
was completely ablated

visualization via EUS is more direct and distinct
than percutaneous US (Fig. 5.2). With the intro-
duction and development of EUS-guided needle-
based interventions, its application to hepatic,
pancreatic, and gastrointestinal stromal tumors
gained popularity, providing an alternative
approach to percutaneous thermal ablation.
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5.6 Conclusions

Image-guided laser ablation, applied through the
percutaneous or endoscopic route, can represent
a safe and effective strategy to manage retroperi-
toneal and peritoneal lesions, and even to treat
metastatic lymph nodes and adrenal metastases

(Fig. 5.3), particularly in patients not suitable for
surgical resection or not manageable with radia-
tion therapy or chemotherapy. Even if the
reported results are promising, they still are lim-
ited and have to be considered preliminary, and
further studies on larger populations with longer
follow-up are necessary.

Fig.5.3 Case of EUS-guided LA in left adrenal metasta-
sis. (a) Pre-ablation CT scan discovered a low-density
mass in the region of the left adrenal gland, and it was
irregularly enhanced during the contrast arterial phase
(yellow arrow). (b) Under the EUS transgastric scanning,
a hypoechoic mass with a size of 1.7 x 1.0 cm was seen in

the splenonephric space and irregularly hyper-enhanced
in the venous phase of CEUS. (¢) A LA fiber (yellow
arrow) was inserted through the 22-gauge needle into the
mass, and the exposure length of the bare fiber was
1.0 cm. (d) The puncture points were checked to rule out
bleeding and perforation at the end of LA
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6.1 Kidney Tumors: Treatment
Strategies for T1a Renal Cell

Carcinoma

Renal cell carcinoma (RCC) represents 3.8% of
all adult cancers in the Western world. RCC can
be sporadic or congenital, with congenital cases
linked to specific gene mutations. The detection
rate of RCC has increased over the last 10 years
by approximately 1.7 per year, mainly due to the
increased number of incidentally diagnosed cases
during diagnostic cross-sectional studies for other
diseases [1]. The vast majority of serendipitously
diagnosed RCCs are asymptomatic, and of small
dimensions, mostly in Tla stage. Conversely,
clinical presentation of advanced tumors includes
hematuria, pain from local infiltration, or symp-
toms from metastatic spread. The 5-year survival
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rate is 91.8% for localized disease and 12.1% for
advanced disease. The most important prognostic
factors include tumor grade, local extent, and the
presence of nodal or distant metastases at presen-
tation [1]. Contrast-enhanced computed tomog-
raphy (CECT) and magnetic resonance imaging
(MRI) play a central role in the detection and
characterization of renal lesions, as well as in the
staging of the disease.

The treatment options for RCC depend on
tumor stage, according to TNM classification and
staging. The first therapeutic option for stage Tla
and T1b tumors is partial or radical nephrectomy
[2]. Partial nephrectomy (open or laparoscopic)
is preferred whenever possible, as total nephrec-
tomy may often impact on renal function [3]. As
a consequence, radical nephrectomy is usually
reserved to centrally located tumors or stage II-
III tumors. Focusing on Tla RCC, therapeutic
strategies include surgical approach, active sur-
veillance, and ablation therapy [2, 4]. Given that
both partial and radical resections offer compa-
rable long-term oncological results for Tla RCC,
nephron-sparing surgical technique is largely
preferred in order to preserve renal function [5—
8]. According to the European Association of
Urology’s guidelines, partial nephrectomy is
strongly recommended for patients affected by
Tla RCC [9].

Since the majority of small RCCs grow slowly
(mean growth rate is about 3 mm per year) and
may be followed up easily with cross-sectional
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imaging over time, active surveillance has been
reported to be a valid alternative to nephrectomy
[10, 11]. However, a non-negligible number of
small tumors (approximately 20%) cannot pres-
ent this slow-growing pattern and, on the con-
trary, can grow aggressively [12, 13]. Moreover,
data from the National Swedish Kidney Cancer
Register pointed out that 11% of tumors 3—4 cm
in diameter had either nodal or distant metasta-
ses, and only tumors smaller than 1 cm had nei-
ther nodal nor distant spread [14]. Therefore,
unanimous consensus on active surveillance has
not been reached, because at present there are no
diagnostic tools which can suggest proceeding to
surveillance or starting a treatment.

Ablation therapies are included among the
treatment strategies for Tla stage RCC [4]. All
ablation modalities offer a minimally invasive
and nephron-sparing treatment option to patients
unfit or refusing surgery. The most extensively
used and the best established ablation techniques
for renal tumors are radiofrequency ablation
(RFA) and cryoablation [15-17]. Focusing on
the “hot” thermal ablation techniques, RFA is
the most experienced modality, and it is widely
employed for liver tumors [18]. In the treatment
of renal tumors, RFA has been reported to
achieve up to 100% complete ablation for nod-
ules smaller than 3 cm and up to over 90% for
nodules 3-5 cm in size, whereas results are sig-
nificantly worse (<25%) for tumors larger than
5 cm [15]. The European Society for Medical
Oncology (ESMO) guidelines state that ablation
can be considered an effective option in patients
with small cortical tumors <3 cm, high surgical
risk, solitary kidney, compromised renal func-
tion, hereditary, or multiple bilateral RCC [19].
According to the current evidence, the
Cardiovascular and Interventional Radiological
Society of Europe (CIRSE) guidelines claim that
ablation treatments represent a valid option for
Tla RCCs, with excellent long-term (>5 years)
technical and functional outcomes, and very low
complication rates. Moreover, stating the feasi-
bility of such a therapeutic option, the CIRSE
guidelines suggest that active surveillance
should be reserved to patients not suitable to
ablation due to age or comorbidities [4].

Table 6.1 Indications and contraindications for RCC
ablation [4]

Indication for treatment with ablation are the
following:

— Presence of comorbidities that would increase
the risk of surgical intervention (advanced
COPD, heart failure)

— Single functioning kidney

— Impaired renal function (GFR < 60 mL/min per
1.73 m?)

— Presence of more than one small renal tumor

— Patient’s choice not to undergo a surgical
procedure
Contraindications are the following:
— Uncorrectable coagulopathy

— Extensive spinal deformity that would not
permit percutaneous access to the lesion
(relative contraindication)

Indications and contraindications for RCC abla-
tion according to CIRSE guidelines are reported
in Table 6.1.

The CIRSE guidelines also include a quite
interesting section focused on the potential role
of ablation in patients who are potentially good
surgical candidates. Indeed, several studies report
comparable results for percutaneous ablation
with respect to partial nephrectomy in patients
unsuitable for surgery. A single-center retrospec-
tive study by Ma et al. reviewed 52 healthy
patients, potentially surgical candidates, with
T1a RCC who underwent RFA [20]. The authors
reported no recurrence after a follow-up period of
3 years and recurrence-free survival of 94.2% at
both 5 and 10 years. Such a durable oncologic
(and functional) result suggests that RFA could
be considered an alternative to surgery for Tla
RCC also in potentially surgical candidates.

In the recent years, last-generation microwave
ablation (MWA) has been proved to offer some
advantages compared with RFA in the treatment
of liver tumors, as it allows obtaining larger abla-
tion volumes with adequate safety margins in a
shorter time, and is not limited by the heat sink
effect, desiccation, or charring [21-23]. Likewise,
MWA may be considered a treatment option for
large non-surgical RCC, in association with sys-
temic therapy, or in patients who are poor candi-
dates to or refusing systemic therapy. However,
even with the more recent technical improvements,
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the shape of the ablation zone is ovoid instead of
spherical, as it would be required for renal tumors
[24]. Moreover, a higher risk of pelvicalyceal
injury seems to be associated with the use of
MWA than with other modalities [24, 25], and
according to the CIRSE guidelines, this technol-
ogy needs further evaluation and at present it
should be limited to the more experienced inter-
ventional radiologists.

6.2  Laser Ablation

Laser ablation is currently used in many centers
to treat primary and metastatic liver cancers, with
very good results that are comparable to those of
RFA and MWA for either hepatocellular carci-
noma or liver metastases from colorectal cancer
[26-28], as confirmed by two randomized trials
that compared laser ablation and RFA and found
no significant differences between the two tech-
niques [27, 29]. Despite these results, laser abla-
tion is by far the less used ablation modality
worldwide, and in a way it is often unjustifiably
considered the Cinderella among the ablation
techniques [30]. It is not surprising, therefore,
that laser ablation had not been used to treat RCC
until very recent years. Indeed, the studies
reported in the literature were sporadic and
involved very small series of patients [31-34].
However, at present there is no ideal ablation
technique that outclasses the other ones, and as
with RFA, MWA, or cryoablation, laser ablation
also has peculiar advantages and limitations that
can make it more or less suitable to treat liver and
renal cancers according to the characteristics of
both patients and tumors [30]. The so-called
laser-induced interstitial thermotherapy (LITT)
uses quartz fibers with flat or cylindrical diffus-
ing tips and water-cooled laser application
sheaths to increase the volume of coagulative
necrosis while preventing carbonization at the tip
of the laser applicator. LITT has been reported to
achieve very large ablation areas of up to 50 mm
[35-37], which is particularly useful for the treat-
ment of liver metastases that require large safety
margins to take care of microscopic disease
around the lesions [37]. However, power applica-

tors are nine French in diameter, that is a too
large diameter to be considered best suited to per-
cutaneous ablation of renal tumors, and previous
earlier experiences with laser ablation of RCC by
using LITT under magnetic resonance guidance
did actually not achieve exciting results in terms
of both outcome and complications [31-34].

Conversely, the multifiber technique proposed
by Pacella et al. [38] and improved by Di
Costanzo et al. [39] presents some features that
make it potentially interesting in the treatment of
small renal tumors. It uses 300-pm bare optical
fibers that are introduced into the tumor through
21-gauge needles. The diameter of the needles is
considerably thinner than RFA electrodes, MWA
antennas, cryoablation probes, and LITT sheaths.
Thanks to its lower invasiveness, laser ablation
with the multifiber technique has been proposed
as the first-choice technique to treat patients at
high risk of complications, due to the presence of
comorbidities or difficult technical access [30,
40, 41]. Each bare-tip fiber provides an almost
spherical thermal lesion of 12—15 mm in diame-
ter, and a beam-splitting device or a multisource
device allow for the use of up to four fibers at
once, simultaneously delivering the light into
each single fiber [42, 43]. Therefore, these
devices enable to achieve ablation areas from 1 to
4-5 cm in diameter, and consequently to treat
tumors ranging from 5—6 mm to 3 cm in diameter
obtaining an acceptable safety margin.

It is known that the kidney is a hypervascular
organ and for this reason it is considered more at-
risk of bleeding than the liver or other organs
when interventional procedures are performed
[44, 45]. In particular, renal biopsy and thermal
ablation are numbered among the four non-
vascular interventional procedures with signifi-
cant risk of bleeding [44], and needle size has
been reported to be a risk factor of hemorrhagic
complications [46, 47]. Therefore, the use of thin-
ner needles could have some advantage when
thermal ablation is performed to treat RCC, in
particular, if the risk of bleeding is increased.
Quite recently, a retrospective study on the use of
laser ablation with the multifiber technique in
patients with small RCC and high risk of bleeding
reported very interesting results [48]. The patients
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were considered at increased risk of bleeding
because of impairment of coagulation parameters,
concomitant antiplatelet therapy that could not be
discontinued, or deep location of the tumor that
imposed to cross through a sizeable portion of
renal parenchyma to reach the target. The largest
diameter of the tumors ranged between 11 and
23 mm. All patients underwent laser ablation
under conscious sedation with intravenous mid-
azolam and remifentanil, and the laser fibers were
introduced into the tumor under ultrasound guid-
ance through 21-gauge Chiba needles. Two laser
fibers spaced 12 mm apart were used for lesions
with a diameter up to 14 mm (Fig.6.1), and three
fibers spaced from 6 to 12 mm apart were used for
those with a diameter exceeding 14 mm; the pull-
back technique [39, 40] was used if the anteropos-
terior diameter of the tumors exceeded 12 mm.
1800 J per fiber were delivered into the tumor in
6 min with the laser machine set at a power of
5 W, and further 1800 J were delivered when the
pull-back technique was used. Contrast-enhanced
ultrasound (CEUS) by using an 8 pL/mL solution
of sulfur hexafluoride microbubbles stabilized by
a phospholipid shell (SonoVue®; Bracco, Milan,
Italy) as a contrast agent was performed about
10 min after the end of the procedure to assess the
completeness of the ablation (Fig. 6.2). If residual
enhancing foci of tumoral tissue were identified,
another one or two laser fibers were inserted into
the viable foci under CEUS guidance, and further
1800 J per fiber were delivered to complete the

Fig. 6.1 Oblique subcostal ultrasound scan showing a
14 x 9 mm exophytic RCC in the middle third of the right
kidney (cross-shaped markers). Two laser fibers spaced
12 mm apart were inserted into the tumor (dotted lines)

S. Sartori et al.

Fig. 6.2 Oblique intercostal CEUS scan performed
10 min after laser ablation showing a 18 x 14 mm non-
enhancing zone completely covering the ablated tumor
(cross-shaped markers, right side of the split screen)

treatment. Technical success, technical efficacy,
primary and secondary efficacy rates, and local
tumor progression were defined according to the
recommendations of the International Working
Group on the Image-guided Tumor Ablation [49].
Complications were classified according to the
CIRSE classification system for complications
reporting [50]. Technical success was 100%, and
just one Grade 1 complication was observed: a
small asymptomatic hematoma that spontane-
ously resolved and did not require any interven-
tion. One-month-technical efficacy was 88.9%;
the residual viable tumor foci identified 1 month
after laser ablation procedure were successfully
treated under CEUS guidance, and secondary effi-
cacy rate was 100%. No local tumor progression
was observed during a median follow-up of
26 months (range 11-49 months) [48].

6.3  Final Considerations

To date, the experience with laser ablation of
renal tumors is quite limited, and cryoablation
and RFA (and in the last years MWA in some
experienced interventional oncology centers) are
currently used worldwide to treat stage Tla
RCC. Nevertheless, the above-mentioned and
briefly summarized retrospective study suggests
that laser ablation is very safe and effective even
in at-risk patients [49] and represents a good
starting point to investigate its long-term out-
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comes in prospective studies enrolling larger
series of patients with small RCC.

In our opinion, laser ablation can be consid-

ered as of now the ablation technique of first
choice to treat at-risk patients with small RCC
and could represent in the future a valid alterna-
tive to cryoablation, RFA, and MWA also in
patients with normal coagulation parameters and
no increased risk of bleeding.
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Benign Thyroid Nodule Laser

Ablation
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7.1  Introduction

The clinical management of thyroid lesions has
been performed for many years by means of phys-
ical examination, thyroid radioisotope scan, and
surgery. During the last decades, however, the
advent of thyroid ultrasonography (US) and fine-
needle aspiration biopsy (FNAB) has radically
changed the diagnostic approach to thyroid nodu-
lar disease. The widespread application of US is
now resulting in the detection of solid and cystic
thyroid nodules in a large part of the adult popula-
tion, with a frequency that rises with adult and old
age and with female sex and that, in several series,
approximate 50% [1-8]. The cytological assess-
ment with US-guided fine-needle aspiration
biopsy (US-FNAB) has sharply reduced the need
for diagnostic surgery and only a minority of the
recently diagnosed lesions undergo thyroidec-
tomy. Most cytologically benign thyroid nodules
are asymptomatic, their volume remain nearly
unchanging over the years, and go to long-term
follow-up without any intervention [9]. Even if
the majority of thyroid lesions do not need ther-
apy, a few of them (about 10%) progressively
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increase in size and cause local signs or pressure
symptoms. Due to the discomfort or the anxiety, a
large part of these last lesions are finally dealt
with thyroidectomy [10, 11]. Surgery is a well-
established treatment and is currently at low risk
of major complications. However, the costs of
thyroid surgery, the esthetic damage due to the
cervical scar (that may be prevented only by
rather complicated and expensive trans-axillary or
trans-oral surgical approaches [12—-15]), the risk
of major or minor complications, and the frequent
need of life-long substitution therapy should be
evaluated when this clinical problem is approached
[16, 17]. On the basis of these considerations,
various image-guided office-based, minimally
invasive procedures have been proposed with the
aim of producing a clinically significant debulk-
ing of thyroid lesions and a nonsurgical manage-
ment of benign symptomatic nodules [18].

In 1990, US-guided percutaneous ethanol
injection was the first proposed technique for the
shrinkage of autonomously functioning thyroid
nodules [19]. Due to the side effects of the treat-
ment and its technical limits, percutaneous etha-
nol injection is presently used only for the
treatment of cystic or predominantly fluid lesions
that relapse after a prior aspiration [20]. So, since
2000, US-guided minimally invasive techniques
based on thermal ablation by means of energy
sources (such as laser, radiofrequency, micro-
wave, and high-intensity focused ultrasound)
were investigated and are now increasingly
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employed in clinical practice. Among these ther-
mal procedures, laser ablation is the most thor-
oughly assessed and less invasive technique and
currently represents a safe and effective tool for
the management of benign and selected malig-
nant thyroid lesions.

7.2 Basic Principles of Laser

Treatment

The model for the interstitial laser coagulation of
body tissues was first proposed by Bown in 1983
and was subsequently validated in several exper-
imental models [21-24]. Laser light is coherent
and monochromatic, is precisely focused on the
selected target, and permits the delivery of a con-
siderable amount of energy at a distance through
an optical fiber with a silica-based core. The
optical fibers are flexible, with a diameter rang-
ing from 300 to 600 pm, and transmit laser light
to the tip of the fiber optic [25-27]. When laser
light interacts with biological tissues, scattering
and absorption occur, and the delivered photons
induce rapid heating and thermal injury [23, 25,
28, 29].

Different laser sources and wavelengths are
available and various types of fibers, tips, and
applicators may be employed. Nd:YAG lasers,
operating at 1064 nm, seem most suited for pro-
cedures in deep-seated organs because of their
superior penetration and absorption properties in
perfused soft tissues. Currently, the majority of
laser procedures use either Nd:YAG or diode
lasers (4 = 800-980 nm) operating in the range of
2-40 W [25].

Thermal ablation destroys the tissues by
increasing their temperature so as to induce irre-
versible cellular damage. A temperature set at
about 40 °C generally does not adversely influ-
ence cellular homeostasis while a temperature
level of 45 °C results in a greater susceptibility of
the cells to the injury induced by physical and
chemical agents [24, 30]. An irreversible cellular
damage occurs only when cells are maintained at
a temperature value of 46 °C for 1 h, and the
damage appears with ever-increasing quickness
as the temperature level further rises [31, 32]. At

a temperature level between 60 and 100 °C, a
rapid coagulation of the proteins takes place with
irreversible injury of enzymes, nucleic acids, and
proteins, followed by cellular death over the
course of a few days [22-24, 30, 33-36]. Critical
temperature at the margin of the coagulative zone
has been shown to range from 30 to 77 °C for
normal tissue and from 41 to 64 °C for neoplastic
tissues [37-39], with relevant variation of the
thermal dose required to induce cell death differ-
ent tissues [37]. On the other hand, a temperature
value greater than 105 °C is followed by tissue
carbonization and vaporization, changes that
obstacle a total ablation due to the insulating
effect on energy diffusion of thermal energy [32,
40-43]. On the basis of these effects, laser treat-
ment results in a zone of coagulative necrosis
with well-defined margins, a well-predictable
size, and the destruction of all the cells in the
ablated area.

7.3 Technique and Devices

Laser sources are variable but the most used is a
820 nm diode or a 1064 nm neodymium-yttrium-
aluminium garnet (Nd:YAG) laser [25, 44-46].
Applicators of different gauge [44—48] may be
used for the insertion in the target lesion and are
preferentially represented by flexible 21G
(<1 mm in diameter) spinal needles [47]. The
commonly employed laser equipment is a
1064 nm continuous wave Nd: YAG source, oper-
ated with an output power that ranges from 3 to
5 W, and a flat-tipped quartz optical fiber with a
300-pm diameter. Laser ablation may be per-
formed either under US guidance (with the use of
a dedicated device) or assistance (with a free-
hand technique) by means of a last-generation
US system equipped with a high-frequency linear
transducer (7.5-15 MHz).

The treatment is usually performed on the
patient in supine position with hyperextended
neck. An accurate local anesthesia with xylo-
caine is performed on the skin entry site, along
the planned needle tract, and on the thyroid cap-
sule. In the case of anxiety, a mild sedation may
be given with diazepam intramuscularly or by
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mouth. Under US monitoring, the spinal needle
is inserted into the target thyroid lesion, in most
cases along its longest axis. Treatments are gen-
erally performed with a fixed-power protocol
(usually with a 3 W output) while the illumina-
tion time changes according to the planned abla-
tion volume. Usually, the illumination time
ranges from a minimum of 400 s to a maximum
of 600 s with a total energy delivery of 1200—
1800 J per optical fiber. The use as applicators
of thin and minimally traumatic spinal needles
allows a precise and safe positioning of one or
more needles depending on the volume, shape,
and location of the nodule. When multiple appli-
cators are employed, they should be separated
by a space of at least 0.8 cm and placed next to
each other on the same plane to better allow the
simultaneous real time control of two optical
fibers. The fiber tip should be positioned at a
minimum safety distance of 5-10 mm from the
critical structures of the neck. In case of lesions
close to the carotid vessels or the trachea wall,
as for cancer recurrences in the thyroid bed, a
preliminary hydro-dissection with saline solu-
tion may be performed to separate the target
from the vital structure. From one to three illu-
minations may be performed during the same
session retracting the needle with a “pullback”
technique [47]. At US monitoring, the area
under ablation is visualized as an echogenic
zone that gradually enlarges during the illumi-
nation, and the treatment is concluded when the
area of hyper-echogenicity due to tissue evapo-
ration is stationary in size [44, 45, 49-53]. A
reliable evaluation of the real size of the ablated
area is achieved a few hours after treatment with
the intravenous injection of a second-generation
ultrasound contrast medium or, less precisely,
with the use of color- or power-doppler. Notably,
the zone of coagulative necrosis attains its max-
imum size about 72 h after the ablation [54],
because the cellular injury and the occlusion of
the vessels that supply the tissue fully develop
during the days following the treatment.
Figure 7.1a—f shows a representative case of a
predominantly solid cold nodule before treat-
ment (a, b), during the ablation maneuver (c, d),
and 12 months after treatment (e, f).

7.4 Thyroid Lesions Suitable

for Laser Ablation

Thyroid nodules are suitable for laser ablation in
the presence of the following criteria: (a) single
thyroid nodule or multinodular goiter with an
evidently dominant lesion; (b)hypo- or iso-
functioning appearance at radioisotope thyroid
scan; (c) progressive growth associated with
either local compression symptoms or esthetic
concern; and (d) consistently benign cytological
reports at two FNAs. As the risk of overlooking a
thyroid malignancy should be carefully pre-
vented, the presence of suspicious US findings is
a partial contraindication to laser ablation even in
the case of benign cytological findings.

Thyroid nodules with solid, spongiform, or
nearly completely solid structure are successfully
ablated while pseudocystic lesions should be
drained of the fluid component immediately
before laser illumination [53]. Notably, laser
ablation is an effective treatment also for pseudo-
cystic nodules that repeatedly relapse after percu-
taneous ethanol injection.

Before treatment, withdrawal of antiplatelet
therapy for at least 72 h is suggested, unless the
patient is at high risk of cardiovascular events,
while the anticoagulant treatment with NAO
drugs may be stopped 24 h before laser ablation.
Prothrombin time, partial thromboplastin time,
and complete blood cell count should be assessed
before the procedure. A preliminary direct laryn-
goscopy should be routinely performed [47].
Finally, the patient should be informed that a
regular US follow-up is appropriate even after a
successful minimally invasive treatment and the
disappearance of local symptoms.

Clinical Results
in Hypofunctioning Thyroid
Nodules

7.5

Several preliminary experimental tests were per-
formed in the 1990s, first in laboratory on liver tis-
sue and thereafter in vivo on animal models
[55-57] and ex vivo on freshly resected thyroid
glands [58]. The initial feasibility study in humans
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Fig. 7.1 (a, b) Representative case of solid nodule treated
with laser ablation (LA). (a) US axial scan and (b) longitudi-
nal scan—showing the nodule with a fluid component >20%
of the volume at baseline before the treatment. (¢, d) LA per-
formed with two fibers and only one pull-back. The US lon-
gitudinal scan (c¢) shows two thin 21G introducers spaced
1 cm apart from each other in the deepest part of the target
nodule during the first illumination. In (d) US imaging shows
the second illumination of the nodule. The laser fibers posi-
tioned along the long axis of the nodule are retracted about

1 cm for a second illumination to cover the entire volume of
the nodule. This technique is also known as “pull-back tech-
nique,” which has the advantage of reducing the number of
direct nodule punctures, the invasiveness of the procedure,
and the discomfort for the patients. During the procedure, it
develops gas (visible both in ¢ and d) for temperatures above
100 °C with consequent boiling of the aqueous component of
the nodule. (e, f) The two US scans in e (axial) and in f (lon-
gitudinal) show the volumetric reduction 12 months after
treatment equal to 68% compared to the volume at baseline
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on the use of image-guided percutaneous thermal
ablation for the treatment of thyroid nodules was
published in 2000 [58]. The histological examina-
tion confirmed the geometrical shape of tissue
damage and its relationship with the delivered
energy that was previously observed in experimen-
tal models [58]. Subsequent cytological and histo-
logical studies on 15 cold thyroid nodules that were
sampled or resected 12 months after ablation treat-
ment consistently demonstrated a well-defined area
of coagulative necrosis with signs of inflammatory
reaction in the ablated areas [59]. No evidence of
malignant change was observed in thyroid lesions
resected 24 months after laser treatment [60].
During the last years, several case reports [49,
61] and non-randomized [44-47, 62—64] and ran-
domized studies [48, 50, 65, 66] have been per-
formed on the treatment of thyroid lesions with
US-guided laser ablation. All these data consis-
tently confirmed the clinical value, good tolerabil-
ity, and substantial safety of laser thermal ablation
for thyroid nodular disease. The reported volume
decrease at 12 months ranged from 43% to 84%
[65, 67] (Table 7.1). Volume reduction was persis-
tent, as follow-up studies demonstrated that the
mean nodule volume decrease remained at 48%
and 51% versus baseline size at the 3-[64] and
5-year [52] controls. In 2014, an Italian multi-
center prospective randomized trial, performed
with a single ablation session and fixed treatment
parameters, showed a nodule volume decrease
between 49% and 60% 3 years after laser treat-
ment [66]. Accordingly, only a minority (9%) of
the treated nodules demonstrated a partial regrowth
at 3 years after treatment [64]. These findings were
further confirmed by an externally monitored mul-
ticenter retrospective study on a series of 1531
patients [70] that demonstrated an up to nearly
80% decrease of thyroid nodules volume after one
or more treatments in large size lesions. Notably,
in these controlled studies, the vast majority of
patients treated with laser ablation reported in a
visual-analogue questionnaire the disappearance

or the relevant amelioration of their local compres-
sion symptoms or esthetic damage and defined the
procedure as fairly well tolerated [50, 52, 65, 66].

Clinical Results
in Hyperfunctioning Thyroid
Nodules

7.6

Several studies on laser treatment of small series
of hyperfunctioning thyroid nodules reported the
control of thyroid hyperfunction and the disap-
pearance of the previously hyperfunctioning area
at post-ablation thyroid scintigraphy [49, 62, 75].
However, at least two other trials showed that
laser ablation did not constantly result in normal-
ization of serum TSH levels and that repeated
laser treatments were required to achieve satis-
factory results [47, 61, 76]. These findings were
confirmed by a prospective randomized study on
30 hyperfunctioning nodules associated with
hyperthyroidism and suppression of normal thy-
roid tissue. Treatments were performed either
with a single thermal ablation session or with a
therapeutic radioiodine dose. Follow-up demon-
strated that laser treatment and "' therapy
resulted in a similar nodule size decrease but also
that thermal ablation was less effective in the
control of hyperthyroidism because induced
serum TSH normalization in only about 50% of
patients [77]. As a whole, the available evidence
demonstrates the clinical efficacy of thermal
ablation for the treatment of small size, solitary,
and mildly hyperfunctioning nodules [63, 76,
78]. Since functionally satisfactory results are
attained only when about 80% of the volume of
the hyperfunctioning nodule is ablated [79], clin-
ical results are unsatisfactory in toxic nodular
goiter or large size toxic nodules, and in these
cases the normalization of thyroid function usu-
ally necessitates repeated treatment sessions the
favorable results are [61] (Table 7.2). Laser abla-
tion, however, may be of use in selected cases of
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large toxic nodules for a combined treatment
with radioiodine. A prospective trial [80] ran-
domized 15 cases of large hyperfunctioning nod-
ules treated with laser ablation followed by "'
with a similar number of matched patients treated
with radioiodine only. The combined treatment
resulted in a faster decrease of nodule volume
and in a more rapid control of hyperthyroidism
and pressure symptoms than the therapy with
radioiodine only.

7.7  Clinical Results in Cystic

Thyroid Lesions

Few data are available on the use of thermal abla-
tion for cystic thyroid lesions. A prospective
study randomly assigned 44 prevalently cystic
thyroid nodules to simple drainage or to fluid
aspiration without delay followed by laser treat-
ment [53]. A greater than 50% volume decrease
and the improvement of pressure symptoms was
demonstrated in 15 of 22 (68%) of patients in the
thermal ablation group and only in 4 of 22 (18%)
cases in the aspiration alone group at the 6-month
control. Moreover, thermal ablation induced a
relevant shrinkage of the solid part of the pre-
dominantly cystic lesion (from 1.8 to 1.0 mL),
while in the aspiration only group, the solid part
was substantially unchanged (Table 7.3). The
procedure was well tolerated, no complications
were observed and thyroid function was
unchanged.

Percutaneous ethanol injection is the first-line
nonsurgical treatment for thyroid cysts and pre-
dominantly cystic nodules because of its low
expense, safety, and rapidity [81]. So, thermal
ablation is selectively appropriate for the treat-
ment of cystic lesions (mostly due to persistent

bleeding) that relapse after percutaneous ethanol
injection and for mixed nodules with a relevant
fluid component both to prevent fluid refilling
and to achieve a satisfactory shrinkage of the
solid portion of the nodule.

7.8 Complications and Side

Effects of Laser Treatment

The technique of image-guided laser treatment is
rather simple and is usually well tolerated. A
modest cervical pain, some neck swelling, and,
rarely, a low fever are described by the patients
after the ablation, may persist 24-48 h, and are
effectively controlled by the administration of
analgesics by mouth.

Minor complications are uncommon and
include a more protracted neck and local inflam-
mation pain that persist more than 48 h [47, 68].
Cervical bleeding and skin burn are definitely
uncommon events [70, 82]. Relevant neck
oedema sometimes associated with cystic change
and rupture of the treated lesion have been occa-
sionally reported [64]. Transitory hyperthyroid-
ism or late hypothyroidism is unusual [64].

Major complications are rare and are due to an
incorrect or overzealous technique of treatment.
No relevant changes besides a modest fibrosis
were reported in the cervical tissues surrounding
the treated nodule in patients who eventually
underwent surgery because of the coexistence of
cytologically suspicious areas [59, 60].

An adequate training is anyway necessary
before starting the laser procedure. Up to now,
the single most relevant complication was a
case of injury of the trachea that necessitated
surgical repair, induced by the incorrect inser-
tion of the laser fiber by an untrained operator

Table 7.3 Clinical outcomes of patients with symptomatic benign cystic thyroid nodules treated with laser ablation

Major Minor Volume
[SN Baseline complication| complication reduction %
Author | Pts nodules no.| RCT| pattern | volume | Laser source | no. (%) no. (%) FU | (mean)
Dossing |22 vs. 22° Yes | Cystic | 11.8 820 diode 0 0 36 |57
et al.
[53]

222 pts treated with aspiration followed by LA session vs. 22 pts aspiration without LA session
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[83]. Indeed, in a series of 122 procedures per-
formed by physicians in the initial part of their
learning curve, laryngeal nerve injury was
observed in 1.6% of patients [64]. Conversely, a
trial performed in four centers with specific
expertise in minimally invasive procedures
showed a definitely low risk of complications
[66]. A spontaneously resolving case of vocal
cord paresis was observed (<1%) and the use of
analgesics for more than 24 h was required in a
minority (5%) of patients [66].

A very low incidence (0.5%) of side effects
and complications was confirmed in the large
multicenter retrospective Italian study that col-
lected over 1500 thyroid lesions treated by opera-
tors with specific expertise in the field [70]. More
generally, a recent analysis in order to evaluate
the incidence of complications of the entire pop-
ulation treated with LA in the various centers has
documented an incidence of major complications
of 0.7% and 1.4% of the minor complications
[84] (Table 7.1).

As a general rule, the presence of severe pain
during the laser procedure is a useful warning
symptom that may prevent the risk of periproce-
dural complications. So, if the patient complains
of an increasing pain, laser firing should be dis-
continued, the position of the fibers should be
controlled, and the procedure should be per-
formed after a careful repositioning of the fiber
tip within the target nodule [47, 67, 69, 70, 76].

Conclusions for Clinical
Practice

7.9

The occurrence of thyroid nodular disease in the
general population is definitely high and the
number of benign lesions that are growing or
become symptomatic is accordingly increasing.
In these cases, a timely and appropriate use of
thermal ablation is followed by the modification
of the natural history of growing benign nodules.
So, the nonsurgical treatment of nodules that are
cause of concern avoids the unfavorable influ-
ence of thyroidectomy on the quality of life (due
to the esthetic damage and the long-term substi-
tution therapy), decreases the direct and indirect
costs of treatment, and allows a more appropriate
use of surgical facilities.

Various image-guided thermal techniques, with
different modalities of action, are now accessible.
US-guided laser ablation is the most thoroughly
assessed and less invasive of these techniques and
may be safely used by operators with expertise in
the field of thyroid US and US-guided
FNA. However, a specific training and an initial
tutorship are appropriate for decreasing the poten-
tial risk of complications. A second cytologic
assessment of the benign nature of the lesion that
is increasing in size is recommended before the
ablation treatment to further decrease the risk of
overlooking a well-differentiated thyroid cancer.

US-guided laser ablation is recommended for
the treatment of solid, or predominantly solid, non-
functioning thyroid nodules that with time keep
growing and become symptomatic or cause cos-
metic concern. Laser ablation results in a clinically
significant volume decrease and the recovery from
pressure symptoms in the vast majority of cases.
Volume reduction, as a rule, persists over many
years and the procedure can be safely repeated in
case of a late, and usually partial, regrowth.
Notably, the risk of esthetic cervical injury or thy-
roid function changes is nearly absent and the risk
of periprocedural complications is very low.

Laser ablation may be used for the treatment of
small-size hyperfunctioning thyroid nodules that
are associated with subclinical hyperthyroidism
and do not induce a complete suppression of the
surrounding thyroid tissue. In these autonomously
functioning nodules, especially in young patients,
normalization of serum TSH is achieved without
irradiation and no risk of late hypothyroidism.

On the other hand, in large-size hyperfunc-
tioning nodules, laser ablation is generally not
cost-effective, due to the need of repeated treat-
ments, in comparison with T treatment. So, it
should be reserved to patients who cannot access
surgical or radioiodine treatments or may be used
for a preliminary debulking of huge toxic lesions
before I therapy.

Finally, laser ablation may be of use for the con-
clusive treatment of mostly cystic thyroid lesions
that repeatedly relapse after percutaneous drainage
and ethanol injection. Before thermal ablation, effi-
cacy, complications, and tolerability of laser treat-
ment should be fully explained, discussed with the
patient, and weighted against the results and side-
effects of traditional management options.
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Laser Ablation of Thyroid Cancer
and Metastatic Lymph Nodes

Tian’an Jiang, Luigi Solbiati, Weiwei Zhan,

and Giovanni Mauri

8.1 Introduction

Increasing incidence of malignant tumors in the
neck, thyroid cancer in particular, has been
reported worldwide while the mortality has
remained stable [1-3]. The rise in thyroid cancer
incidence (over 10/100,000 women in high inci-
dence areas), along with an increase in the inci-
dence of papillary thyroid microcarcinomas
(PTMCs), has been commonly attributed to
increased detection of the disease whereas the
decline in mortality is likely due to changes in risk
factor exposure, diagnosis, and treatment of the
disease. Neck metastases do not exclusively derive
from head and neck tumors. According to the lit-
erature, the incidence of cervical metastasieis from
esophageal and breast cancer is estimated to be
14.5% and 4%, respectively [4, 5].
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Willner et al. [6] reported that the 2 and
5 years of survival rate in supraclavicular lymph
nodes metastasis patients was 56% and 28%,
respectively.

The increased detection rate has then brought
about the increased need for proper treatment.
Surgical resection has long been considered the
first-line treatment for malignant tumors in the
neck. However, the invasiveness of surgery
increases incidence of complications due to prox-
imity of the tumor to various critical structures in
the neck. Incidence of recurrent laryngeal nerve
injury, for example, reached up to 25% after pro-
phylactic radical neck dissection in the United
States [7]. Post-surgery hypothyroidism in treat-
ing thyroid lesions requires life-long use of sub-
stitute medications. Scar of the incision also fails
to meet the need for beauty. It became evident
that 13!T therapy also results in shrinkage of the
thyroid gland, even if hyperthyroidism persists.
Percutaneous ethanol injection is cheap, and it
may reduce the volume of benign thyroid nodules
[8]; however, possible limitations are the diffi-
culty of inducing a well-defined area of necrosis
and the need of multiple sessions for complete
ablation that is unsuitable for the treatment of
neoplastic lesions. Minimally invasive ablation
therapies have therefore replaced surgery as opti-
mal treatments for tumors in the neck under many
circumstances. With fewer complications, less
recovery time, and better repeatability, thermal
ablation has been recommended to treat benign
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thyroid nodules and recurrent thyroid cancers
since 2012 [9]. Among these methods, laser ther-
mal ablation was confirmed as a nonsurgical pro-
cedure that induced better-shaped ablation
lesions for small tumors in the neck and lowered
the risk of major complications than that reported
with other thermal treatments due to the use of
fine needles and less energy for the treatment of
solid or complex thyroid lesions [10—13]. Studies
further clarified the possibility and benefits of
applying laser ablation for treating primary
malignant tumors in the neck. The 2015 ATA
guidelines no longer acknowledged the benefits
of prophylactic central compartment lymph node
dissection but recommended active surveillance
for low-risk papillary thyroid microcarcinoma
management based on the results of previous tri-
als and reflections on overtreatment [7, 14-18].
Among patients under surveillance, however, dis-
ease progression such as size enlargement of the
tumor and novel appearance of lymph-node
metastasis still occurred in a small proportion of
cases [16, 17]. The presence of supraclavicular
metastases is associated with an unfavorable
prognosis and the development of distant metas-
tases [18, 19]. Laser ablation provides us with an
alternative method to achieve tumor-free status
while reducing the risk of potential harm caused
by overtreatment. The aim of this chapter is
therefore to describe the technique and the results
of LA in the treatment of thyroid carcinoma and
other malignant tumors in the neck.

8.2 Technique and Devices

Because of minimal invasive access and low com-
plications rate, laser thermal ablation has been
studied and applied in treatment of benign lesions
[20-25] and also in a variety of primary and sec-
ondary malignant thyroid tumors for combination
therapy [22-25]. Before thermal ablation, malig-
nancies in all patients were ruled out by means of
US evaluation. After being carefully sterilized,
1.0-1.5 mL of 2% lidocaine hydrochloride was
injected step by step into superficial tissue [26]. A
21-gauge spinal needle was inserted into the cen-
ter of thyroid lesions with US guidance, and

Nd:YAG laser operating at 1.064 um is used [27].
The size, shape, and location of the nodules
played the key role in determining the number of
needles and their arrangement. The optical fiber
was inserted through the sheath of the needle, and
about 5-mm-long fiber was in direct contact with
the tissue [26]. At US monitoring, the needle and
fiber tips were always clearly visualized as hyper-
echoic spots. A single bare fiber releases 1800 J
output power of 3—-5 W to the tissue, producing an
almost spherical lesion with a maximum diameter
of 12—16 mm when illuminated for 4—-6 min [28].
The area targeted is small so multiple ablations
are required to cover the tumor volume and as
many as four fibers may be activated simultane-
ously to ablate larger tumors with a distance
between tips of 15 mm [29]. At the end of the
treatment, the treated area appeared as an irregu-
lar and ill-defined hyperechoic zone that progres-
sively decreased over time. Because the proximity
of the surrounding vital structures made it danger-
ous to attempt complete necrosis of lesions in the
neck, the volume of ablated tissue was limited
Thus, talking with the patient during surgery
could whether there was injury or not.

8.3 Results

8.3.1 Primary Thyroid Cancers

The overwhelming majority of patients with
thyroid cancer will be recommended surgical
excision, no matter that the primary disease or
recurrence in the thyroid after initial treatment.
RFA and MWA had significant clinical applica-
tion in treating solitary papillary thyroid microcar-
cinoma and locally metastatic well-differentiated
thyroid carcinomas [30, 31]. Compared to other
thermal ablation techniques, LA appears to have
some advantages due to a very small needle
(21 gauge) used in a complex region (Fig. 8.1).
Moreover, the thermal energy deployed in LA is
precise to obtain a small ablation volume. Thus it
could theoretically minimize the risk of injuring
structures in the neck. Pacella et al. [19] firstly
reported a case of a 75-year-old woman with a
rapidly progressive anaplastic thyroid carcinoma.
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Fig. 8.1 Laser ablation of right thyroid papillary carci-
noma treated with a power of 5.0 W. (a) An 5 x 5 mm
hypoechoic nodule on the right lobe of thyroid proven to
be papillary carcinoma. (b) A 21-gauge laser fiber was

The volume of the tumor and local symptoms
reduced significantly and kept stability during the
following 4 months, after performed a large area
of ablation along with a subsequent external beam
radiation therapy associated with chemotherapy.
Papini et al. [32] reported the use of laser abla-
tion for an 81-year-old woman with a papillary
microcarcinoma (<1 cm papillary thyroid carci-
noma). The patient had decompensated liver cir-
rhosis and renal failure and had undergone recent
surgery followed by external beam radiother-
apy for breast cancer. A solitary 8 X 7 x 7 mm?
hypoechoic nodule with microcalcifications
was found in the right thyroid lobe at neck US
examination. Two 21-gauge spinal needles were
inserted and 3600 J of energy with an output
power of 3 W was delivered for 10 min, and the
lesion became smaller in size than on initial pre-
sentation at 24 months US follow-up examina-
tion. Valcavi et al. [33] also used percutaneous
LA to treat three microcarcinomas in the operat-
ing room under general anesthesia immediately
before surgical removal. This study demonstrates
that conventional histology showed destructured
and carbonized tissue as well as a complete lack
of viability on immunohistochemical analysis of
the surgical specimens, meaning LA is a techni-
cally feasible option for the complete destruction
of cytology-proven PTMC. In 2017, a retrospec-
tive study [34] was conducted in 30 patients with
single PTMC. At the 12-month follow-up, the
mean values of maximum diameter and volume
(2.6 mm and 9.1 mm?, respectively) were signifi-
cantly smaller than that at pre-ablation (4.8 mm

inserted through the nodule. (¢) One day after LA treat-
ment, CEUS confirmed that the nodule was completely
ablated without any contrast enhancement

and 43.7 mm?, respectively); 10 (33.3%) ablation
zones had disappeared, and 20 (66.67%) abla-
tion zones remained scar-like lesions. Most of
the cases (29/30) were completely ablated with
a single LA, which was for no more than 350 s.
FNAB of the ablated zones at 1, 6, and 12 months
demonstrated necrotic material and inflammatory
cells without viable neoplastic cells. The results
of the studies showed that LA for complete
destruction of a small-sized PTMC was techni-
cally feasible without extra-glandular spread or
nodal metastases.

8.3.2 Recurrent Thyroid Cancers

Recurrent thyroid cancer occurs in up to 20% and
59% of patients with papillary thyroid cancer
after operation, radioactive iodine therapy, or
thyroid hormone therapy [35]. Reoperation is dif-
ficult due to scar tissue formation which leads to
a high risk of complications. Both percutaneous
ethanol and thermal ablation techniques have
been reported in the setting of palliation of recur-
rent thyroid cancer. A recent meta-analysis com-
pared RFA and percutaneous ethanol in 270
patients and 415 thyroid nodules, concluding that
both approaches were acceptable with between
53% and 69% of lesions disappearing completely
[36]. Dupuy et al. [37] reported 8 patients with
recurrent thyroid cancer were treated by RFA as
outpatients and no recurrent disease at the treat-
ment site was detected, with a mean follow-up of
10.3 months, but a minor skin burn and 1 vocal
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cord paralysis occurred while the hoarseness did
not completely resolve after 2 months. Zhou
et al. [38] reported a retrospective study of 21
patients with 27 recurrent PTC lesions who
underwent LA. The volume reduction and com-
plete disappearance rate of the treated tumors
were 98.9% and 85.2%, respectively, at final fol-
low-up visit. The mean largest diameter and the
average baseline volume were reduced from
7.5+2.8 mmand 105.4 + 114 mm3to 0.4 + | mm
and 0.8 + 2.4 mm? at the final follow-up, conclud-
ing that LA is effective for the treatment of recur-
rent PTCs with a beneficial success rate. Although
LA is unlikely to alter the clinical course, particu-
larly for those patients with recurrent nodal dis-
ease in the neck, it may become a primary choice
of treatment for recurrent thyroid cancers in
selected patients who are ineligible for surgery
and/or prefer not to have further surgery.

8.3.3 Nodal Metastases

Treatment is based on repeated surgery and/or
repeated radioiodine ablation to metastatic lymph
node. However, most metastatic lymph nodes
may have lost their ability to uptake radioiodine.
Furthermore, cervical nodal recurrence may
occur in up to 30% of patients after initial treat-
ment. Thus, finding less-invasive alternatives
may be more meaningful. Percutaneous mini-
mally invasive treatments have a good advantage
which can be performed several times without
increased technical difficulties due to the previ-
ous treatments. PEI and RFA have been intro-
duced to obtain good local control of treated
lymph nodes. However, this is off-set by an often
higher complication rate [30, 37, 39, 40]. The
efficacy of LA was similar to that of radioiodine
treatment for patients with metastatic lymph
node [41]. LA was performed in a prospective
and observational study of 21 metastatic lymph
nodes in 17 patients who underwent radical thy-
roid resection; the largest diameters and volumes
post-LA significantly decreased compared to pre-
LA [42]. Mauri et al. [43] reported there were 24
patients previously treated with thyroidectomy,
neck dissection, and radioiodine therapy. All 46

lymph nodes showed positive in FDG-PET/CT
before LA. 86.9% of lymph nodes demonstrated
complete ablation at 30 = 11 months, and five
patients underwent successfully a second abla-
tion session. LA likely represents a new effective
therapy for the treatment of cervical lymph node
metastases in the neck and for reducing the mor-
bidity of a second surgical operation. Figure 8.2
shows images of a 79-year-old patient with left
metastatic cervical lymph node from papillary
carcinoma successfully treated with thin-needle
laser technique.

8.3.4 Safety and Complications

Complications and side effects are minimal in
LA. The treatment was well tolerated at the pres-
ent study [23]. Ninety eight (80.3%) out of one
hundred and twelve patients reported a mild sen-
sation of pain and regional discomfort. In patients
with intense intraoperative local pain, radiating to
the jaw, teeth, chest, or back, the laser was turned
off which could be explained by thyroid capsule
thermal damage, and regional discomfort, and
self-limited neck swelling that were resolved
without treatment within 2 weeks after
LA. Prednisone administration was prolonged to
reduce persisting pain. When a few of the patients
complained of voice changes caused by recurrent
laryngeal nerve injury, the “hydrodissection tech-
nique” may play an important role between the
mass and the expected location of the recurrent
laryngeal nerve. Some researchers reported a
decreased serum thyroid-stimulating hormone
level and increased free thyroxin possibly because
of transient thyroid tissue damage by LA [40, 44].
In the two patients who experienced post-opera-
tive laryngeal dysfunction, reduction in vocal
cord motility occurred 12-24 h after LA; direct
laryngoscopy demonstrated vocal cord palsy. An
additional course of corticosteroids (oral predni-
sone 25 mg for 2 weeks, 12.5 mg for 2 weeks, and
5 mg for 2 weeks) was administered, and vocal
cord motility recovered after 6-10 weeks [23]. In
the event of vagal symptoms with bradycardia
occurred when the patient has no history of car-
diovascular disease, the bed was tilted in


https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou W[Author]&cauthor=true&cauthor_uid=27554615

8 Laser Ablation of Thyroid Cancer and Metastatic Lymph Nodes 79

Fig. 8.2 Laser treatment for left cervical metastasis of
thyroid papillary carcinomas. A 79-year-old woman
underwent total thyroidectomy due to proven thyroid pap-
illary carcinoma in 2009. An enlarged lymph node in the
left cervical was confirmed to be metastasis by FNA in
2015 and treated with RFA. (a) In 2016, local recurrence
(delineated in green circle) was appeared as hyperechoic

Trendelenburg position and LA was temporarily
interrupted until spontaneous recovery; otherwise
further treatment must be taken immediately.
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9.1 Introduction
Parathyroid diseases can be divided into ill-
nesses that cause hyperparathyroidism (HPT)
and hypoparathyroidism, and the major disease
of parathyroid glands is the overactivity of one
or more of the parathyroid lobes, which make
too much parathyroid hormone (PTH). This is
called hyperparathyroidism. Long-term HPT is
associated with complications such as hyper-
calcemia, osteoporosis, kidney stones, and vari-
ous other symptoms. Hyperparathyroidism can
be classified into primary hyperparathyroidism
(PHPT) and secondary hyperparathyroidism
(SHPT).

PHPT is the third most common endocrine
disorder, with an incidence of 0.03% in the gen-
eral population; furthermore, its incidence
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increases with age [1-3]. In PHPT, there is a lack
of a known or recognized stimulus, and one or
more parathyroid glands secrete excess parathy-
roid hormone. Single gland adenoma is the most
common cause (75-85%); multi-gland adenoma
arises in a substantial proportion (two glands in
2—-12% of cases, three glands in 1-2%, and four
or more in 1-15%); and parathyroid carcinoma is
rare (1%) [2]. SHPT is a frequently encountered
problem in the treatment of patients with the end-
stage chronic renal disease, affecting approxi-
mately one in three patients undergoing long-term
dialysis [4-7].

Although disease progression can be man-
aged by using medical therapy, such as orally
active vitamin D sterols, intravenous vitamin D
analogs, and cinacalcet, surgical treatment may
still be the standard therapy in patients with
severe HPT [8, 9]. Nevertheless, surgical para-
thyroidectomy has risks such as permanent
hypoparathyroidism and those caused by anes-
thesia, especially in older patients [10]. As a
result, some patients of advanced age may reject
the surgical approach due to the perceived
higher surgical risks. Some younger patients are
also unwilling to undergo resection for cosmetic
reason since this would leave a surgical scar on
the neck [3]. Minimally invasive alternative is
desirable compared with traditional surgical
treatment and would have potential advantages
such as reduced risks, faster recovery, less side
effects, and, ideally, lower cost, which could
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benefit the patients who decline surgery or for
whom surgery is considered inappropriate.

In recent years, various percutaneous ablation
modalities have been developed for use in
patients with locally treatable causes of HPT,
such as percutaneous ethanol injection (PEI),
high-intensity focused ultrasound treatment
(HIFU) [11], microwave ablation (MWA) [12],
radiofrequency ablation (RFA) [13—15] and laser
ablation (LA) [1, 3, 15, 16].

Ultrasound-guided PEI has proved to be use-
ful in treating HPT in highly selected patients.
Nevertheless, because of the need for repeated
treatments, the incidence of relapse, and side
effects, PEI is not considered a first-line therapy
for HPT [1]. Other nonsurgical therapies, such
as HIFU and RFA, have been more recently pro-
posed. However, clinical experience with these
techniques is still too limited [1]. LA is a mini-
mally invasive technique that has been proposed
over a decade ago as a possible therapy for
patients with HPT [1, 3, 16]. Laser ablation pro-
vides a photothermal tumor destruction tech-
nique that can destroy solid tumor in
parenchymal organs. Laser energy is transmit-
ted through the thin optic fibers and causes a
well-defined area of coagulative necrosis, which
results in the destruction of tumor tissue by
direct heating while limiting damage to sur-
rounding structures. The aim of this chapter is to
describe the technique and the results of LA in
the treatment of HPT.

9.2 Technique and Devices

Patient Selection
and Indications for Treatment

9.2.1

Inclusion criteria:

(a) Age > 18 years.

(b) Uncontrolled HPT with adequate medical
therapy.

(c) Intact PTH level greater than or equal to
400 pg/mL (400 ng/L).

(d) Persistent elevation of total serum calcium
values.

(e) Atleast one enlarged parathyroid gland visu-
alized on sonography and accessible for LA
treatment (i.e., no important structures such
as a large blood vessel and nerve in the punc-
ture path).

(f) No intractable complication such as cardiac
insufficiency or hypertension that could not
be controlled with drugs.

(g) US-guided fine-needle aspiration provided
pathological confirmation that the lesion was
of parathyroid origin.

(h) Surgical treatment that was contraindicated
(because of a high risk of general anesthesia
or symptoms of acute severe hypercalcemia)
or refused (to avoid a postoperative scar on
the neck).

Exclusion criteria:

(a) Intact PTH level less than 400 pg/mL
(400 ng/L).

(b) Medication effectiveness (controlled HPT
with adequate medical therapy).

(¢) US examination showing no hyperplastic
parathyroid glands.

(d) Abnormal coagulation function tests.

(e) Intractable complications such as cardiac
insufficiency or hypertension that could not
be controlled with drugs.

9.2.2 Laser Ablation Procedures

The patients are in the supine position with the
neck extended. Routine disinfection and draping
of the neck are performed. In order to maximize
the possibility of complete necrosis and reduce the
incidence of complications, ultrasonography and
CEUS should be performed before LA to deter-
mine the size and blood supply of the parathyroid
gland and evaluate the surrounding tissues.
Before LA is performed, intravenous access
should be obtained by means of an antecubital
vein. Patients are given minimal to moderate
sedation with midazolam and fentanyl before
LA. The patient is conscious throughout the pro-
cedure to allow the assessment of vocal cord
function. If the patient experiences hoarseness of
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voice during the procedure, LA should be stopped
immediately and laryngoscopy performed to
assess vocal cord mobility.

Local anesthesia is carried out with 2% lidocaine
under US guidance to the skin, subcutaneous tis-
sues, muscles, and tissues adjacent to the parathy-
roid gland, particularly those situated posteriorly.
Then, a 21-gauge Chiba needle is placed carefully
into the target parathyroid lesion using a freehand-
guided technique. The needle core is removed, and
a plane-cut quartz optical fiber (diameter: 300-
pm) is advanced through the needle sheath and
positioned in the parathyroid nodule. The sheath
is withdrawn to leave the bare optic fiber tip in
direct contact with the parathyroid tissue. The LA
procedure is performed with an output power of
3.0 W delivered for 3—10 min depending on lesion

Fig.9.1 (a) Axial US
image shows an enlarged
parathyroid gland
behind the inferior
portion of the right lobe
of the thyroid gland. (b)
CEUS demonstrated
hyperenhancement of
the parathyroid nodule
before LA. (¢)
Ultrasonography image
showing a 21-gauge
needle inserted into the
parathyroid (d) Axial
US image shows
hyperechoic area
emerging inside nodule
during the LA
procedure. (e) The color
Doppler image obtained
1 h after ablation
showed no flow signalin
the ablated area. (f)
CEUS image obtained

1 h after ablation shows
nonenhancing area
covering nodule, which
suggests that complete
ablation was achieved
with LA
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volume (3 min for lesions <1 mL in volume, and
increasing progressively with lesion volume up to
a maximum of 10 min). The central portion of the
nodular area is monitored continuously with ultra-
sonography to prevent overablation. The LA ses-
sion must end when the entire parathyroid gland
becomes hyperechogenic. After ablation, CEUS
is performed 10 min after LA to assess the vas-
cularity of the nodule. If the nonenhanced zone
at CEUS covers the ablated gland, the ablation is
considered complete. If there is nodular enhance-
ment inside a gland, an additional LA session is
conducted immediately with the aim of obtaining a
lack of enhancement throughout the entire nodule.
Figure 9.1 shows all the phases of a percutaneous
treatment of an increased volume parathyroid suc-
cessfully treated with laser technique.
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9.2.3 Follow-Up and Outcome
Measures

Patients should be closely monitored for possible
complications such as fever, skin burns, and pain
within 24 h after percutaneous LA treatment.
Serum biochemical profiles, including parathy-
roid hormone, calcium, phosphate, and alkaline
phosphatase (ALP) levels, should be studied
before LA and 1 day, 6 months, and 12 months
after LA. Follow-up US is performed 1, 6, and 12
months after LA therapy to evaluate changes in
parathyroid gland size.

9.3  Results

We conducted a study to evaluate the safety and
efficacy of LA as a nonsurgical treatment for pri-
mary parathyroid adenoma [3]. Surgery was con-
traindicated in, or refused by, the included
patients. No immediate enhancement of the
lesion on CEUS after LA was considered “com-
plete ablation.” Nodule size, serum calcium, and
parathyroid hormone level were compared before
and after LA. Complete ablation was achieved in
all patients treated (n = 21) with 1 (n = 20) or 2
(n = 1) sessions. Our study demonstrated that
nodule volume decreased from 0.93 + 0.58 mL at
baseline to 0.53 + 0.38 and 0.48 + 0.34 mL at 6
and 12 months after LA (P<0.05). At 1 day,
6 months, and 12 months after LA, serum PTH
decreased from 15.23 + 3.00 pmol/L at baseline
to 741 =+ 279, 695 = 178, and
6.90 + 1.46 pmol/L. Serum calcium decreased
from 3.77 + 0.77 mmol/L at baseline to
2.50+0.72,2.41 £0.37,and 2.28 +£ 0.26 mmol/L,
respectively (P<0.05). At 12 months, the success
rate of treatment (normalization of PTH and
serum calcium) reached 81%. No serious compli-
cations were observed.

9.4  Final Considerations

Surgical treatment remains the current standard
therapy in symptomatic primary and secondary
hyperparathyroidism. However, its drawbacks

include the risks associated with the use of gen-
eral anesthesia, the need for a long incision, and
possible recurrent laryngeal nerve injury and scar
formation. As a result, it is difficult for doctors to
advise individual patients on the trade-off
between the advantages and disadvantages of
surgery. For these reasons, a nonsurgical option
would be preferable for treating HPT.

In recent years, various percutaneous ablation
modalities have been developed; important
advantages of LA over other techniques are pre-
cise control of the ablation parameters and the
ability to achieve a small and precise ablative
area using small needles, thereby minimizing
damage to surrounding tissues. Several retro-
spective studies have shown that LA is a safe and
effective treatment of PTH.

In 2001, Bennedbaek et al. [16] first described
the successful use of LA in a single PHPT patient
with severe hypercalcaemia. Normal serum cal-
cium level was achieved after the second treat-
ment and the PTH Ilevel became normal
two months after the third treatment. No side
effects were encountered. These preliminary
results suggested that US-guided LA is a feasi-
ble, minimally invasive technique for focal para-
thyroid tumor ablation and could be a useful
nonsurgical alternative for selected patients with
PHP. These results were later partially confirmed
by a second study conducted on three patients, in
which only one in three patients showed long-
term remission of HPT after LA [17].

In our opinion, it is crucial to carefully evalu-
ate the extent of ablation that can tell us that the
whole gland has been truly and completely
ablated. This data has not always been carefully
evaluated by other authors [1]. The site and the
size of the lesion are such that it is not always
possible to have this information. Probably the
use of CEUS could be of considerable help to
evaluate the completeness of the ablation maneu-
ver (absence of enhancement) [3]. However, it
must be emphasized that only a careful and long
follow-up of at least 3 years and perhaps even
more can give us real guarantees that the maneu-
ver has indeed been successful. In fact, the
absence of enhancement does not mean a vitality
of all adenomatous cells.
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In light of the data available in the literature,
the limits of the other techniques experimented in
this field, such as HIFU [18] and radiofrequency
[19], appear evident to us. This is not the place for
an open and in-depth discussion on this compari-
son, which would have the limits of a comparison
between different populations and only with lit-
erature data. In other words, it is not possible at
the present state of research to plan direct and
controlled comparisons. However, we can say, as
already highlighted earlier in this chapter, that the
laser technique has all the characteristics to be
effectively used in this particular field of research.

In conclusion, LA is safe and effective for
managing HPT. It may represent a nonsurgical
alternative for patients with refractory drug-
resistant HPT or HPT patients who refuse or can-
not undergo parathyroidectomy.
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10.1 Introduction

Breast cancer (BC) is the most frequent cancer in
women, representing 28.8% of all cancer diagno-
sis. It is the second most common form of cancer
in the world, with an estimated lifetime risk of
1:10 women [1]. Despite the steadily increasing
number of newly diagnosed BCs worldwide,
breast cancer mortality has decreased in most
Western countries in recent years. This could be
attributable to the combined effect of early detec-
tion of small tumors—due to the introduction of
screening programs—and the application in cur-
rent clinical practice of more effective drug treat-
ments resulting in a significant increase in the
survival rate of these patients.

While mastectomy is still performed in some
patients (multicentric cancers, unfavorable
ratio between tumor size and breast size, non-
responsiveness to neoadjuvant chemotherapy),
breast-conserving surgery is nowadays the stan-
dard approach for early-stage breast cancers in
several countries [2]. Over the past 26 years, six
randomized trials have shown that early-stage
breast cancer treatment with conservative surgery
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and breast radiotherapy in women leads to an
overall survival equivalent to mastectomy. More
recently, the quadrantectomy with complete
axillary dissection followed by whole-breast
irradiation has become the cornerstone of breast-
conservative surgery [1].

The results of many studies have shown that the
outcome of conservative treatment is comparable
to mastectomy’s, with a reduction in functional and
cosmetic limits [3]. Currently, 60-80% of newly
diagnosed breast cancer patients receive breast-
conservative surgery. If the recommendation of the
World Health Organization were adopted and all
developed countries planned extensively for mam-
mography screening programs for women aged
5069, breast cancer would be diagnosed at a very
early stage and there would be an increase in breast-
conservative treatment. The standard-of-care surgical
technique for small, nonpalpable, screening-detected
cancers is lumpectomy after mammographically or
sonographically guided localization. Sentinel lymph
node biopsy (SLNB) is a standard axillary surgery in
early-stage breast cancer, if the SLNB result is posi-
tive, subsequent axillary lymph node dissection is a
routine procedure. Other forms of treatment such as
intraoperative radiation therapy as opposed to whole-
breast radiation also emerge [4].

The next step in breast-conserving surgery
could be local ablation of small breast carcino-
mas, provided that it is equally effective as
lumpectomy, but with fewer complications and a
better cosmetic outcome than a lumpectomy.
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10.2 Overview of Breast
Percutaneous Ablation

A number of efforts in clinical cancer research
are currently made to identify effective instru-
mental approaches, such as minimally invasive
surgery, that are cosmetically more acceptable
to patients. The breast is a suitable organ for
percutaneous treatment, as it is superficially
localized in the chest and covered only by skin.
Numerous new treatments have been tested in
recent years, guided by minimally invasive breast
cancer imaging to further reduce invasiveness.
These treatments can achieve local tumor abla-
tion through various types of energy [5], which
is transmitted to the tumor through a percuta-
neous approach. The treatment may increase or
decrease the temperature in the target tissue area,
thus destroying breast cancer cells. Techniques
presently used include cryotherapy microwave
energy, radiofrequency and laser light (all gen-
erated by electromagnetic waves), high-intensity
focused ultrasound (through mechanical waves),
and irreversible electroporation [6-9]. Within this
context, minimally invasive ablation techniques
have also progressed, with the goal of achieving
outcomes similar to those of breast conservation
therapy, but with decreased morbidity, shorter
hospitalization stay, and improved cosmetic
results (Fig. 10.1).

Minimally invasive methods have also been
used for the treatment of breast cancer in inop-
erable patients and in patients with comorbidi-
ties. For patients who are not surgical candidates

b

or who refuse surgery, percutaneous ablation
may be an option for palliative or curative set-
tings [10].

10.3 Breast Laser Ablation (LA)
Technique

10.3.1 Feasibility and Efficacy

To achieve laser ablation [11] of breast lesions,
laser fibers are inserted into the lesion through a
needle, and the light energy guided by the fiber is
absorbed into the tissue, causing cell death [12]
(Figs. 10.2, 10.3, and 10.4). Initial studies aimed
at treating breast tumors with laser therapy fol-
lowed by surgical excision were limited because
they typically did not quantify the extent of abla-
tion, but rather reported the absence or presence
of ablative changes intended as histological alter-
ation of the tumor and the glandular tissue.
Overall, such changes were reported in 90-100%
of tumors [13-15]. Hence, only a few studies
have properly evaluated the quality of laser ther-
apy ablation followed by excision [16, 17]. These
studies show complete ablation rates of 70—100%,
improving with experience. In the largest series
published [16], 54 patients with tumor size
between 5 and 23 mm and various tumor anato-
mopathological features were enrolled. A

continuous-wave 805 nm diode laser was used
during the procedure under mammography guid-
ance. A systematic surgery was performed after
the procedure revealed complete tumor destruc-

Fig.10.1 Macroscopic 5 mm section of breast tissue after lumpectomy. In the central area, the coagulative necrosis

induced by the previous laser ablation is visible
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Fig.10.2 Effect of laser ablation procedure. The central
area represents the effect of the laser procedure, filled by
necrotic debris, erythrocytes, and inflammatory cells, sur-
rounded by lymphocytes and hystiocytes as a reaction to

the procedure (surrounded area). Liponecrosis is observed
in the surrounding adipose tissue (arrows). Arrowheads
show the atypical epithelial ducts on the edges of the area,
representing the residual neoplasia

Fig.10.3 At higher magnification (2x), the residual neoplasia (arrows) is better observed compared to flogistic tissue
(arrowheads) surrounding the area of the laser ablation
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Fig.10.4 At higher magnification (10x), the atypical ducts of the neoplasia (surrounded area) are observed close to
reactive stroma and flogistic tissue (arrowheads). On the left, liponecrosis is observed as procedure effect (arrow)

tion in 38 patients (70%) on histopathological
examination. Haraldsdottir et al. [18] used also
an 805 nm diode laser. This study included
tumors measuring less than 30 mm. The proce-
dure was ultrasound-guided. Complete removal
was obtained in 3 patients out of 24 patients
treated. Van Esser et al. [12] used another laser,
the Nd:YAG 1064 nm. Fourteen patients with
tumors measuring less than 20 mm were treated
under ultrasound guidance. Complete removal
was obtained in half of the patients. However, in
most of the studies performed on LA of breast
carcinomas, the treatment parameters were pre-
determined. When treatment parameters are pre-
determined, possible cooling effects of blood
flow (heat-sink effect or siphon effect) and differ-
ences in density of breast and tumor tissue cannot
be taken into account, possibly leading to under-
treatment of the tumor tissue. Real-time monitor-
ing and adjusting of the treatment parameters
would be ideal for transmitting the amount of
energy needed to successfully ablate the target
lesion completely. The type of tissue, its density,
and its vascularization play a decisive role in
obtaining the complete ablation of the tumor tis-
sue, and only a real-time monitoring of ablation

procedure could help to obtain the complete abla-
tion of the tumor mass.

In most studies, the progress of ablation was
monitored by ultrasound [12, 15, 19]. The tem-
perature near the tip of the fiber reaches 100 °C,
causing the vaporization of the liquid component
of the tumor tissue [13, 15] with the consequent
production of hyperechogenic gas bubbles, which
make monitoring with ultrasound difficult [20].
Similarly, the stereotaxic guide does not allow a
good visualization of the treatment area [13, 16].

Although lasers can be placed under ultra-
sound or stereotactic guidance, Korourian et al.
[21] demonstrated that MRI may be more useful.
Korourian and colleagues used laser therapy to
treat 29 patients under MRI guidance. They found
complete ablation in 76% of tumors. They also
analyzed the proliferative capability of the excised
specimen as a function of distance from the center
of the laser and concluded that laser therapy can
be effective in tumors 1 cm or smaller [15].

Adverse effects include pain, which can be
managed with local anesthesia. Other common
complications described in literature are hyper-
emia and skin burns gaseous rupture of tumor tis-
sue [15, 16, 22]. Moreover, Van Esser et al. have
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described a pneumothorax in one patient [12]. To
avoid complications, many studies suggest to
treat “target” lesions localized at least 1 cm from
the skin surface and pectoralis muscle [23, 24].
All studies in the literature agree that the size of
the “target” lesion is a key factor to obtain a com-
plete ablation [25, 26]. Van Esser et al. [12] inves-
tigated the feasibility of ultrasound-guided LA in
invasive breast cancers up to 2 cm in size. Overall,
the invasive breast cancer was completely ablated
in 50% of patients (total n = 14). There was a
clear association between the success rate of LA
and tumor size: cancers were completely ablated
in seven (88%) of eight and one (17%) of six
patients with a carcinoma <2 c¢cm and >2 cm,
respectively. These results show that LA can
completely ablate small invasive breast carcino-
mas. Nori et al. [10] assessed the feasibility of
ultrasound-guided percutaneous laser ablation as
the treatment of small unifocal breast cancer in
inoperable elderly patients and in patients who
refuse surgery. This study showed that percutane-
ous laser ablation is a feasible and effective
option for selected unresectable breast cancer
patients. They obtained complete ablation in
patients with small lesions (T1 lesions <2 cm).

Previous studies have shown the importance
of tumor size to completely ablate breast carcino-
mas [25, 26]. Notably, the number of fibers used
in clinical trials also depends on the size of the
lesion. For example, Haraldsdottir et al. [ 18] used
one laser fiber, placed at the center of the tumor,
for small tumors (<15 mm; n = 1/410) and four
laser fibers, positioned a few millimeters from
the edge of the tumor, for large tumors. In this
study, the dimensions of the lesions ranged from
7 to 55 mm (average 23 mm). So, the rate of
necrosis was higher in the small tumor. In order
to avoid incomplete treatment, several studies
have suggested the use of local ablative methods
on well-localized tumors, smaller than
15-20 mm, containing less than 25% of ductal
carcinoma in situ (DCIS) cancer in the core
biopsy and only minimal calcifications at mam-
mography (higher risk of DCIS). On the other
hand, tumors that show lobular differentiation
should be excluded from local ablation even in a
curative setting [10, 12, 18, 23, 27].

10.3.2 Advantages

There seems to be little difference in local effi-
cacy between percutaneous ablation techniques
and laser-heating methods. One advantage of
using LA is that the tissue destruction is precise
and reproducible and gives a well-controlled
lesion with minimal trauma. Furthermore, some
studies show that LA can elicit a strong immuno-
logic response against the treated tumor, even if
not radically treated [28] (Fig. 10.3). Additionally,
the photocoagulation effect of this technique
reduces bleeding during the procedure.

To implement percutaneous ablation as the
breast-conserving treatment for small carcino-
mas of the breast, reliable intraoperative imaging
is essential to monitor placement of the laser fiber
and the effect of treatment. In recent years, a real-
time magnetic resonance—guided thermal map-
ping has become available in the clinic. Laser
technology is MR-compatible. A considerable
advantage of this technology when used under
MR guidance is the possibility of obtaining an
accurate temperature map during the procedure
that is useful to optimize the treatment and avoid
the onset of complications. MR guidance is des-
tined to replace ultrasound and stereotactic guid-
ance as it allows for a real-time monitoring of the
procedure, which is challenging with other guid-
ance systems (Figs. 10.5 and 10.6).

Long-term cosmetic results are intuitively
expected to be better with percutaneous ablation
than breast-conserving surgery, especially with
laser technique thanks to the use of thin devices
(<1 mm).

10.3.3 Disadvantages

The first issue that limits the clinical use of LA
procedures is the need of greater manual skills in
free-hand real-time ultrasound guidance com-
pared to ultrasound-guided needle biopsies. With
percutaneous ablation, the operator must place
the probe in the geometric center of the target
lesion, and this may become a technical chal-
lenge in the case of subcentimeter lesions, that is,
those that are best treated with the technique.
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Fig.10.5 A 43-year-old woman who undergoes laser
ablation of a right breast lesion. Dynamic Contrast-
Enhanced MR 3D T1W axial sequence. Post-processing
subtraction of unenhanced images was performed on
dynamic contrast-enhanced acquisitions. (a) MR exam
before laser therapy shows a mass enhancement of the

Fig. 10.6 A 76-year-old
woman who undergoes
laser ablation of a right
breast lesion (Dmax

21 mm with skin and
nipple retraction).
Dynamic Contrast-
Enhanced MR 3D TIW
axial sequence.
Post-processing
subtraction of
unenhanced images was
performed on dynamic
contrast-enhanced
acquisitions. MR exam
after 2-week post-
procedure shows the
effect of laser ablation: a
heterogeneous mass
enhancement with a
central necrosis
surrounded by a rim
enhancement due to
flogosis. Still evident are
the skin and nipple
retraction

There is no room for error in the placement of an
ablative device in the treatment of breast cancer.
Imaging-guided percutaneous ablation proce-
dures cannot be performed without the participa-
tion of a breast imaging radiologist skilled in
percutaneous breast intervention.

Although these techniques are minimally
invasive, the disease status in the axilla must be
verified by sentinel node mapping and biopsy.
Determination of the sentinel node via sentinel

right breast. (b) MR exam after 2-week post-procedure
shows the effect of laser ablation: a heterogeneous mass
enhancement with a central necrosis surrounded by a rim
enhancement due to flogosis. (¢) In MR exam after
6 months, no more pathological enhancement was found

lymph node biopsy (SLNB) is important for ade-
quate staging and further treatment. The possi-
bility that local ablation of the tumor tissue
disturbs the lymph drainage pattern also exists.
In available studies on LA to date, no clear data
have been provided on the timing of the SLNB. In
the report by Van Esser et al. [12], the SLNB was
performed directly before the LA procedure.
Another obstacle to the adoption of percutane-
ous ablation techniques is the ability to show
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tumor response. Some studies have used MRI or
repeated biopsy to assess treatment response
[19, 29], whereas others studies have used as the
reference standard the subsequent surgical exci-
sion [18].

10.4 Follow-Up After LA
in Patients That Did Not
Undergo Surgery

Another issue not often addressed is the need for
stringent follow-up after percutaneous ablation
of breast cancer. Nori et al. [10] began clinical
follow-up at 1 week, then at 3 months, and every
6 months until the fifth year. Clinical examina-
tion assessed the skin and nipple conditions and
the clinical size of the treated lesion, if palpable.
Radiological follow-up included a weekly US
examination from the first and fourth week after
the ablation procedure. Follow-up also included
bilateral mammography and ultrasound after
6 months from the laser procedure and every
12 months thereafter up to 5 years. Several stud-
ies assessed that MRI beyond that is helpful in
preoperative tumor size assessment, and patient
selection has been relatively successful in show-
ing the presence of residual tumor after laser
therapy [29, 30]. Manenti et al. [31] in their fea-
sibility study supported that the validation tests
with MRI study aimed to quantifying the results
after minimally invasive imaging-guided treat-
ments for breast lesions.

10.5 LA Application in Benign
Lesions

One of the first applications of LA in breast
lesions was performed in 1999 when Sompracas
et al. [32] proposed the use of interstitial laser
hyperthermia in breast fibroadenomas as an out-
patient procedure. They treated 27 fibroadeno-
mas less than 20 mm with a procedure that was
ultrasound-guided. A 1064 nm ND:YAG laser
was used. Clinical (40-100%) and ultrasound
(20-90%) size reduction of fibroadenomas was
obtained. Several years later, another group [33]

described two cases of in situ laser ablation of
fibroadenoma and the outcome after 68 years of
follow-up. They reported a minimally invasive
imaging-guided laser treatment of two breast
fibroadenoma and long term follow-up in two
patients; one with single and the other with mul-
tiple bilateral tumors. The treatment is an office-
based procedure given under local anesthesia
with minimal pain and discomfort. It is estheti-
cally superior to lumpectomy, and follow-up at
3 years shows a significant volume reduction of
the fibroadenomas (40-50%).

10.6 Conclusions

To implement this minimally invasive approach,
several steps need to be taken. First, the exact
tumor size should be reliably assessed. Second,
the treatment should be safe and able to com-
pletely destroy all tumor tissue (including in situ
cancer) locally. Finally, a reliable real-time way
to monitor the treatment results should be avail-
able. The authors consider that tumors should be
carefully selected for treatment by percutane-
ous ablation. Successful LA of invasive breast
cancer seems to be feasible when confined to
small (<2 cm) nonlobular carcinomas with-
out a surrounding extensive in situ component.
Importantly, a good visibility with the imaging
modality used to guide the procedure is needed.
The prospect of performing imaging-guided
percutaneous treatment under local anesthesia
in an outpatient treatment room is attractive for
both patients and treating physicians and has the
potential for substantial cost savings.

It is important to bear in mind that experimen-
tation with percutaneous ablation of breast can-
cer as areplacement for lumpectomy is associated
with ethical concerns. Most applications of per-
cutaneous ablation of malignant disease (e.g.,
prostate cancer, liver and bone metastases) have
focused on palliation, not cure, in patients with
an otherwise poor prognosis and for whom the
therapeutic alternatives cause more risk or are
simply not available. In contrast, patients who
have participated in testing of percutaneous abla-
tion of small breast cancers already have an
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excellent prognosis with the current standard
treatment of breast conservation, that is, lumpec-
tomy and radiation therapy. Therefore, any per-
cutaneous ablation technique with curative intent
must be proved to be at least as effective as the
standard treatment, because if the percutaneous
ablation procedure fails, the patient’s best chance
for cure may have been compromised. After per-
cutaneous ablation, the mass is not physically
removed so the lesions’ margins cannot be
assessed pathologically, and complete treatment
of the tumor cannot be validated.

Most of the published studies enrolled small
groups of patients, so the evidence regarding
the value of laser ablation techniques is quite
sparse. This limitation is particularly notewor-
thy when considering not only the technical
success but also the efficacy and rate of compli-
cations. Hence it is hard to draw reliable con-
clusions [34].

The authors assume that treatment of early-
stage breast cancer (TNM T1la and T1b) with the
features described above is the most relevant
application of LA. A new interesting field of
investigation could be the treatment of small
(<2 cm) breast lesions classified as lesions of
uncertain malignant potential (B3) that are a het-
erogeneous group of abnormalities with a border-
line histological spectrum and a variable but low
risk of associated malignancy [35].
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Tian’an Jiang, Ping Liang, and Jie Yu

11.1 Introduction

Pancreatic cancer (PC) is the most lethal abdomi-
nal malignancy and one of leading causes of
cancer-related death with a 5-year survival
rate<10% for all stages [1]. Because most patients
suffer from a primarily locally unresectable
tumor or metastatic disease at the time of diagno-
sis, chemo- and radiotherapy so far have been the
major treatment modalities but with limited sur-
vival benefit and severe toxicity reaction [2].
Minimally invasive ablation therapy has attracted
great interest for the management of focal malig-
nant disease during the past decade [3]. Potential
advantages of ablation therapy include real-time
imaging guidance, the ability to ablate tumor in
patients who lose the surgical chance and reduced
morbidity compared to surgery.

Several minimally invasive strategies includ-
ing radiofrequency, high-intensity focused ultra-
sound (US), laser energy and cryoablation have
been applied to pancreas in animal studies or lim-
ited clinical application [4-10]. Laser ablation
(LA) energy is transmitted through an optic fiber
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and the absorption of thermal energy within the
tissue results in localized heating and cellular
death. The main advantage of applying laser
ablation system is the less trauma with the use of
thin devices and more accurate thermal field con-
trol [4, 5, 11]. LA has been used in many thera-
pies such as retroperitoneal lymph nodes, kidney,
prostate, thyroid and risky liver tumors [12-17].
However, lagging behind other ablation tech-
niques, LA achieved only limited experimental
results in porcine pancreas and few case reports
on endoscopic US-guided ablation of unresect-
able or recurrent pancreatic tumor [18-21].

LA uses a 21-G fine needle and allows for
accurate thermal field control. The advantages of
the small needle and precise thermal energy dis-
tribution theoretically could minimize the risk of
off-target burning, which makes LA particularly
suitable for treating tumors in difficult anatomi-
cal locations [11, 16, 22]. Using the endoscopic
ultrasound guide (EUS-g) laser energy can be
successfully transferred in target locations [19,
21, 23].

EUS was first established as a diagnostic
method in gastrointestinal cancer staging. It
helps in the staging of gastrointestinal cancers by
offering high-resolution imaging and fine-needle
biopsy of tumors, lymph nodes and pancreatic
masses [24, 25]. In the recent decade, EUS was
used not only as a noninvasive diagnostic tool
but also as a therapeutic modality. Endovascular
therapy for ablation of gastric varices and feeding
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vessels can be performed by EUS, because of the
real-time visualization of flow in adjacent blood
vessels using Doppler ultrasound. Besides, the
application of EUS is wide, including bilioenteric
and enteroenteric anastomosis in a minimally
invasive manner, EUS-guided gastroenterostomy
(EUS-GE) which has recently emerged as a fea-
sible procedure to treat patients with gastric out-
let obstruction [26], EUS-guided photodynamic
therapy [27, 28] and EUS-g fine-needle injection
(EUS-FNI) technique [29].

Currently, a preliminary study has shown that
pancreatic tissue could be successfully destroyed
by EUS-guided radiofrequency ablation [30].
EUS-RFA was performed in all six patients with
pancreatic cancer located in the head or body of
the pancreas successfully. In this study, no events
such as pancreatitis or bleeding were found
except that two patients experienced mild abdom-
inal pain after the procedure. Complications
reported in previous studies after EUS-RFA,
however, might include abdominal pain, duode-
nal bleeding, jaundice, and duodenal stricture
[26]. The aim of this chapter is to describe the
technique and the results of LA in the treatment
of PC.

11.2 Patients

Patients with unresectable clinically locally
advanced PC and with limited metastasis (less
than two metastatic organs outside the pancreas)
not responsive to chemo- or radiotherapy may
undergo LA treatment [31]. Exclusion criteria
are grades 4 and 5 according to Eastern
Cooperative Oncology Group (ECOG) score[32]
and advanced heart or pulmonary disease
(American Society of Anesthesiologists grade
IV). All PCs must be diagnosed on the basis of
pathological data obtained by targeted biopsy.
Contrast enhanced abdominal magnetic reso-
nance imaging (MRI)/computed tomography
(CT) and real-time ultrasound (US) and CA
19-9 tumor markers should be obtained prior to
LA. The LA technique, thanks to the use of thin
devices, can be performed under the guidance
MRI/CT/US.

11.3 Ablation Procedure
11.3.1 Percutaneous Approach

Pancreatic tumors may be treated using mini-
mally invasive percutaneous ablation techniques
when they are well detectable by imaging and
result in a relatively safe and easy access path-
way. Our group have performed eight cases of
LA of PC by percutaneous US guidance with use
of US scanner of 4-10 MHz frequency. Then
color Doppler US was used to observe the blood
flow around the puncture site. LA was performed
by local anesthesia with 1% lidocaine applied to
the skin, the subcutaneous tissue and the perito-
neum. We used a multisource semiconductor
diode laser system working in continuous mode
with a wavelength of 1064 nm integrated with a
latest generation ultrasound system (EchoLaser,
Elesta, Calenzano (FI), Italy). The laser unit
allows the use of multiple sources (up to four)
both simultaneously and separately from each
other even at different output powers. The inser-
tion route was carefully determined by US to
avoid the normal pancreas, bowel, vessels, pan-
creatic duct and bile ducts. One or two 21-G nee-
dles were inserted into PC with the tip of needle
10 mm away from the distal borderline of tumor
and with the shaft of needle 5-10 mm from the
tumor’s lateral border. Then a 300-pm diameter
plane-cut quartz optical bare fiber was advanced
through the sheath of the needle which is then
pulled back so as to expose the fiber in direct con-
tact with the tumor tissue by 5 mm. The output
power of laser was set at 5 W, and the energy set
for 3 KJ. For larger tumors, the needle and fiber
were repositioned or pulled back to ablate each
part of the tumor, and additional energy was
applied until the whole lesion became hyper-
echoic. The total delivered energy was automati-
cally calculated by the equipment. The number of
fibers used (from one to two) was related to the
size of the PC at baseline and to the reciprocal
anatomical relationships of the lesion with adja-
cent tissues. If two fibers were inserted simulta-
neously during LA to obtain a larger ablation
zone, the distance between the fibers of no more
than 10 mm was used. The correct needle position
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and the distance between the fibers were verified
using the US image. Upon completion of the
ablation procedure, the CEUS (contrast-enhanced
US) scan was performed to confirm the technical
effect (no increase in tumor).

11.3.2 Endoscopic Approach

Since the percutaneous approach is not always
possible and it is difficult without the particular
experience of the operator, it is possible to resort
to endoscopic EUS-g ablation to debulking tumor
mass. This is a better method for providing the
best combination of precise localization, excel-
lent visualization and real-time imaging guidance
with minimal invasiveness [19-21, 33]. Many
authors used curved linear array echoendoscope
of different vendors.

After an 8-hour fast, patients undergo endo-
scopic maneuver under deep sedation with pro-
pofol. Some authors do not report the prophylactic
administration of antibiotics [20], while others
use it by administering antibiotics immediately
before the procedure and for 3 days thereafter
[21]. EUS-LA is performed orally by an experi-
enced endoscopist to detect pancreatic lesions,
and then use color Doppler ultrasonography to
observe the blood flow around the puncture site.
CEUS is performed both before and after each
LA procedure, using an intravenous 5 mL of
ultrasound contrast medium injection (SonoVue,
Bracco, Milan, Italy) through an antecubital vein
with a 20-gauge catheter followed by a 10-mL
saline solution flush.

After determining the depth, a 22-G needle is
inserted in the lesions. Once in the target site, the
needle is gently pulled back so that the 300-pm
optical fiber comes in direct contact with the tis-
sue to be ablated. After retraction of the needle
sheath, the bare flat fiber in direct contact for
5 mm with the tumor tissue is inserted in the cen-
ter of the tumor away from the lower edge of the
tumor for about 13—15 mm. The laser light gen-
erator is activated and the energy is transferred to
the tumor tissue. The procedure can be performed
several times in the same session using the pull-
back maneuver and/or repositioning the applica-

tor (sheath and fiber) parallel to the previous
ablated area to proceed with other ablations in
untreated sites. It is possible to repeat the maneu-
ver also in the following days both to obtain a
greater area of ablation and to ablate any residual
vital tissue discovered using the CEUS [19-21].
The laser has been used both in animal models
and in patients with different power settings from
2 W to 5 W with variable energy transfer from
800 to 1800 J per fiber in one or more sessions [5,
18-21, 34].

11.4 Results

In 2010, the first LA of pancreas study on eight
healthy pigs was performed by means of EUS
guidance. All applications (at 2 W and 3 W, with
500 J and 1000 J energy delivery) were directed
toward the body and tail of the pancreas, using a
transgastric approach. After 24 h, the pigs were
sacrificed and the ablated lesions were excised
for histopathologic evaluation [18]. The acquired
data confirmed the results of previous in vivo
experimental studies on other organs in animal
models [35] and demonstrated an area of coagu-
lative zone well delimited without signs of dam-
age to the adjacent vital tissue and without signs
of pancreatitis. Furthermore, a good correlation
between the released energy and the extent of the
ablated area has been shown.

Currently there are few clinical studies that
report the initial results of the method with a still
very limited number of patients treated with
EUS approach [19-21]. They all showed the
technique was safe for unresectable or recurrent
PC patients.

In Jiang et al.’s study, EUS-guided LA (EUS-g
LA) was performed on a 61-year-old man with
pancreatic carcinoma, and CEUS showed nearly
complete necrosis and shrinkage of the tumor 2
months after the ablation. The lesion located in
the head of the pancreas with a maximum size of
5.3 cm was treated with several treatments and
several sessions at different times and with differ-
ent amounts of energy per treatment (up to total
of 17.500 J). There were no serious procedure-
related complications [20] (Fig. 11.1).
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Fig. 11.1 A 6l-year old male with pancreatic cancer.
Preoperative computed tomography scan and contrast-
enhanced ultrasound image showed a tumor measuring
5.3 x 4.6 cm in size in the pancreatic head (a—d) (arrow-
heads). Endoscopic ultrasonography real time guided
laser fiber being inserted into the center of tumor away
from the capsule wall (approximately 1.3 cm) (e, ). Two
days later, contrast-enhanced ultrasound showed an

The prospective cohort single-center study by
Di Matteo et al. reported the outcomes obtained
in nine patients with stage IIb-III pancreatic duc-
tal adenocarcinoma unresectable and unrespon-
sive to chemo-radiotherapy. Most of the lesions
were in the head of the pancreas (six patients).
The mean lesions size was 35.4 mm (range
21-45 mm). The patients were divided into three
groups and treated with a total delivered energy
of 800, 1000 and 1200 J, at a low power setting (2,
3 and 4 W), respectively. Each patient was treated
with a single application of one of these settings.
The application time of power setting ranged
from 200 to 600 s. All the procedures were per-
formed under EUS guidance with color Doppler
analysis to prevent injury of surrounding vessels
and structures. In accordance with the guide-
lines of the American Society Gastrointestinal
Endoscopy (ASGE)[36], no major complication
was detected. Three patients developed thin peri-
capsular fluid collections during the following 7
days after the maneuver and they spontaneously
disappeared within 30 days. Only two patients
presented an increase in serum amylase level
without the need to prolong hospital stay. The low
power setting avoided damage to normal tissue
adjacent to the tumor and avoided possible pan-
creatitis. In addition, the data of the study seem
to attest that the power of 4 W/1000 J is the set-

abnormal residual near the left of the tumor (g). Then,
after 6 days, another endoscopic ultrasonography guided
laser ablation was performed for target tumor (h), and the
follow-up contrast-enhanced ultrasound image showed
the mass was completed necrotized without enhancement
(i). And 2 months later after two ablations, contrast-
enhanced ultrasound showed the tumor nearly complete
necrosis and shrunk (j)

ting most suitable to obtain the largest volume of
ablation. Median overall survival was 7.4 months
(range 29-662 days). All patients died after dis-
ease progression. There is no information on the
relationship between the areas of coagulative
zone and the duration of survival that should be
provided by further studies [21]. So even if small,
the sample of cases available so far suggests that
EUS-g LA might be a promising alternative to
surgery in selected cases. However, it needs to be
confirmed by more prospective studies with long-
term follow-up in the future.

As for the percutaneous approach, our group
has an initial experience. Between September
2016 and October 2018, according to the
Strengthening the Reporting of Observational
Studies in Epidemiology statement for observa-
tional studies [37], eight patients with locally
advanced and metastatic PC were evaluated for
inclusion by the multidisciplinary tumor board in
a prospective study. The mean largest tumor
diameter was 5.3 = 1.1 cm (range, 4.2-6.9 cm).
One lesion was located at the body of pancreas
and three at tails and four at both bodies and tails.
The median time from diagnosis to LA was
27 days (range, 9-53 days). Three patients were
with locally advanced PC (stage III), three with
liver metastases (stage IV) and two with both
liver and retroperitoneal lymph node metastases
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Fig. 11.2 Representative case of pancreatic cancer
treated percutaneously. Transverse images in a 62-year-
old man with a 4.9 x 3.2 cm cancer in pancreatic tail
treated with percutaneous laser ablation. (a) Preablation
T2 magnetic resonance imaging (MRI) scan shows the
lesion is heterogeneous hyperintense (arrow). (b)
Preablation contrast-enhanced MRI scan shows the lesion
is heterogeneous hypointense (arrow). (¢) Preablation
ultrasound (US) scan shows one hypoechoic lesion
(arrow) with poor blood supply on color Doppler flow

(stage I'V). The total number of metastatic lesions
for each stage IV patient was less than three and
the size for each lesion was less than 2 cm. For
these eight patients, the aim of LA was to
decrease the tumor burden and manage the pain.
No patient was lost to follow up. Technique suc-
cess (successful fiber placement and laser deliv-
ery) was achieved in all patients. Fibers were
placed ventrally in all the patients with supine
position. The number of fibers used was one in
two patients and two in six patients. A fiber pull-
back was performed in all the patients. The mean
insertion number of needle was 2.6 + 0.9 (range
2-4). Ablation power of all patients was 5 W and
the mean ablation energy was 9.5 + 1.8 KJ (range
7.6—-12KJ). The metastases of liver and retroperi-
toneal lymph nodes were treated by LA during
the PC ablation procedure. Additionally, in all
cases, a contrast-enhanced US by means of a pre-
vious 5 mL of SonoVue injection followed by a
5-mL saline solution flush was performed before

imaging. (d) Preablation contrast-enhanced US scan
shows the lesion is heterogeneous hypo-enhancement
(arrow) in arterial phase. (e) On contrast-enhanced MRI
scan obtained 3 days after ablation, no enhancement is
seen in the ablation zone (arrow) and without obvious
residual tumor in arterial phase. (f) On contrast-enhanced
MRI scan obtained 3 days after ablation, no enhancement
is seen in the ablation zone (arrow) and with a little resid-
ual tumor in late phase (fine arrow)

and after LA. The median post-procedural hospi-
tal stay was 5 days (range 4-9 days). Mean pan-
creas volume was 93.2 + 204 mL (range
71.1-123.2 mL). Mean tumor volume was
16.1 +3.8 mL (range 14.5-23.1 mL) and ablation
volume was 16.1 £ 3.8 mL (range 13.0-22.1 mL),
which reached 89.1 + 7.4% (range 80.2-98.0%)
of tumor volume. Two patients received chemo-
therapy of eight cycles with gemcitabine after LA
and four received five cycles. The neuroendo-
crine cancer patient and one stage IV patient
refused to receive any therapy after LA. Four
stage IV patients died at 6.5, 7.7, 9.4 and
12.5 months after LA because of hepatic enceph-
alopathy (n = 1) and tumor progression (n = 3),
respectively. The other four patients all survived
during follow-up. After a median follow-up
period of 9.7 months (range, 6—15 months), the
median OS from diagnosis was 11 months (95%
confidence interval [CI]: 7 months, 14 months)
and the median OS from LA was 10 months
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(95% CI:5 months, 13 months). All the patients
completed the QOL questionnaires [38] and pain
score scale (visual pain scores from 0 to 10)
before LA. All completed the questionnaires at 4
weeks and every 3 months after LA. The QOL
questionnaires revealed that after LA, patients
experienced ameliorative physical function and
pain degree compared to baseline at 1-month fol-
low-up. No patients died within 90 days after
LA. According to criteria of Society of
Interventional Radiology (SIR) clinical practice
guidelines [39, 40], no major complications
including pancreatitis, bile leakage and biliary
obstruction occurred. Gastrointestinal side effects
such as nausea, abdominal pain and loss of appe-
tite were observed in all the patients within 3 days
after LA. Two patients developed pancreatic
pseudocyst (2.4 x 2.3 cm and 2.0 x 1.8 cm, respec-
tively) 3 days after LA with the symptom of mild
pain, and the cysts were absorbed or decreased in
1 month after LA without any treatment. There
was no significant increase in amylase and lipase
levels and blood glucose level during 1 week after
LA compared to baseline level (P = 0.5, P = 0.8
and P = 0.06, respectively).

11.5 Conclusion

As a novel technique, the results of LA for PC
were only reported by a few experimental stud-
ies in porcine pancreatic tissue and case report of
tumor ablation guided by endoscopic US or per-
oral pancreatoscopy. In human experience, LA
was feasible and well tolerated in patients with
pancreatic cancer. Theoretically, LA has some
advantages for PC therapy. The major difficul-
ties of PC ablation are the risks of inadvertent
thermal injury for adjacent tissues and the
impossibility of the complete ablation of all
tumor bulk. Laser can create accurate, predict-
able, and reproducible ablation zones that induce
minimal changes outside the targeted ablation
zone. It uses a 21-22 gauge guidance needle as
the ethanol ablation, which avoids the larger
diameter of the radiofrequency or cryoablation
needle puncture and reduces potential injury to
gastrointestinal tract. And different from ethanol

ablation that produces liquid distribution non-
uniformly in the tumor and the limited ablation
area [41], LA can induce a controlled, well-
defined ablation area by fine optical fibers. These
characteristics may offer potential advantages
over other ablative techniques for PC treatment.
Percutaneous or EUS-guided LA for locally
advanced and metastatic PC appears to be a safe
and feasible focal therapy option with minimal
invasion. The technique shows an encouraging
pain control effect and could be a promising
alternative to surgery in selected cases. However,
more large-scale prospective studies with long-
term follow-up are necessary to confirm this
finding in the future.
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Tian’an Jiang and Qiyu Zhao

12.1 Introduction
Lung cancer is one of the most common malig-
nant tumors in the world. It is also the second
most common cancer disagnoses by gender, after
prostate cancer for men and beast cancer for
women. Recent statistical data shows there were
1.8 million new cases and 1.6 million deaths
globally in 2012. Among these new cases, a
large portion of the increase occurs in develop-
ing countries [1-3]. Environmental exposures,
behavior and genetic factors contribute mainly to
tumor development. Additionally, lung is also the
most common site of malignant metastases.
Surgery is the recommended treatment for
patients with stage I-II non-small-cell lung cancer
(NSCLC) and 5-year survival is over 56% [4, 5],
but only about one-third of the patients were suit-
able for radical resection, and nearly 50% of the
I-IITA patients had recurrence within 5 years after
resection. High-dose stereotactic body radiation
therapy was also recommended for early stage
NSCLC if surgical resection is not an option [6,
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7]; however, it needs sophisticated planning and
delivery technology. For patients with stage IB—
IITA disease, chemotherapy could benefit the sur-
vival rate [8, 9]. Surgical resection is determined
by the tumor location and resectablility. Treatment
for locally advanced NSCLC (stages III and IV)
not suitable for surgical resection usually can take
advantage of a combined thoracic radiotherapy
with concurrent chemotherapy [10-13].

As most lung cancers are unresectable and
benefits from radiotherapy and chemotherapy
are limited, many new local treatments have
emerged, including thermal ablation. Tumor ther-
mal ablation is a minimally invasive procedure
that delivering heat to tumor cells induce irrevers-
ible damage and coagulative necrosis. Thermal
ablation methods include microwave ablation
(MWA), radiofrequency ablation (RFA), cryo-
ablation and laser ablation (LA). This treatment
options have been proven to be safe and effec-
tive. Laser ablation is one of the treatment that
not commonly used but many recent studies have
demonstrated that image-guided laser ablation
could benefit patients with primary lung cancer
or unresectable pulmonary metastases [14—18].

12.2 Technique and Devices
Imaging guidance techniques for lung tumor laser

ablation include CT, MRI and ultrasound. CT
is the most commonly used. With T1-weighted
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Fig. 12.1 A 64-year-old
man with lung
metastasis from sigmoid
colon cancer. Axial
unenhanced CT images
revealed laser fibers
ablating the tumor 1 cm
outside the lesion (a)
Before ablation; (b)
After ablation (yellow
arrows); (¢) Axial CT
image after treatment
shows retraction of
needles from the
treatment site (yellow
arrow); (d) Axial CT
documents clear fibrosis
and cavitation at the site
of ablative treatment to
confirm adequate
ablation of the lesion
(yellow arrow)

thermal sequences, changes in intratumoral tem-
perature can be monitored by MRI during the
procedure [19]. For tumors near or adherent to
the chest wall, ultrasound guidance can be used
if the tumor could be visualized and the whole
picture could be observed with ultrasound [20].
Laser fiber is introduced into the lung by
21-gauge Chiba needle, which is thinner than RFA
or MWA, so the LA manifests fewer side effects
such as pneumothorax [14, 15, 18]. Local anesthe-
sia with lidocaine 1% or mepivacaine hydrochlo-
ride 0.5% is used as well as intravenous injection
of sedative and analgesic medication [21]. Under
CT/MRI/US guidance, the interventional radiolo-
gist uses a 21-gauge Chiba needle (Top, Tokyo,
Japan) into the lesion. After removing the mandrel
from the needle, the laser fiber is inserted into the
sheath, making sure that the bare fiber is out of
about 0.5 cm. If the tumor size is not more than
1 cm, one or two laser fibers are used to ablate
it. But for the tumor larger in size, three or four
laser fibers are applied in parallel or crossed posi-
tions, each of which has output power of 3-5 W
for 1800 J using a multisource semiconductor
diode laser (EchoLaser, Elesta Srl, Florence, Italy)
operating a wavelength of 1064 nm. The needle
pullback technique in treating larger liver tumor
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can also be used in large tumor of lung [14, 18].
Immediately after ablation, CT or MR scan will
be performed to evaluate the ablation area. If there
is residual vital tissue left unablated, an additional
ablation maneuver can be carried out. Figures 12.1,
12.2, 12.3, 12.4, 12.5 and 12.6 are representative
and significant examples of primary and second-
ary tumors treated by laser technique using one or
more light sources, taking into account the site, the
morphology and the size of the lesions. The legend
of each case can help the reader to understand the
laser methodology used.

12.3 Results
12.3.1 Lung Metastases Ablation

Lung is a common site of malignant metastases
where 15% of colorectal carcinoma patients and
30-50% of other cancer patients develop pulmo-
nary metastases [22]. The standard treatment is
still metastasectomy that offers best disease-free
survival [23]; however, only 20-30% of patients
are suitable for surgical resection [24]; therefore,
other treatments that can provide local tumor con-
trol and benefit survival have been increasingly
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Fig. 12.2 Representative case of 65-year-old man with
NSCLC with an axial diameter of 2.3 cm in the right
upper lobe treated with LA. (a) Photo of the patient in the
supine position inside the gantry of the CT device. The
two needles used for the ablation maneuvers are clearly

visible. (b) Axial CT image obtained before ablation
shows the lesion in which two 21-gauge needles have

adopted. Image-guided tumor ablation enables
direct destruction of solid neoplasms and allows
for the control by using thermal energy. The
advantages of tumor ablation in comparison
with surgery include less damage of lung tissue,
repeatability, less breathing impairment [25].
Some doctors using an miniaturized internally
cooled applicator system diameter 5.5-French
[26] connected to a 1064 nm Nd: YAG laser gen-
erator equipped with optional beam splitters [27]
treated prospectively 108 lung metastatic nodules
in 64 patients and achieved complete ablation
in 31 out of 64 patients with 136 interventional
procedures. The laser source setting can be used
simultaneously or changed for each individual
diffuser fibers. Local tumor control was 78% (85
of 108 tumors). Among the 31 patients (mean
target diameter of 2.1 cm) who were treated
completely or have undergone definitive ablative
therapy, the 1-, 2-, 3-, 4- and 5-year survival rates
after ablative therapy were 81, 59, 44, 44 and

been correctly positioned. (¢) Axial CT image immedi-
ately after the end of treatment after fiber retraction shows
a volumetric increase of the lesion surrounded by modest
ground glass due to hyperemia and edema. (d)Axial CT
image shows an area of cavitation within the lesion due to
vaporization for coagulative necrosis (Courtesy of
R. Regine, A. Cardarelli Hospital, Naples, Italy)

27%, respectively. The median progression-free
interval was 7.4 months. Pneumothorax in which
periprocedural drainage was required occurred in
5% of all cases [17]. A retrospective study with
109 colorectal lung metastases patients treated
by the thermal ablation showed that LA, RFA
and MWA could be used as therapeutic options
for lung metastases. The local tumor control was
higher (88.3%) with MWA than RFA (69.2%)
and LA (68.0%). No significant differences were
detected in local progression and survival rates
[28]. Studies have shown that three-year overall
survival rate of RFA treating pulmonary metas-
tases was nearly 50% against that (60%) with
pulmonary metastasectomy [29]. Data from the
two studies mentioned above correlate favorably
both with survival rates after radiofrequency
ablation and those of patients undergoing sur-
gical resection for pulmonary metastases [30,
31]. However, RFA has a higher impedance in
the lung, which means poor energy spreading,
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Fig. 12.3 Representative case of 55-year-old man with
NSCLC located on the right upper lobe with an axial
diameter of 2.5 cm. (a) Axial, sagittal and coronal posi-
tron tomographic image (CT-PET) clearly shows the
intense metabolic activity in the lesion. (b) Axial CT
image confirms the lesion in the posterior aspect of the
right upper lobe. (¢) Axial CT image shows two needles
positioned correctly in the lesion before treatment with

Fig. 12.4 Representative case of NSCLC nodule of
3.9 cm in maximum diameter located at the top of the lung
in a 76-year-old patient. Pancoast’s syndrome in patient
with shoulder pain, arm pain and weakness in the hand.
The first signs of ipsilateral Horner’s syndrome were also
present. Two applicators (a) spaced apart of 1.0 cm were
placed and two treatments were performed using a pull-
back technique in the same session. A total of 7200 Js
(1800 J per fiber) were deployed on the entire neoplastic
tissue. (b) Axial CT image after laser treatment shows the

LA. (d) Axial CT obtained immediately after ablation. A
modest swelling is visible with modest irregularity of the
margins of the induced coagulation zone. The tumor was
treated by delivering laser energy equal to 3600 J per nee-
dle (Courtesy of M. Sponza, Angiographic Diagnostics
and Interventional Radiology, Integrated University
Health Hospital of Udine, Italy)

nodule is avascular after administration of contrast
medium. The patient had a marked improvement in symp-
toms for a duration of about 3 months. The case is a good
example of how it is possible to obtain with a smaller
number of sources (in this case, two) large areas of abla-
tion using the pullback technique to deploy in the tumor
an amount of energy equal to what would have occurred
inserting four applicators in a square configuration spaced
by 1.0 cm each from the other (Courtesy of R. Regine,
A. Cardarelli Hospital, Naples, Italy)
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Fig. 12.5 55-year-old man with solitary pulmonary
metastasis from colorectal carcinoma in right inferior lobe
treated by LA. (a) Axial CT image obtained before laser
ablation shows lung metastasis with axial diameter of
1.9 cm located in posterior aspect of inferior right lobe.
(b) Axial CT image shows a thin needle within lesion. (c)
Axial CT image obtained 12 h after ablation shows an

ablation zone larger than basal lesion with a zone of
ground-glass opacification surrounding lesion. (d) Axial
CT image 12 months after ablation shows residual scar-
ring in ablation bed with cavitation denoting complete
eradication of lesion. 3600 J deployed using one applica-
tor and pullback technique (Courtesy of R. Regine,
A. Cardarelli Hospital, Naples, Italy)

Fig. 12.6 Representative case of tumor adjacent to large
blood vessels. (a) The axial CT scan shows before LA the
lesion of 15.4 x 10.7 mm in diameter very close to the
blood vessels of the neck (yellow arrow). The CT (b) and
(c) images obtained 2 and 4 months after the LA show

whereas LA with less impedance problems and
lower cooling effects induces larger ablation
volumes and more predictable coagulation zone
than the RF due to the less influence of electrical
conductivity in heat deposition [32]. The great-

stationarity of the lesion (yellow arrows) without varia-
tions in size and morphological appearance, probably due
to the absence of tumor vitality. No damage to the struc-
tures of the contiguous vessels is noticed

est advantage of LA is being able to perform
under real-time guidance of MRI which allows
monitoring increasing temperature in the ablated
area, permitting evaluation of coagulation necro-
sis [21, 33].
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LA has more advantages compared to other
methods including the lower risk of bleeding,
infection or injuries of adjacent organs, which
means LA is able to destroy tumor directly
while reducing the collateral damage to sur-
rounding structures. Thus, LA is advisable for
tumors adjacent to vital regions [16], like what
happens in other organs that have particularly
vulnerable vital structures such as the liver [34]
and pancreas [35, 36]. The most common com-
plications for thermal ablation are pneumotho-
rax, bleeding, pleural effusion and subcutaneous
emphysema. Pneumothorax occurred in 9.7% of
lesions treated with LA, much less than that of
MWA (30%) and RFA (17.3%). Subcutaneous
emphysema also had a statistically significantly
lower rate of occurrence after LA [28]. These
complications are even rarer when using thin
applicators with a caliper below the millimeter.
Based on the data so far known in the literature
on 28 patients with 33 nodules, of which 19 pri-
mary lung tumors and 15 metastatic nodules,
treated with these thin devices and low wattage
laser light, there were local side effects easily
managed only in two cases (a slight self-limit-
ing hemoptysis and a pleural empyema) and a
single case of minimal pneumothorax in which
no treatment was necessary. Only one case of
small pneumothorax equal to 0.3% of the whole
series in a patient suffering from severe pulmo-
nary dysfunction with diffuse pulmonary bullae
required chest drainage [14, 15, 18].

The Cardiovascular and Interventional
Radiological Society of Europe (CIRSE) guide-
lines 2012 state that there is no specifically
defined number of lesions for metastases pal-
liative ablation [37]; however, most centers
treat patients with five or fewer metastases. The
guideline in China states that the metastases foci
should be limited to <3 unilateral lung lesions
(bilateral <5) for multiple metastases, with maxi-
mum diameters of <3 cm, or <5 cm for a unilat-
eral single metastasis with no metastasis at any
other site [38]. Multiple laser fibers were used
parallelly for larger lesions, and the combina-
tion required less energy for focal ablation. For
patients with bilateral pulmonary metastatic dis-
ease, bilateral simultaneous ablation is not rec-

ommended [39]. Some researchers believe that
when thermal energy input is excessive, it might
lead to malignant tumor recurrence and rapid
expansion [39-41]. Therefore, in order to inacti-
vate tumor, lower wattage and lower energy were
used to produce better prognosis.

Contraindications for treatment include
underlying interstitial disease, such as pulmo-
nary fibrosis that may result in severe pulmo-
nary failure and even death. Patients with severe
respiratory disease, severe bleeding tendency,
poorly controlled ipsilateral pleural malignant
effusions, severe liver, kidney, heart, lung func-
tion insufficiency, severe anemia, severe dehy-
dration or systemic infections, high fever that
cannot be corrected or improved in the short
term and a life expectancy estimated at <1 year
are not considered good candidates for treatment
[38, 42, 43]. Pneumothorax and pleural effusion
are more common than parenchymal bleeding
and hemoptysis [16].

12.3.2 Primary Lung Tumor Ablation

Worldwide, lung cancer is the most commonly
diagnosed cancer (11.6% of the total cases)
and the leading cause of cancer death (18.4%
of the total cancer deaths) [44]. Due to the
complexity of tumorigenesis, development and
pathological pattern, the treatments of primary
lung cancer now in use gain unsatisfied effec-
tiveness. No matter what pathological type is,
NSCLC or Small Cell Lung Cancer (SCLC),
the main treatments are surgical resection, typi-
cally by lobectomy, radiotherapy, chemotherapy
and targeted therapy [4]. Patients who come to
our observation in conditions of advanced dis-
ease lose the opportunity to be treated with the
available therapies even in the case of simple
palliation. In other words, minimally invasive
ablation techniques can obtain good local con-
trol and progression-free survival in patients
with treatment-naive T1 lung tumors, including
patients with metachronous and synchronous
tumors [45].

Hence, new way for palliative care that is safe,
minimal invasive and stable has to be found. And



12 Lung Tumors Laser Ablation

113

new local lung tumor therapy comes, including
resection under thoracoscopy, thermal ablation
and cryoablation, which is made possible by
technical advancements in computed tomography
(CT) and ultrasound technology [46]. Thermal
ablation modalities consisting of radiofrequency
(RF), microwave and laser have the advantage of
the selective damage to targeted tissue so that it
can preserve the maximum of normal lung tis-
sues in patients with poor lung function [47].
Radiofrequency ablation (RFA) and microwave
ablation (MWA) have been considered as use-
ful treatment options for patients with lung can-
cer who are not able to receive surgery [48].
Especially, an article about 566 patients showed
that RFA illustrated a 53.7% 3-year, and a 44.1%
4-year control rate of lung metastatic disease
[49]. Although large series researches suggested
that laser ablation (LA), also called laser intersti-
tial thermotherapy (LITT), has high efficacy of
ablation compared to surgical resection in liver
tumors, it is not widely used in primary lung
tumors to date [16, 21, 50].

RFA uses electromagnetic energy deposition,
utilizing energy sources typically from 375 to
500 KHz (less than 30 MHz) while MWA encom-
passes energy sources of a range from 30 MHz
to 30 GHz [37, 51]. Laser ablation (LA) is per-
formed by utilizing neodymium—yttrium alumin-
ium garnet (Nd: YAG) laser fiber [52]. In contrast
to RFA and MWA, LA has the advantages of
lower cooling effect, absence of impedance prob-
lem, feasible induction of accurate ablated area,
larger volumes and thermometry, yet it has the
disadvantages of tissue carbonization [21]. And
the laser fiber may have the smallest size so that
the incidence of pneumothorax may decrease.
Still, the most meaningful advantage of laser
ablation is the real-time monitoring under MRI
guidance [53].

Most often, laser is used in adjuvant thera-
peutic combinations under video-assisted
thoracoscopic surgery, bronchoscope or CT: pre-
treatment Nd:YAG-laser enables rapid removal
of obstruction, symptom control and reduction
of bleeding in mechanical removal [11, 54]. The
reports reveal that temperature development dur-
ing laser ablation is influenced by ventilation and

perfusion-mediated tissue cooling, and the same
temperature reaches in both tumor tissue and
normal one. They also proved that the use of two
laser fibers increases the achieved temperatures
and the coagulation size correlates with tempera-
ture positively [55-57].

Maybe one day, laser ablation can become
a candidate for primary pulmonary malignancy
treatment. Before that, further researches and
more clinical trials are needed. In a word, cur-
rent studies indicate that CT/MR/US-guided LA
could be promising for the treatment of lung
tumors. Furthermore, there are still the needs for
more large-scale prospective studies to convince
the use of multi-needle LA in large tumors in the
future.
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13.1 Benign Prostatic Hyperplasia

13.1.1 Background

The search for new minimally invasive therapies
(MIT) for the treatment of bothersome symptoms
of the lower urinary tract from benign prostatic
hyperplasia (LUTS/BPH) arises from the need
to offer an effective and long-lasting alternative
cure to many patients who do not tolerate adverse
events of medical care and that do not experience
the improvements expected from their use, while
they often suffer from complications related
to the prolonged use of these expensive drugs.
In addition, patients, particularly those with
mild-to-moderate symptoms, choose to observe
symptom development or follow medical care
over time. These medical strategies with alpha-
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blockers or 5-alpha-reductase inhibitors or their
combination often do not give good results and
a part of them eventually require more invasive
surgical treatments [1, 2]. Finally, in the popu-
lation that suffers from these disorders there are
some individuals who do not want to run the risks
of potential complications related to invasive sur-
gical procedures [3].

Bladder outlet obstruction (BOO) is a com-
mon condition affecting with different sever-
ity 70% of the male population between 60 and
69 years and 80% of those aged 80 years or older
[4]. In this population approximately 70% of
men with LUTS/BPH exhibit coexisting erectile
dysfunction (ED) whose prevalence ranges from
35% to 95% and increases with the severity of
LUTS [5]. The aim of any therapy is to reduce
benign prostatic obstruction (BPO) and at the
same time minimize complications and adverse
events related to simple (open) prostatectomy,
when applied to large adenoma, and transurethral
resection of the prostate (TURP) [3, 6]. This lat-
ter is associated with a small but significant risk,
with a 30-day mortality of 0.3% and a variety
of morbidities including transurethral resection
syndrome (1%) which is related to the absorp-
tion of irrigating fluid leading to confusion and
collapse, hemorrhage during the operation (trans-
fusion rate of 5%), and subsequent urinary tract
infection [7, 8]. On the other hand, transurethral
therapies that use lasers such as holmium laser
and current GreenLight laser-photo-selective
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vaporization (PVP), offered as alternatives to
TURP, have some not negligible limits. In par-
ticular, there have not been long-term compara-
tive data nor direct comparisons and for now they
cannot be a suitable technique for the general
urologist [9, 10].

The flourishing of minimally invasive surgi-
cal therapies (MIST) arises also from the need to
offer options personalized based on patients and
pathological factors [11]. The available armamen-
tarium of these therapies today includes thermal
therapies such as conductive transurethral needle
ablation of the prostate (TUNA) [12, 13], trans-
urethral microwave thermotherapy (TUMT) [14],
mechanical therapies such as prostatic urethral
lift (PUL) [15, 16], intraoperative stents [17],
intraoperative injection [18-21], and many other
emerging therapies such as convective radiofre-
quency thermal therapy (CRTT) [22], prostatic
artery embolization (PAE) [23, 24], aquablation
[25, 26], and histotripsy [27]. Some of these are
in decline, others remain experimental, and oth-
ers seem to provide promising results.

13.1.2 Historical Notes

About minimally invasive therapies that used
laser energy, the first report, originally described
in 1984, on the treatment with Nd: YAG laser of
the prostate tissue involved the ablation of the
residual tissue after the TURP debulking of a
localized prostate carcinoma [28]. One year later,
the first clinical experience with ten patients with
prostate cancer was reported using an end-fire
Nd:YAG laser in a contact modality [29]. Soon
after, promising results of experimental studies
on dog prostate were reported using a noncontact
laser under US guidance in real time (TULIP)
[30-32]. The problems analyzed by these stud-
ies consider both the improvement of the clinical
symptomatology and the rate of flow [33]. The
goal of interstitial treatment, according to the
authors, was to induce intraprostatic coagulation.
The absorption of the coagulated tissue decom-
presses the intraprostatic part of the urethra with
consequent improvement of the LUTS [34]. In
most of these works the approach was transure-

thral and only in some cases perineal [35-37]. In
detail, in the most cited work, maneuvers were
performed in the majority of cases transurethrally
under direct vision of a cystoscope or percutane-
ously from the perineum under transrectal ultra-
sound guidance. As the urethra remains intact, in
this latter case with percutaneous approach, no
sloughing of tissue takes place. The treatment
regimen consisted of doing a few punctures with
constant power (10 W) for defined periods or more
short punctures at powers from 20 W to 7 W in
three separate steps. On average, 6.2 (2-15) fiber
placement was done with 21,700 (2400-48,000)
J of energy applied. The caliber of the applica-
tors used was 1.9 mm. Significant complications
were rare; most patients suffered from transient
irritative symptoms, with 4% of patients suffer-
ing from strictures and 7% retrograde ejacula-
tion. 9.6% of patients required retreatment during
12 months of follow-up. Twelve out of hundred
twenty-seven patients with prostate smaller than
60 cc and with a pronounced median bar were
additionally treated with transurethral incision
of the bladder neck or prostate (TUIP) using a
bare laser fiber in tissue contact at a 40 W power
setting [34]. Finally, only in some cases the post-
operative evaluation of the coagulation area was
performed with magnetic resonance imaging
(MRI) able of depicting the effects induced by
laser therapy in various tissues [35]. From what
has been said, it must be deduced that these inter-
esting experiences show a very complex tech-
nique that is not easy to practice and requires
a long learning period and have non-negligible
complications. This approach deserves attention
but must be simplified.

Hence in the feasibility study recently pub-
lished the authors adopt the perineal approach
for the percutaneous treatment of BPH patients
using multi-fiber laser technology. Thanks to the
experience gained in the debulking of benign
thyroid nodules [38], the authors applied the
same strategy for the debulking of the prostatic
lobes, improving the symptomatology of patients
affected by LUTS/BPH. The characteristics of
the technology with thin introducers (less than
1 mm) make the transperineal approach safe and
relatively easy.
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13.1.3 Treatment Strategy

The inclusion criteria are as follows [39]: briefly (a)
if male subject >50 years of age who have symp-
tomatic BPH; (b) International Prostate Symptom
Score (IPSS) score >13; (c) prostate volume
>30 mL on transrectal ultrasonographic (TRUS)
images; (d) peak urinary flow rate (Qmax): >5
to <15 mL/s; and (e) post-void residual (PVR)
>50 mL. Exclusion criteria were as follows: (a)
urethral stricture; (b) previous prostate bladder
neck, or urethral surgery; (c) prostate cancer or
patients who had a prostate-specific antigen (PSA)
value greater than 4 ng/mL; and (d) patients with
known neurological disorders, e.g., multiple scle-
rosis, Parkinson’s disease, or known history of
spinal cord injury. The use of anticoagulants or
indwelling urinary catheters for urinary retention
was not a criterion for exclusion. There are no mor-
phological contraindications for use of this thermal
therapy procedure in subjects with an intravesical
median lobe or hyperplasia of the central zone.
Preoperative evaluation included assessment of the
following parameters: IPSS, quality-of-life score
(QoL), Qs PVR, ultrasound examination of the
prostate, and PSA blood testing. Obviously, all
patients signed a dedicated informed consent.

The primary end points of this study were
technical success, safety of transperineal per-
cutaneous laser ablation (TPLA), and change
in IPSS. The technical success was defined fol-
lowing the standard terminology adopted for
tumor ablation [40]. Secondary end points were
Qol, Qmax, PVR, and prostatic volume at the
end of follow-up. Secondary judgment criteria
included operative parameters including laser
data (duration, joules, number of fibers used),
adverse events during the procedure and within
24 h after the maneuver (periprocedural period),
hospital stay, and duration of the catheterization.
A postoperative visit was scheduled at 6, 12, and
24 months for evaluation of efficacy and delayed
complications. The definition of complications
was consistent with the standardized terminology
and reporting criteria for image-guided tumor
ablation proposed by other authors [41] and
with the classification of surgical complications
according to the modified Clavien system [3].

13.1.4 Technique

The patient is positioned in the radiological
intervention suite in a urological position. A
three-way Foley 18-F catheter is inserted with
continuous irrigation of a saline solution dur-
ing and after the maneuver. The technique has
already been explicitly explained elsewhere
in the first feasibility study [39]. In practice it
consists of positioning under ultrasound guid-
ance up to four applicators (one to two per lobe)
consisting of a 21-gauge Chiba needle as intro-
ducer in whose lumen is inserted a bare optical
fiber of quartz of 300 pm until it protrudes by
10 mm from the tip of the thin introducer. In the
case of volumes less than or equal to 40 mL, a
single applicator per lobe can be inserted while
in the case of a prostate with a volume greater
than 40 mL two applicators per lobe are used. It
should be emphasized that since the technique
allows to customize the treatment based on the
volume of the lobes, in the case of volumetric
asymmetry of the lobes it is possible to posi-
tion a number of different introducers within
the two lobes. In other words, it is possible to
insert three introducers in the largest lobe and
only one in the smallest lobe or even none if not
necessary. The tip of the fiber should be placed
8—10 mm away from the outer wall of the ure-
thra, 15 mm from the bottom of the bladder,
and 10 mm from the outer edge of the prostate
capsule. The position of the applicators must
be carefully controlled using a biplanar ultra-
sound. In the case of two applicators, these must
be positioned one after the other at a mutual
distance of 8—10 mm. More generally, applica-
tors must be positioned along a path that is as
parallel as possible to the longitudinal plane of
the prostate (Figs. 13.1 and 13.2). The access
route is transperineal, hence the acronym TPLA
which stands for transperineal laser ablation
and underlines the extra-urethral approach to
induced laser ablation. Each treatment is per-
formed with patient under conscious sedation
by IV of midazolam (2-3 mg) and with local
anesthesia of the superficial tissues of the peri-
neal region and prostate anesthesia by transrec-
tal prostatic block or transperineally—to reduce



Fig. 13.1 Representative case of 61-year-old patient with
a prostatic hyperplasia of 48 mL at baseline. (a). At the
top axial TRUS images show the preliminary study to cor-
rectly position the heat sources at the safe distance from
the urethral canal (white arrow) and from the capsule
(blue arrow) before the treatment of LA. At the bottom
the longitudinal TRUS images show the thin devices

24 months

Fig. 13.2 Changes in prostate volume of the patient
shown in Fig. 13.1 at 3, 6, 24, and 32 months after
TPLA. To confirm the excellent durability of the laser
ablation technique, all US axial and longitudinal images
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rightly spaced about 10 mm from each other at the correct
distance from the prostatic capsule. (b). At the top from
left to right the axial and longitudinal images of the gland
1 h after the treatment of LA. At the bottom, during the
US study with ecocontrast, there are two areas of lack of
enhancement due to the absence of vascularization in the
coagulation zones

32 months

clearly show the progressive and marked reduction in
prostate volume over time. The volumetric data confirm
the persistence over time of the improvements induced by
the percutaneous ablation maneuver
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with this last choice the risk of infections—with
lidocaine solution 2% (20 mL). This last maneu-
ver has not always been followed by some oper-
ators who have started using this method to treat
patients with LUTS/BPH in the light of the fact
that the patients tolerate the maneuver well even
without the anesthesia of the transrectal pros-
tatic block.

As already mentioned above we have adopted
a low-power laser and therefore each treatment
is performed at a fixed power of 3 W changing
the illumination time case by case according to
prostate size. Depending on the size of the pros-
tate, one to two consecutive illuminations are
performed with a “pullback™ technique during
the same treatment session. The treatment ends
when 1800 joules are reached for a single light-
ing or 3600 joules for two illuminations after the
pullback. So the time needed to release these
energies amounts to 600-1200 s. It is necessary
to underline that, whatever the given condition,
it is necessary to administer at least 1400 joules
per single fiber per treatment to obtain a signifi-
cant coagulation zone. At the end of the treat-
ment based on the patient’s clinical condition,
anti-edema and anti-inflammatory drugs may
be administered. After an observation period of
about 1 h, the patient undergoes transrectal ultra-
sonography with the administration of an echo-
amplifier contrast agent to evaluate the extent of
the coagulation zone. For this specific problem
we think in the future to use MRI imaging to get
more detailed information on the effective exten-
sion of the ablated area as the use of ultrasound
contrast gives us a rough information about the
actual area of coagulation. The patient is kept
in the hospital for 1-2 days and the catheter,
in the absence of adverse events, was removed
within 1 or 2 weeks after the procedure, taking
into account the clinical condition of the patient,
especially those with a history of long urinary
retention and who have been holding urinary
catheters permanently for a long time before
treatment (see also paragraph 13.1.5 immedi-
ately following). The transperineal laser ablation
is performed by the interventional radiology and
urology team using the combined EchoLaser
system (Elesta s.r.l. 50,041, Calenzano (FI),
Italy).

13.1.5 Results

The following are the preliminary clinical data of
the feasibility study on the first 18 patients treated
with TPLA, while the medium-term results are
ongoing evaluated on 81 patients with a mean fol-
low-up of 16 months (range 3—45). At 3 months
from treatment the mean IPSS score improved
from 21.9 £ 6.2 to 10.7 £ 4.7, p < 0.001. Mean
pre- and 3 months posttreatment QoL scores were
47+0.6and 2.1 £1.2, p <0.001. Mean pre- and
posttreatment Qmax (ml/s) scores were 7.6 = 2.7
and 13.3 = 76.2, p < 0.001. Mean pre- and post-
treatment PVR (mL) scores were 199.9 + 147.3
to 81.5 £ 97.8, p < 0.001. At 3 months from treat-
ment the mean prostatic volume improved from
69.8 + 39.9 to 54.8 = 29.8 + 29.8, p < 0.001.
Therefore, the improvements in percentage for
the IPSS, QoL, Qmax, and prostatic volume
were 47.0 + 29.3, 54.5 + 28.9, 82.5 £ 69.3, and
18.8 £ 17.1, respectively.

Procedural outcomes were (a) ablation time(s)
15.9 + 3.9, (b) procedural time (min) 43.3 + 8.7,
(c) hospitalization time (days) 1.5 + 0.4, and
(d) catheterization time (days) 17.3 = 10.0. The
average volume of the ablated area was equal
to 10.3 £+ 3.6. So, the changes with the TPLA in
IPSS, Qol, Qmax, and PVR scores were —11.2
points, —2.6 points, +5.7 mL/s, and —137.0 cc,
respectively (Table 13.1).

These data demonstrate a significant improve-
ment in all parameters at 3 months from treatment
compared to baseline values. Only the reduction
in prostate volume seems less significant than all
other values, although statistically significant. The
reactive process at the ablative insult occurs slowly
with consequent slow reduction of the volume of the
adenoma. In other words, TPLA is not an immedi-
ate ablative technique. Thus, the shrinking process
is slow but progressive over time (Figs. 13.3 and
13.4). It is important that the volumetric improve-
ment, accompanied by the improvement of all the
other parameters, persists over time, proving a
valid durability of the technique (Table 13.2). The
long period of catheterization must be ascribed
to the fact that in the feasibility study, the most
complex patients unsuitable for surgery were car-
riers of bladder catheters for a long time before
treatment with TPLA. In other words, many, if
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Table 13.1 Data of the scores of the various technologies reported in the literature

Parameter | TPLA Aquablation | CRTT HoLEP* TuVEP PVP TURP* TURP®
IPSS —11.2pts | —16.6 pts —11.5pts | =212pts | —18.7 pts —132pts | =103 pts |—15.4
QoL —2.6 pts —2.7 pts —2.1pts | =3.0pts -3.3 pts - —2.8 pts =33
Qmax +5.7mL/s | +10.8 mL/s | +6.4 mL/s |+15.8 mL/s |+22.4 mL/s | +6.1 mL/s | +10.6 mL/s | +8.9 mL/s
PVR —1184cc | —72cc —10.6cc | —-113.5 —162 cc —76 cc —126.7cc | —-64.0cc

TPLA Transperineal percutaneous laser ablation, CRTT convective radiofrequency thermal therapy, HoLEP holmium
laser, TuVEP thulium laser vapo-enucleation, PVP GreenLight laser photo-selective vaporization, TURP transurethral
resection, /PSS International Prostate Symptoms Score, QoL quality of life, Qmax peak urinary flow, PVR post-void

residual urine volume, pts. points
“Ref. [40]
"Ref. [42]

Fig. 13.3 Axial and sagittal T2-weighted MR images
(TR/TE 5660/104; FA 160°) obtained before percutane-
ous transperineal laser ablation in an 81-year-old man

not the majority, of this initial group of patients
have kept, for their particular clinical conditions,
the indwelling catheter for long periods of time
before the ablation maneuver and therefore with
strongly hypotonic bladder walls that obviously
take a long time to get back to having a good wall
contraction and efficient emptying. This drawback
forces the operator to maintain the catheter in the
bladder for longer at the patient’s request, which
senses burning and/or difficulty in urination in the
absence of a catheter. However, some researchers
believed that this therapeutic strategy was unnec-
essary and excessively conservative and suggested
removing the catheter at the end of the procedure.
According to these authors the modalities of the
maneuver do not justify this therapeutic choice. To
confirm this hypothesis, there are excellent results

with benign prostatic hyperplasia (BPH) and LUTS with a
maximum transverse diameter of 5.98 cm and maximum
sagittal diameter of 3.51 cm (prostate volume 119.6 mL)

recently reported by some operators who removed
the catheter at the end of the ablative maneuver in
many of their patients without the latter complain-
ing of adverse effects.

In our view, with TPLA in expert hands it is
relatively easy to perform and control the various
phases of the maneuver. The constant monitoring
in real time of the treatment thanks to the low den-
sity of applied energy allows to avoid damages to
the adjacent structures. By using the transperineal
route, the bare laser flexible fibers can be placed
directly within prostatic tissue keeping a safe dis-
tance from urethra and from bladder floor. Thus it
is possible to induce a true debulking of prostatic
lobes with a subsequent reduction in volume over
time with no block to the urethral cavity and/or
damage to urethral wall. In addition, this laser treat-
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Fig. 13.4 Axial and sagittal T2-weighted MR images (TR/TE, 5660/104; flip angle 160°) at 1-month follow-up show
a slight volume reduction (prostate volume 94.6 mL) but huge adenoma coagulative necrosis

Table 13.2 Changes over time of the 61-year-old patient’s clinical parameters with a prostate volume of 48 mL at

baseline shown in Figs. 13.1 and 13.2

P.A. (61 years) Pretreatment 6 months 12 months 24 months 32 months
Prostatic volume 48 mL 35 mL 32 mL 31 mL 26 mL
Post-voiding residue 180 83 70 mL 100 88 mL
Qmax 8 13 15 14 9

IPSS score 32 3 4 4 1

QoL score 6 0 0 0

ment can be performed under conscious sedation
and with local anesthesia during inpatient regimen.

13.1.6 Comparison of Technologies

Given that a comparison of data of the feasibil-
ity study mentioned above with those available in
the literature cannot provide us with reliable con-
clusions, a knowledge of the most salient data of
the various technologies operating in the clinical
arena can enlighten us on their actual role and help
us to choose the most suitable for a personalized
treatment of patients who require our curative
intervention. Some considerations are possible.
The values of scores of TPLA at 3 months com-
pare favorably with data reported with emerging
technologies such as aquablation [26] and con-
vective radiofrequency thermal therapy (CRTT)
[22]. Comparisons are equally favorable with
other methods such as HoLEP, PVP [42—44], and

thulium laser vapo-enucleation (ThuVEP) [45].
In the double-blind randomized controlled trial
of Gilling, the IPSS, Qol, Qmax, and PVR scores
of the TURP at 3 months were —15.4 points,
—3.3 points, + 8.9 mL/s, and —64.0 cc [46]. The
scores at 3 months of the IPSS, QoL, and post-
void residual volume reported by Whelan in his
prospective study were —13.2 points, +6.1 mL/s,
and —76.0 cc for the PVP, and —13.9 points,
+7.0 mLs, and —25 cc for the TURP [47] (see
Table 13.1).

No severe complications were reported for
TPLA. So far, the most frequent complaint
reported by patients has been the sensation of irri-
tating emptying for the reasons described above,
which lasted for a period of about 14-15 days.
With the precaution of continuously irrigating
with cold saline solution the Foley catheter the
times of this disorder have halved. No cases of
intraoperative hemorrhage requiring transfusions,
gross hematuria posttreatment, acute urinary
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retention, incontinence, acute urinary tract infec-
tion, urethral stricture, bladder neck contracture,
bladder neck stenosis, surgical intervention for
bleeding, capsular perforation, and erectile dys-
function have been reported. Over the years all
the complications listed above have been reported
with different incidences in the different method-
ologies. The various known complications occur
in all techniques, but for grade 2—-5 Clavien-Dindo
event the trend in results is in favor of laser tech-
niques compared to more strict surgical techniques
such as TURP or simple (open) prostatectomy [7,
22, 43, 44, 46-51]. The preservation of sexual
function is a key determinant in the surgical path-
way for patients with LUTS secondary to BPH,
especially in younger men. It is noteworthy that
patients treated with HoLEP or TURP had a ret-
rograde ejaculation in over 70% [7, 52] of cases
and incontinence rate approximately 1-2% [53].
Finally, a brief mention deserves the technique
of embolization of the prostatic artery (PAE) [54].
This technique has had a continuous evolution over
the years and many single-arm studies have shown
its efficacy and safety; however the amount of RCT
data are limited and the few published comparisons
with the TURP do not provide conclusive data [55,
56]. There are no studies that demonstrate the dura-
bility of the improvements induced by the PAE. It
can be said that the technique appears to be com-
plex, long, and relatively expensive, and requires
the work of experienced interventional radiolo-
gists. In addition, it requires further technological
advances, such as the type and size of the embolic
material, and the development of an optimal tech-
nique to prevent the embolic flow to nontarget
organs through PA anastomoses. In conclusion, the
TPLA technique has good clinical results favor-
ably comparable both with the more established
techniques such as PVP, HoLEP, and TURP and
with emerging techniques such as aquablation and
CRTT in the absence of serious complications.

13.1.7 Final Considerations

Urologists around the world are constantly
looking for the “gold standard” treatment for

BPH. Recently, there has been a wave of new
techniques such as holmium laser transurethral of
the prostate (HoLEP) or thulium laser enucleation
of the prostate (ThuLEP) that are replacing the
GreenLight laser photo-selective vapo-enucleation
(PVP) of the prostate and the bipolar TURP and its
various modifications. These techniques based on
various types of lasers have made great strides in
their development from evaporation to enucleation
techniques and various combinations. Urologists
are constantly striving to acquire new skills to
perform prostatectomy by laser enucleation rather
than resorting to traditional TURP. The morcel-
lation machines and their accessories helped the
surgeons to achieve enucleation even in large pros-
tates. Therefore every innovation in this field must
be compared with the current operating trends.

The rise in MIT procedures represents a para-
digm shift in the treatment of BPH. The aim of
achieving a personalized medicine approach has led
to the use of these “middle-ground” therapies that
lie between medical therapy and invasive surgical
intervention. The MIT group is varied and continu-
ally growing in its range of options based on patient
and pathological factors. As the evidence for their
utility is gathered, many of the MIT options remain
experimental or without a robust evidence base.
MIT should be used in a select patient group, par-
ticularly those that place importance on preserved
sexual and continence function rather than urinary
improvement. More mature data will help to identify
the role of MIT in the evolving treatment pathway
of BPH. In our view, our technique could be used
profitably in younger patients even before medical
treatment and in older patients who have significant
comorbidities. It should be offered to patients with
intermediate age in case of refusal of traditional sur-
gery. In any case, among the possible customized
choices, TPLA could have a crucial role.

13.2 Prostate Cancer
13.2.1 Epidemiology and History

Prostate cancer (PCa) is the most commonly
diagnosed cancer and the second cause of
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cancer-related deaths for men in 2017 [57].
Prevalence in an autopsy study showed a PCa
prevalence of 5% in persons at age <30 years,
increasing to 59% by age >79 years [58].
Thanks to screening with PSA, development
of new prostate biopsy protocols, and wide-
spread use of magnetic resonance imaging for
diagnostic purposes (multiparametric MRI and
PIRADS scoring system), we have witnessed
an increase in the accuracy of detection and
localization [59]. As a result, today an ever-
increasing number of small and low-grade
cancer foci (index lesion as clinically relevant
disease) are discovered in healthy young men.
Radical treatments for prostate cancer such
as surgery and radiotherapy involve the entire
gland and are associated with urinary and sex-
ual dysfunction. Therefore, for patients with
very small, localized, and low-grade tumors,
meaning grade group I (Gleason score <6—
only individual discrete well-formed glands)
and II (Gleason score 3 + 4—predominantly
well-formed glands with a lesser component of
poorly formed/fused/cribriform glands) [60],
these treatments represent unnecessary over-
treatment with undesirable secondary effects
on their quality of life [61].

Today, 94% of low-risk cancers are treated
with radical treatment [62]. In 2009, the
European Randomized Study of Screening for
Prostate Cancer (ERSPC) confirmed a substan-
tial PCa mortality reduction due to PSA testing,
with a substantially increased absolute effect
at 13 years compared to findings after 9 and
11 years. So, a gain of survival of 27% among
screened men aged 55-69 was demonstrated,
with an average follow-up of 9 years after diagno-

sis. But this gain of survival was associated with
a high rate of overdiagnosis and overtreatment
[63]. Overdiagnosis occurs in approximately
40% of the screen-detected cases resulting in
a high risk of overtreatment with unavoidable
adverse effects. More generally, it should be
remembered that for every individual saved, the
number of people who receive a diagnosis of
prostate cancer and therefore an irrelevant treat-
ment on the duration of life, which negatively
affects the quality of life itself, is not negligible.
For example, the ERSPC study estimated that,
for every life saved thanks to the early diagnosis
of prostate cancer by the PSA, another 26 men
discover that they have cancer and are therefore
treated, suffering the undesirable effects of the
therapies, for a disease, accidentally discovered
through screening, which did not have time to
manifest during their lifetime [63].

Prostate cancer does not induce symptoms in
the early stages. Only in the later stages with a
more advanced disease symptoms may be pres-
ent. The PCa risk classification is based on a
combination of digital rectal (DRE), PSA, and
Gleason biopsy results. Gleason score is a param-
eter for aggression or tumor assessment. Gleason
3 is the lightest form and Gleason 5 is the most
aggressive. The Gleason score is determined by
adding the two most common variants. Low-risk
tumors are not palpable or involve only half of
a lobe or less, with a PSA of <10 ng/mL and
a Gleason score of 3 + 3 = 6. Above all, these
tumors have been found as a result of PSA test.
When the tumors are palpable on the DRE, the
Gleason score is higher or the PSA is >10 ng/mL,
S0 a tumor is at intermediate or high risk (see
Tables 13.3 and 13.4).

Table 13.3 Overview of the prostate cancer risk stratification

Low-risk Intermediate-risk High-risk
PSA <10 ng/mL and GS <7 PSA 10-20 ng/mL or GS 7 PSA >20 ng/mL or GS >7 Any PSA any
(ISUP grade 1) (ISUP grade2/3) (ISUP grade 4/5) GS
Any ISUP
grade
Localized Locally
advanced

PSA Prostate-specific antigen, GS Gleason score, ISUP International Society of Urological Pathology (ISUP) Grading

of Prostate Cancer
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Table 13.4 Comparison ISUP vs. Gleason score

ISUP grade
Risk group group Gleason score
Low Grade Gleason score
group 1 <6
Intermediate Grade Gleason score 7
favorable group 2 GB+4
Intermediate Grade Gleason score 7
unfavorable group 3 4+3)
High Grade Gleason score 8
group 4
High Grade Gleason score
group 5 9-10

ISUP International Society of Urological Pathology
(ISUP) Grading of Prostate Cancer, GS Gleason score

13.2.2 Treatment Options

Radical treatment options with curative intent
are surgery or radiotherapy and are indi-
cated for intermediate- and high-risk tumors.
According to the guidelines, the validated rad-
ical therapies are radical prostatectomy (RP)
and radiotherapy as external beam radiother-
apy and internal radiotherapy (brachytherapy)
[58]. All radical treatments have side effects.
When nerves are damaged during RP, the side
effects induce incontinence and erectile dys-
function. Radiation therapy can also lead to
late side effects, such as the effects of radia-
tion that occur after years. The indication for
a radical treatment in a larger disease with
a higher risk is clear. When a small compo-
nent of Gleason 4 is detected with the biopsy
examination a radical treatment is formally
indicated according to the guidelines. The side
effects of radical treatment in these cases can
be drastic.

Radical treatment in low-risk patients, as
we have repeatedly stressed, involves over-
treatment as many PCa, as the clinical his-
tory of these patients has revealed to us, will
not develop clinically significant cancers.
Therefore, active surveillance (AS) was intro-
duced. AS is a regimen of regular PSA checks
and prostate biopsies. The intent of this
approach is to detect the progression of the dis-
ease and discover it in this way at an early stage
where radical treatment could still be an option

for the good results that can be achieved with
this choice. During the period of AS, the patient
will therefore not experience the side effects of
radical treatment and will enjoy a good qual-
ity of life. But regular follow-ups and biopsies
are needed that can equally affect the quality of
life of these subjects. This strategy can induce
important psychological stress for patients, and
it is often difficult for doctors to propose this
management option to young men with long-
term prospects.

For all these reasons and to offer the
patient with localized and low-risk tumor
therapy that is able to destroy the tumor with-
out causing the unwanted side effects of radi-
cal therapies, there is the idea of a so-called
focal therapy, a concept borrowed from what
is at the base of minimally invasive thera-
pies widely accepted in the therapy of local
tumors in many other organs. The challenge
of focal therapy is therefore to treat only the
localized tumors (indexed lesion relevant
in mp-MRI with a PIRADS score >4) [64]
sparing the rest of the prostate minimizing
its potential morbidity (Figs. 13.5 and 13.6).
To be effective, focal therapy must be (1)
guided by imaging, possibly MRI (to define
the exact position of the cancer area and real-
time treatment monitoring); (2) able to target
only the desired area (dosimetric planning);
and (3) followed by the surveillance of the
untreated areas.

13.2.3 Focal Treatment

Focal treatments have been developed as treat-
ment options with reduced side effects in case
of low-volume localized disease. Several focal
treatment techniques with different energy
sources have been developed. None of the tech-
niques has been proven to have sufficient efficacy
to be a standard treatment according to the guide-
lines [58]. However, high-intensity focused US
(HIFU), cryotherapy, and focal photodynamic
therapy are techniques with sufficient data for
an initial judgement [58]. Other techniques as
irreversible electroporation, radiofrequency abla-
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Fig. 13.5 3 T MR images before percutaneous transperi-
neal laser ablation in a 76-year-old man with histopatho-
logically proved prostate cancer (GS 3 + 4). Tumor is
located in left peripheral para-basal zone (triangular). (a)

Fig. 13.6 3 T MR images at 1-month follow-up. (a)
Axial dynamic contrast-enhanced MR image (TR/TE,
36/1.41; FA 14°; temporal resolution, 3.5 s) demonstrates

tion, and laser ablation are in earlier development
stages. All techniques have in common that they
aim to provide equal oncological outcomes with
reduced side effects and improved functional out-
comes when compared to standard radical thera-
pies [58, 65].

Axial dynamic contrast-enhanced MR image (36/1.41; FA
14°; temporal resolution, 3.5 s). (b) Axial T2-weighted
(TR/TE, 5660/104 ms; FA 160°)

no enhancement in the treated area. (b) Axial T2-weighted
MR image (TR/TE, 5660/104; FA 160°) ablation cavity

13.2.4 Historical Notes

The first feasibility study was performed on a
canine model with a Nd:YAG laser (1064 nm).
The author documented an area of well-
demarcated coagulative necrosis around the laser
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fiber that was replaced by a necrotic cavity within
a few days due to an enzymatic denaturing pro-
cess of the tissue [66]. The first clinical applica-
tion of focal laser ablation (FLA) was performed
by Amin for local recurrence of a prostatic carci-
noma after external radiotherapy. The procedure
was performed under intravenous sedation with
805 nm diode laser. The approach was performed
transperineally using 18-gauge needles under US
guidance and subsequent CT scan control. The
cooling of the bladder and urethra was performed
using a continuous perfusion saline solution with
triple-lumen urinary catheter. The procedure
was well tolerated by the patient with hospital
discharge 24 h after treatment. A nonenhancing
zone corresponding to the ablated area was vis-
ible in the 10-day CT scan. The 3-month biopsy
control confirmed the presence of coagulation
necrosis in the treated area and tumor cells in
the untreated area. A second laser treatment was
performed without particular side effects [67].
At that time, the development of the technique
was limited by the accuracy to localize the tumor
areas in the preoperative evaluation, computer
dosimetric planning, and follow-up images.

Numerous preclinical studies followed on
canine and rat models in vivo and ex vivo with
laser sources with variable wavelengths from 830
to 980 nm and using different powers and expo-
sure times [68—72]. They all used magnetic reso-
nance imaging to position the fibers in prostate
tissue with sufficient accuracy and to assess the
extent of necrosis in times varying at 1, 4, 48,
and 72 h after treatment. The various studies have
verified the correlation rate between planning
and histopathologic findings. Thus, a significant
difference between the volume of visible necrosis
after 1 h and 48 h after FLA could be verified
in MRI. The data is explained by the existence
of noncoagulated degenerative zone surrounding
the coagulative necrosis zone in the acute phase,
which develops coagulative necrosis after 48 h.
Histopathologic findings were in agreement with
cellular damage planning.

Thermometric MR studies described in a
phantom prostate have enabled the implementa-
tion of FLA under ultrasound, CT, or MRI. The
MR thermometry was validated with this model

by temperature measure correlation obtained by
fluoroptic thermometry [73]. Studies on cadaveric
model with MRI thermometry and damage plan-
ning have allowed to conclude that MRI real-time
thermometry and transperineal fiber guidance
through a template are technically feasible [74].

The macroscopic appearance of the FLA coag-
ulation areas corresponds to well-demarcated
foci of necrosis surrounded by a small ring of
hemorrhage with nonviable glandular tissue after
vital staining based on immunoreactivity with
cytokeratin [72, 75].

13.2.5 Focal Laser Ablation (FLA)

Focal laser ablation has been investigated with
two devices and setups. The Indigo laser sys-
tem has been developed for treatment of benign
prostatic obstruction [76]. Several studies have
used the system with a transperineal approach
for treatment of PCa [77-80]. Some authors
positioned the fiber under 3D MRI reconstruc-
tion using a transperineal approach and used the
transrectal CEUS immediately after the FLA
procedure and treated the vascularized vital
residual tissue with another session by placing
another fiber [79]. More recently, the system with
17-gauge cooled devices has been used in phase
1 and 2 PCa treatment studies [81, 82]. This sys-
tem can be applied in-bore with MRI guidance,
as it has initially been developed for treatment
of brain tumors and works with a wavelength of
980 nm. Therefore, the first PCa studies with the
abovementioned system applied FLA in-bore.
As the procedure is time consuming, out-of-bore
application with MRI-ultrasound fusion has also
been investigated [83]. Advantages of FLA focus
on localized treatment with reduced side effects
as important structures are undamaged [84]. The
aim is to spare nearby structures as neurovascu-
lar bundles, preserving continence and erectile
function. Furthermore, studies show that RP
performed after FLA was not more difficult to
perform [81]. Thus, radical treatment options are
still possible after FLA.

PCa is localized in the peripheral zone,
close to the rectum. When FLA is applied and
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it would extend outside the prostate, the rectal
wall could be damaged. Therefore, temperature
of vital structures is measured in-bore with MRI
sequences or with temperature probes to prevent
them from damage [84, 85]. Furthermore, target-
ing the tumor is a challenge in itself. The system
mentioned above uses in-bore tumor localization
[85]. The process of correct localization can be
time consuming and thus results in a long in-bore
time of 2.5-4 h with 4.3 min of treatment time
[85]. This makes in-bore treatment expensive, as
MRI is an expensive technique. Therefore, the
option of MRI-ultrasound fusion has been inves-
tigated [78, 83]. This would reduce the costs and
improve the ease of application as materials can
contain metal (see Appendix).

Also, PCa is visible as a round lesion on MRI
most of the time. As FLA produces round lesions
this would be ideal. However, studies show that
there is still PCa present in follow-up biopsies
after treatment [78, 82]. A study that compared
MRI imaging and histopathology showed an
underestimation of the tumor volume [86]. An
ablation volume with a margin of 9 mm around
the MRI lesion would achieve complete tumor
destruction in their computer-simulated treat-
ment model. In addition, it is suggested that PCa
grows in a more dendritic pattern. This could
possibly explain the number of positive biopsies
at the border of the treatment area in follow-
up [84]. In addition to this, a study that per-
formed partial tumor ablation with FLA showed
increased mitotic activity (tumor activity) in the
border of the ablation zone [81]. This confirms
the need for radical tumor ablation. Combining
these outcomes, ablation volume increase is
needed, shifting towards hemi-ablation [82, 84].
However, the system has only one fiber with the
need for fiber replacement to create a larger abla-
tion zone and subsequent longer treatment time
(see Appendix).

The EchoLaser system allows the neoplas-
tic tissue to be treated simultaneously with four
fibers. This increases the treatment area and allows
a more extended treatment area. Furthermore, the
laser source settings can be changed per fiber.
This makes it possible to model the ablation zone
in relation to the site, the shape, and the volume

of the lesion. The system uses a 1064 nm wave-
length while all recent studies used laser sources
with a 980 nm wavelength. Therefore, the first
step is the assessment of complete cell death in
the ablation zone of a single fiber and in multi-
fiber configurations. Actually ongoing trials are
based on three-step protocol. First diagnostic step
is based on the use of 3 T multiparametric MRI
in order to identify the presence and extension of
the index lesion that is biopsied in-bore by using
a CAD system. Grade group I and II focal lesion,
localized >1 cm from urethra and bladder neck,
undergoes laser ablation with single or double
illumination, as reported in the BPH laser abla-
tion protocol. mp-MRI follow-up is at 1, 3, 6, and
12-24 months.

Appendix: Pre- and Postoperative
Imaging Diagnostic Techniques

Multiparametric Magnetic Resonance
Imaging for Prostate Cancer

Magnetic resonance imaging (MRI) is a scan-
ning method that makes use of a strong mag-
netic field, radio waves, and dedicated computer
software to show detailed images of organs and
tissues in the body. The employment of differ-
ent pulse sequences, or parameters, during the
MRI examination helps in highlighting specific
differences between healthy and unhealthy tis-
sue. When two or more parameters are used, it
goes under the name of multiparametric MRI
(mpMRI).

Prostate multiparametric MRI documents
gland anatomy and any pathologic process
within and around it. Four parameters are
routinely used in prostate cancer detection,
each highlighting different tissue features.
T2-weighted sequence (T2 MRI) yields a mul-
tiplanar (3D) map of prostate zone anatomy; a
suspicious-looking area is referred to as a region
of interest (ROI). Diffusion-weighted imaging
(DWI MRI) shows movement of water mol-
ecules within a given tissue; cancer cells restrict
the motion more than normal cells do, which
shows up in DWI MRIL
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Dynamic contrast-enhanced imaging (DCE
MRI) reveals pathologic blood flow. Prostate can-
cer develops its own blood vessels, which look
abnormal. When injected, the contrast agent is
quickly taken up by those aberrant vessels, then
washes out, and is later excreted in urine. As well,
the pace of the uptake/washout yields additional
information about the nature of the neoplasm.

Spectroscopy (MRI-S) may be added as a
fourth parameter. When prostate cancer is pres-
ent, its survival is maintained through certain
chemical processes (metabolism) that are distinct
from normal cell metabolism. MRI-S gives meta-
bolic information useful in confirming prostate
cancer [87, 88].

Multiparametric MRI of the prostate is the imag-
ing of choice for men with rising or abnormally
high PSA, a previous negative biopsy with recent
increase in prostate-specific antigen (PSA) levels,
or the presence of additional findings warranting its
use in non-biopsied patients. This exam is also used
as active surveillance in patients with proven cancer
that do not require therapy at the time.

Prostate mpMRI can rule in or out a biopsy
in people already treated for cancer, as mpMRI
can confirm therapy success and monitor for
disease recurrence outside the treatment area.
Malignancy risk assessment of a prostatic lesion
detected with magnetic resonance imaging is
made using an image-based risk reporting sys-
tem called Prostate Imaging Reporting and Data
System (PI-RADS™v.2) (American college of
radiology. MR prostate imaging reporting and
data system version 2.0 [internet] Available from:
Http://www.Acr.Org/quality-safety/resources/
pirads/ [cited 2015 jun 16]). PIRADS v.2 allows
for data obtained from the aforementioned MRI
parameters to be collected jointly in a unique
score; after all imaging sequences are evaluated
and a score is given for each, those are combined
resulting in a final outcome between 1 and 5 for
the suspected lesion.

Prostate Biopsy Techniques

Currently, there are three different MRI-guided
biopsy techniques available: MRI-ultrasound

fusion, MRI-MRI fusion (“in-bore” biopsy), and
cognitive fusion.

The MRI-US fusion biopsy enables the
operator to merge the images obtained from the
prostatic mpMRI where the index lesion was
identified, performed beforehand, and then stored
on the device, with real-time US imaging by
means of a special 3D software. As the US probe
is advanced via a transrectal approach, the fusion
software shifts the MRI image accordingly, guid-
ing needle positioning; this allows for better
visualization of the lesion and higher procedural
accuracy, as many trials have shown [89, 90].
Additionally, needle location in the 3D space can
be tracked and recorded for future reference. As
a new application of the technique, the MRI-US
fusion may gain interest as a guidance tool for
selective focal ablation of prostate cancer.

In MRI-MRI fusion (“in-bore” biopsy) the
procedure is performed directly in the MRI suite
as real-time imaging is obtained during biopsy
execution.

The cognitive fusion is an easy-to-use tech-
nique simply based on the review, by the biopsy
operator, of a previously acquired MRI to
help guiding needle positioning under TRUS
guidance.

Overall, high-resolution mpMRI of the pros-
tate safely provides all the information needed in
order to take the best next step decision in the
setting of a neoplastic lesion. Furthermore, it is
used to guide precision focal treatments such as
focal laser ablation [91].
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and Claudio Maurizio Pacella

14.1 Neuroendocrine Neoplasms

Neuroendocrine neoplasms (NEN) encompass a
heterogeneous group of tumors that arise from
neuroendocrine cells. Neuroendocrine cells are
distributed widely throughout the body, and have
neurologic and endocrine properties with poten-
tial ability to be hormonally active [1-3]. The
neuroendocrine system includes neuroendocrine
glands such as the pituitary, parathyroids and
adrenal glands, endocrine islet tissue incorpo-
rated in glandular tissue of thyroid and pancreas,
and scattered cells in digestive, respiratory, and
genitourinary systems, as well as in the breast
skin and central nervous system [4]. NEN include
both functioning tumors, which may secrete dif-
ferent peptide hormones (i.e., serotonin, insulin,
gastrin, glucagon, and vasoactive intestinal pep-
tide), and nonfunctioning tumors, which are often
identified at more advanced stages. From a histo-
logic and prognostic perspective, NEN are usu-
ally divided into low-grade indolent tumors and
high-grade aggressive carcinomas [5]. However,
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some histologically low-grade tumors may have
aggressive behavior [6].

The bodywide distribution and the hetero-
geneous behavior of these tumors justify the
complexity and confounding classification and
nomenclature of NEN, and to date there is no one
single system of nomenclature. In brief, gastroen-
teropancreatic tumors are the most frequent NEN
(GEP NEN) and are defined as neuroendocrine
tumors (NET) when they are well differentiated,
and as neuroendocrine carcinomas if poorly dif-
ferentiated. Among the non-GEP NEN, lungs are
the most common primary site and four types of
tumors are defined on the basis of their aggres-
siveness: typical carcinoid, atypical carcinoid,
large cell neuroendocrine carcinoma, and small
cell lung cancer [4].

NEN account for about 0.5% of all newly
diagnosed malignancies [7]. The incidence has
increased over the last decades and to date is
approximately 5.86/100000 per year [7]. The
most frequent primary sites are gastrointestinal
tract (62-67%) and lungs (22-27%), whereas
NEN from pancreas are rare with an incidence
of less than 1/100000 per year. NEN of unknown
origin are relatively uncommon accounting for
10-14% of all NEN [5]. 15 to 20% of NEN are
part of inherited genetic syndromes including
multiple endocrine neoplasia type 1 and type 2
syndrome, von Hippel-Lindau syndrome, tuber-
ous sclerosis complex, and neurofibromatosis
type 1 [7]. The histologic grade does not always
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correlate with clinical behavior [8], and the
mitotic count and the Ki-67 index are worldwide
considered the most useful tools for prognostic
and treatment purposes [9]. 12 to 22% of patients
with NEN are metastatic at presentation [7], and
the liver is the most frequent site of spreading,
followed by lungs and bones [10]. Furthermore,
40% of patients will develop liver metastases
(LM) during the course of their disease [11], and
LM have a major impact on survival with 5-year
survival rates ranging from 24 to 40% [11-14].

14.2 Treatment Strategies

Treatment options depend on several factors
such as type of NEN, disease burden, patient’s
preferences and overall health, symptoms, and
possible side effects. The heterogeneity and com-
plexity of NEN make imperative a multidisci-
plinary approach including medical and radiation
oncologists, surgeon, pathologist, endocrinolo-
gist, interventional radiologist, and gastroenter-
ologist and pulmonologist when necessary. The
goal of primary treatment should be curative, and
surgical removal of primary tumor represents
the gold standard. However, LM are frequently
present at initial diagnosis, or occur in the course
of the disease, also in slow-growing tumors
[12]. Systemic treatments often obtain disease
stabilization, but they rarely achieve objective
radiological response [12, 14-16]. Conversely,
an aggressive cytoreduction with liver-directed
approach can positively impact on both survival
and hormonal symptoms control, and is widely
recommended [11, 16-20]. Liver resection is
worldwide considered the best option to treat LM
[11, 13, 16-20], but its feasibility depends on
both tumor characteristics such as size, number,
and location and patient’s characteristics such as
age and health status. Therefore, it can usually
be offered to a limited number of patients [11,
13, 16]. In prior studies, only 9-25% of patients
with LM from NEN underwent hepatic resection
[11, 21, 22]. Moreover, most patients undergoing
liver surgery experience recurrences within two
to 5 years [11, 13, 22], and require further liver-

directed treatments as chemotherapy achieves
poor results in the treatment of LM, in particular
in well-differentiated tumors [10, 16]. However,
other systemic treatments have limited success in
obtaining any significant radiological objective
response, but they can achieve good symptoms
control and, importantly, disease stabilization
[10, 16, 18, 19]. They include somatostatin ana-
logues (octreotide and lanreotide), low-dose
interferon, peptide receptor radionuclide therapy,
and a number of novel targeted agents such as
everolimus, an inhibitor of the mammalian target
of rapamycin (mTOR, a serine/threonine kinase
that plays a crucial role in mediating cell growth),
and sunitinib, a tyrosine kinase inhibitor directed
against the vascular endothelial growth factor.

In the setting of not infrequently indolent
disease progression, or disease stabilized by
the above-mentioned systemic treatments, for
patients who are not surgical candidates, or have
recurrences after surgery, or have multifocal
disease requiring a multimodality liver-directed
approach, catheter-based treatments like trans-
arterial embolization and chemoembolization,
image-guided thermal ablation, and selective
internal radiation therapy with yttrium-90 micro-
spheres can be used as a primary approach or as
an adjunct to liver resection, in order to obtain
complete symptoms control and tumor debulking
[11-16]. In the past years, liver debulking inter-
ventions were recommended only for patients
in whom at least 90% of tumor burden could be
removed [23, 24], with 5-year survival rates in
excess of 60% [23-25]. However, just fewer than
20% of patients were estimated to be eligible for
such an aggressive cytoreduction [17]. Recently,
eligibility criteria have been expanded to a 70%
debulking threshold, and this approach has been
reported to significantly increase the number
of eligible patients, while still achieving com-
parable survival rates [26-28]. Some authors
obtained good results adopting a very aggressive
and multimodality approach in well-selected
patients. In this regard, Gomez et al. reported a
5-year survival rate of 86% in 18 patients with
multiple (up to 13) bilobar LM [29], and Elias
et al. reported a 3-year survival rate of 84% in 16
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patients with a median of 23 LM per patient who
were treated with surgical resection combined
with intraoperative radiofrequency ablation, in
some cases preceded by preoperative selective
portal vein embolization; approximately 60%
of the LM were surgically excised, and 40%
underwent intraoperative radiofrequency abla-
tion [13].

Although surgical resection is still considered
the aggressive approach of choice, locoregional
liver-directed therapies are gaining increasing
importance. Indeed, the percentage of patients
undergoing liver surgery remains low, and does
not exceed 25% even with the above-men-
tioned expanded eligibility criteria [11, 26-28].
Moreover, extended resections involving mul-
tiple and bilobar LM have to be weighed against
the associated morbidity and mortality rates that
can be as high as 30% and 1-2%, respectively
[11, 16]. Furthermore, 5-year recurrence rates
range from 80 to 95% [11, 17, 22, 25] with a
median time to recurrence of 21 months [25],
requiring repeated treatments. It follows that
the achievement of an extended debulking must
be balanced with the need of sparing the nor-
mal liver parenchyma, as much as possible, to
reduce the number of patients who ultimately die
of liver failure [11, 17]. In this regard, ablation
procedures represent an interesting option when
evaluating patients with multiple LM, either as
a primary approach or as an adjunct to surgical
resection, allowing for both sparing liver paren-
chyma more than all other liver-directed thera-
pies and repeated treatments [11, 14, 16, 17].
Even though there are no randomized trials com-
paring thermal ablation with other treatments in
patients with LM from NEN, the available data
about its efficacy are encouraging. For tumors up
to 4 cm in diameter and less than seven to eight
in number, 5-year overall survival rates from 54
to 84% have been reported for thermal ablation
used alone or in combination with other surgical
or nonsurgical treatments [11, 16, 30-33].

Ablation techniques deliver thermal energy,
either cooling (cryoablation) or heating the tis-
sues. Radiofrequency ablation (RFA), micro-
wave ablation (MWA), and laser ablation

enable to raise the tissue temperature up to
100 °C, producing coagulative necrosis. RFA
has largely become the dominant and most
experienced ablation modality, and is exten-
sively used worldwide to ablate both primary
and metastatic liver tumors, including LM from
NEN [13, 14, 30-39]. MWA systems are gain-
ing increasing interest for the treatment of liver
tumors, as they can obtain larger ablation areas
and are not affected by the heat sink effect,
desiccation, or charring [40-42]. However,
the experience with MWA in the treatment of
LM from NET is still limited to case reports or
very small series [43, 44]. Until last year, laser
ablation had also been used quite sporadically
in patients with LM from NEN, but thanks to
some technical characteristics, it could repre-
sent a valid alternative to RFA.

14.3 Laser Ablation

Laser ablation utilizes laser devices that convert
electrical energy into light energy, which deter-
mines tissue heating and cellular death by coagu-
lative necrosis. Neodymium: Yttrium aluminum
garnet (Nd:YAG, wavelength of 1064 nm) and
diode (wavelength of 800-980 nm, or 1064 nm)
lasers are most commonly used, as penetration
of light is optimal in the near infrared spectrum.
Laser diodes are replacing the Nd:YAG laser
because they are more compact and portable
(weighing less than 10 kg), less expensive, and
have a tissue penetration compared to Nd: YAG.
Light is delivered via flexible bare-tip fibers
with a diameter from 300- to 600-pm. The opti-
cal and thermal characteristics of the tissue, as
well as the proximity of blood vessels, determine
the thermal diffusion of the light energy and
define the ablation area. The multifiber technique
proposed by Pacella [45] and improved by Di
Costanzo [46] uses 300-um bare-tip fibers that
are introduced into the tumor through 21-gauge
needles. The diameter of the needles is con-
siderably thinner than that of RFA electrodes
or MWA antennas, and for this reason, some
authors proposed laser ablation as the technique
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of choice to ablate lesions in at-risk location or
in locations that are difficult to reach [47, 48].
Moreover, each bare-tip fiber provides an almost
spherical thermal lesion of 12—-15 mm in diam-
eter, and a beam-splitting device or a multisource
device allow the use of up to four fibers at once,
simultaneously delivering light into each single
fiber [49, 50]. By also using, when necessary, the
pullback technique [45, 46], these devices enable
to achieve ablation areas from 1 to 4-5 cm in
diameter, and consequently to treat tumors rang-
ing from 5 mm to 3 cm in diameter obtaining an
acceptable safety margin. LM from NEN are fre-
quently multiple and variable in size and often
require multiple repeated treatments because,
as mentioned above, recurrence rates are very
high, making the need of sparing the normal liver
parenchyma mandatory. In this setting, the possi-
bility of placing from one to four laser fibers into
the tumor makes laser ablation a very flexible
technique that enables to tailor the size of each
thermal lesion to the size of each nodule, allow-
ing for multiple and repeated treatments over
time. In a recent case report, a total of 28 LM
from insulin-secreting neuroendocrine tumor of
the pancreas underwent successful laser ablation
over a period of 3 years; the patient was still alive
and disease-free 82 months after the first laser
ablation session, and tumoral hormonal secretion
was normalized [49].

In a fairly recent preliminary experience
from Tombesi et al. [50], 13 patients with a
total of 133 LM from NEN (median 7, mean
10.2 = 7.7, range 3-28) underwent laser abla-
tion in 28 sessions (range 1-5). The diameter
of the lesions ranged from 5 to 35 mm, and one
to four laser fibers were used according to the
tumor size. The outcomes of the treatment were
defined according to the recommendations of
the International Working Group on the Image-
guided Tumor Ablation [51], and complications
were classified according to the Cardiovascular
and Interventional Society of Europe classifi-
cation system for complications reporting [52].
Technical success was obtained in all the proce-
dures; contrast-enhanced computed tomography,

was performed 1 month after laser ablation, and
complete ablation of all the 133 LM was docu-
mented, with a technical efficacy of 100%. No
procedure-related death occurred, and just one
grade 4 complication was observed (0.75%): a
bowel perforation that was successfully man-
aged by surgery. Six-month local recurrence was
observed in 7/133 LM, with a primary efficacy
rate of 94.7%. All local recurrences were suc-
cessfully retreated by further laser ablation ses-
sions, with a secondary efficacy rate of 100%.
After a median follow-up period of 36 months
(range 15-54 months), four patients died because
of distant hepatic progression or extrahepatic
progression, four patients died for causes other
than their NEN, three patients were alive and
disease-free, and two patients were alive with
hepatic distant recurrences [50, 53]. These quite
promising preliminary results led the authors
to suggest that laser ablation could become not
only a valid alternative to RFA, but also the abla-
tive technique of choice for patients with mul-
tiple small LM from NEN who are not eligible
for surgical resection. Indeed, to date this ret-
rospective study represents the largest series of
LM treated with laser ablation, and among the
vast literature on RFA of LM from NEN, just
three studies involved larger series of LM, with
similar or even worse results [14, 32, 37].
Furthermore, in a recent pilot study Pacella
et al. [54] reported promising results in the treat-
ment of a small series of large LM from NEN
by using laser ablation followed by transarterial
chemoembolization (TACE). Complete response
was obtained in lesions of 6.4 cm and 7 cm in
diameter, and partial response with an estimated
volume of ablated tumor tissue of approxi-
mately 80% was obtained in a lesion of 12 cm
in diameter [54]. Although the number of large
lesions treated in this pilot study is quite low, the
results suggest that laser ablation combined with
catheter-based treatments could be profitably
used to significantly reduce the tumor burden in
the presence of isolated large LM with diameter
also exceeding 5 cm in patients not candidate
to surgical resection. Indeed, other authors pre-
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viously emphasized the role of combined treat-
ment, even though they used TACE as a first
procedure to downsizing the initial tumor burden
as much as possible, and then treated any residual
vital tissue by laser ablation [55].

In both the studies of Tombesi et al. and
Pacella et al., laser ablation was performed by
using the multifiber technique [45, 46]. In brief,
after premedication with short-acting subcuta-
neous octreotide 1 h before the procedure, and
local anesthesia with lignocaine 1% 10 mL and
conscious sedation with intravenous midazolam
and remifentanil, laser fibers were introduced
into the tumor under ultrasonography (US)
guidance through 21-gauge Chiba needles. One
fiber was used for lesions up to 7 mm in diam-
eter (Fig. 14.1), two laser fibers spaced 12 mm
were used for lesions between 7 and 14 mm
(Fig. 14.2), three fibers spaced 12—18 mm apart
for lesions between 15 and 20 mm (Fig. 14.3),
and four fibers spaced 12—18 mm apart arranged
in a square configuration for lesions between
21 and 35 mm (Fig. 14.4); the pullback tech-
nique [45, 46] was used if the anteroposterior
diameter of the nodules exceeded 12 mm. The
laser machine was turned on a fixed power of
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5 W, and 1800 Joules per fiber were simultane-
ously delivered in 6 min; further 1800 J were
delivered if the pullback technique was used.
The completeness of the ablation was assessed
by contrast-enhanced US (CEUS) performed
about 10 min after the end of the procedure.
If no enhancing zone with diameters equal to
or greater than those of the treated tumor was
depicted by CEUS, the treatment was consid-
ered complete. If residual enhancing foci of
tumoral tissue were identified, further one or
two laser fibers were inserted into the viable foci
under CEUS guidance, and further 1800 J per
fiber were delivered to complete the treatment.

Although not all the interventional oncol-
ogy centers routinely perform immediate
post-procedural CEUS, in our opinion its imple-
mentation is highly recommended to minimize
the rate of incomplete ablation with any ablation
technique (RFA, MWA, or laser). In a previous
experience with RFA of primary and metastatic
liver tumors, post-procedural CEUS documented
incomplete ablation in 14.4% of the treated
lesions, allowing for the retreatment of the
residual viable tumoral foci with considerable
improvement of the outcome [56].

CEUS scan of the left liver lobe showing a 14 x 12 mm thermal lesion obtained with one laser fiber
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Fig. 14.3 CEUS scan of the right liver lobe showing a 34 x 20 mm thermal lesion obtained with three laser fibers
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Fig. 14.4 CEUS scan of the right liver lobe showing a 42 x 32 mm thermal lesion obtained with four laser fibers

14.4 Final Considerations

The relative rarity of NEN in the general popu-
lation, their heterogeneity in either histologic
subtype and grade or LM burden, and their
variable behavior with wide range of aggres-
siveness make it nearly impossible to conduct
randomized prospective trials to determine
the optimal treatment of LM [11, 12, 16]. As
a result, the level of evidence of the various
approaches is low, and all current recommenda-
tions are largely based on retrospective studies.
However, there is a large consensus on the fact
that an aggressive cytoreduction can achieve
significant improvement of survival even in
advanced stages of the disease, in particular in

patients with indolent disease progression, or
disease stabilized by systemic therapies. In this
setting, a multimodality approach with liver-
directed treatments is strongly recommended,
and surgery, transarterial embolization and
chemoembolization, selective internal radia-
tion therapy with yttrium-90 microspheres, and
image-guided thermal ablation can be profitably
used sequentially or in combination with each
other, according to tumor and patient character-
istics. Among the ablative techniques, at present
RFA is the most experienced and used modality
to treat LM from NEN, but thanks to its techni-
cal characteristics, it is likely that laser ablation
could become the ablative approach of choice in
the next future.
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15.1 Context

Laser Ablation (LA) technology has proven to be
an important tool in the treatment of focal neo-
plasms. The last two decades have served to
study and understand some of the basic principles
of this technique. Historically, research on abla-
tive therapies has focused on creating larger or
more uniform coagulation areas that are repro-
ducible in the most various clinical situations,
improving device engineering and developing
new applications. Take into account the charac-
teristics of the tissue such as blood perfusion and
thermal and electrical conductivity that are fun-
damental for the proper engineering of the device,
for increasing its performance and optimizing the
delivery of energy. In the case of LA technology,
differences in the optical properties and refrac-
tive index were also taken into due consideration
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for their crucial role in the penetration of light
into different tissues, although research efforts
focused primarily on reducing blood flow to the
tumor through the technique of arterial or portal
embolization [1-3]. Current research seems to be
aimed at developing systems able to reduce expo-
sure times, improve predictive abilities, and
develop combined therapies to further improve
their clinical efficacy. Modern systems use small,
compact, high-power laser diode equipment with
actively cooled applicators to reduce carboniza-
tion during procedures. Moreover, the compati-
bility with MRI, that enables real-time treatment
planning, targeting, monitoring, and evaluation,
has helped expand the number of applications in
which LA can be safely and effectively applied
[4-11]. In addition to advances in imaging and
delivery, such as the incorporation of nanotech-
nologies, next-generation systems incorporate
image-guided LA procedures, hyperthermia
planning tool, systems for real-time temperature
monitoring and thermal dose assessment. Lastly,
most of the novel perspectives related to the
employment of laser for tumor treatment rely on
nanotechnology. Several research groups all over
the world are investigating and optimizing the
potentialities of nanoparticles as a contrast agent
and to enhance the absorption of laser light into
the tumor.

145


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-21748-8_15&domain=pdf
mailto:paola.saccomandi@polimi.it

146

P. Saccomandi et al.

15.2 Nanoparticle-Enhanced LA
for Tumor Treatment

The preferential heating of tumors over the sur-
rounding healthy tissue can be strengthened
through light-absorbing nanomaterials.
Nanoparticles are nanoscale agents (size ranging
from 1 to 100 nm) broadly used in medical field,
for drug delivery, imaging contrast, therapy,
chemical sensing, and other applications [12].
Several materials are available to synthetize
nanoparticles for biomedical uses, as carbon
nanotubes, gold nanospheres and nanorods, cad-
mium selenide quantum dots, and iron oxide,
among others. The biodistribution, the potential
toxicity, and the clearance are still the main con-
cerns for the use of nanoparticles in the clinical
routine, and worldwide research is under devel-
opment to answer these questions [13].

An important branch of this field is related to
the use of nanoparticles to enhance the absorp-
tion of laser light by the tissue. The absorption
peak of the nanoparticles can be customized by
tuning their shape and size, and this feature is
particularly relevant in case of gold nanoparticles
(GNRs), due to a physical phenomenon known as
plasmon surface resonance. They have gained
attention due to the intrinsic biocompatibility of
the gold, the easy functionalization with other
materials (e.g., polyethylene glycol, PEG, to
increase blood circulation duration, specific
molecular groups for targeting), and the possibil-
ity to change the absorption peak within a large
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Fig. 15.1 Graphical representation of nanoparticle-
mediated LA for tumor treatment. When shined with a
laser wavelength which is less absorbed by the tissue, the

spectral range. GNRs available today have
absorption peaks ranging in a large portion of the
spectrum, including the wavelengths from 520 to
900 nm [14], i.e., the so-called therapeutic win-
dow, and suitable for synergy with laser treat-
ment. For instance, gold nanoshells with external
diameters of 50-100 nm and gold shell thick-
nesses of 4-8 nm exhibit strong absorption and
low scattering around 800 nm. When shined with
a laser wavelength which is low absorbed by the
tissue, the nanoparticles induce a strong tempera-
ture increase where they are deposited, taking
advantage from the bigger absorption coefficient
over the normal biological tissue (Fig. 15.1).
Gold nanoshells and nanorods are deeply studied
because the plasmon surface resonance, and
hence their absorption coefficient, can be easily
tuned by modifying the core shell diameter over
the total diameter in case of nanoshells, and the
aspect ratio in case of nanorods. For instance, the
absorption coefficient of nanorods can be up to
200 times higher than the one of a normal tissue.
When a certain volume (usually <0.01% of vol-
ume fraction) of GNRs is administrated into the
tumor, the global absorption in the tumor is the
function of the absorption characteristic of both
the nanomaterials and the tissue. PEGylated
nanoparticles are preferentially accumulated into
tumor tissues due to the enhanced permeability
and retention effect, because the blood vessels of
tumors are more leaky, so macromolecules can
easily evacuate and get deposited into the tumor
cells [14, 15]. A strong research is active in the
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nanoparticles induce a strong temperature increase where
they are deposited, taking advantage from the bigger
absorption coefficient over the normal biological tissue
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field of functionalization of the gold nanorods.
The coating can, indeed, influence the uptake
from the tumoral cells, or from the carriers.

The first application of GNR-mediated laser
therapy dates back to 2003, when Hirsch and col-
leagues proposed the use of nanoshells to treat
human breast epithelial carcinoma SK-BR-3
cells in mice models, and a 808 nm external laser
source was used to irradiate the tumor [16]. The
in vivo studies revealed that exposure to low
doses of laser light in solid tumors treated with
GNRs reached temperature increase of about
40 °C, capable of inducing irreversible tissue
damage in less than 10 min; on the other hand,
controls treated without GNRs demonstrated sig-
nificantly lower temperatures on exposure to
laser light (AT < 10 °C).

Numerous studies regarding the nanoparticle-
mediated LA of solid tumors were performed
from 2003 till today in this subject, and most of
them in in vitro and in vivo settings, within the
following kind of tumors: breast [17-19], oral
cancer [20], and pancreatic cancer [21, 22],
among others. Most of the tests are performed
with contactless 808 nm laser source.

A first attempt to bring the mentioned technol-
ogy on the clinical phase was carried out by
Nanospectra Biosciences company, which used
PEGylated silica-cored gold nanoshells for the
treatment of head and neck, prostate, and lung
cancer [23] in the United States. Patients are
given a systemic intravenous infusion of nanopar-
ticles and a subsequent escalating dose of near-
infrared laser light delivered by optical fiber.

Considering also the need of improving the
guidance of the laser therapy, a strong research is
active to develop nanoparticles which are visible
and quantifiable by diagnostic imaging systems
like MRI and computed tomography.

15.3 LA for Tumor Treatment
Guided by Temperature
Feedback

The irreversible damage of biological tissues dur-
ing LA is caused by elevated temperature. This
damage depends on both temperature value

reached within the tissue and exposure time to
this hyperthermia. Mathematical models, such as
Arrhenius analysis and cumulative equivalent
minutes at 43 °C (CEM43) model, provide a rela-
tionship between the two mentioned parameters
and the cell death [8, 24]. For this reason, the
knowledge of temperature trend during the ongo-
ing LA may be useful to help the physician in the
optimization of laser settings to remove the whole
amount of the tumor while sparing the healthy
structures. Since the 1970s, the accurate tempera-
ture monitoring has been considered essential in
all thermal treatments [25-27].

Two approaches for temperature monitoring
are mostly used during LA procedures: contact-
less methods, relying on the use of diagnostic
imaging, and contact ones, based on the use of
physical sensors. Among the image-based tech-
niques, there are MRI, CT, ultrasound, and,
recently, elastography. Thermometry based on
MRI has been assessed on phantom, ex vivo, pre-
clinical, and clinical studies [28-31]. This tech-
nique is based on the dependence of a number of
magnetic resonance parameters on temperature.
The proton density, the proton resonance fre-
quency (PRF), and the relaxation times T1 and T2
have been largely investigated [28, 32, 33].
Among them, the PRF shift of water was particu-
larly appreciated in clinical practice thanks to the
linear sensitivity over a wide temperature range
suitable for LA purposes (until 100 °C). Valuable
features of MR thermometry are related to its
noninvasiveness, and the possibility to provide a
three-dimensional temperature map with good
spatial and temporal resolution [29]; on the other
hand it requires the use of MR-compatible sys-
tems, in addition bespoke sequences for improv-
ing sensitivity and temporal and spatial resolution
may be used. Examples of clinical tools based on
MR thermometry and approved for intracranial
soft-tissue ablation are the Monteris NeuroBlate
system (Monteris Medical, Plymouth, MN) and
the Medtronic Visualase system (Medtronic Inc.,
Minneapolis, MN). The NeuroBlate system uses a
1064 nm diode laser, whereas the Visualase sys-
tem relies on a 980 nm diode laser. They are mini-
mally invasive LA systems, which provide
multiple images and the ability to superimpose
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MR thermometry and thermal damage estimate
maps. The placement of the needle and the surgi-
cal approach is performed with stereotactic plan-
ning software [34].

Thermometry based on CT images was also
proposed to guide thermal treatments [35-37]. In
the same way as MRI-based thermometry, CT
images allow estimating temperature due to the
dependence of physical parameters which influ-
ence the formation of the image. The Compton
scattering phenomenon and the dependence of
the X-ray attenuation coefficient to temperature
is the basis of the CT thermometry [38—41]. This
technique has not still been investigated on
humans, but only on phantoms, and on both
ex vivo and in vivo animal models [37, 40, 42,
43]. The main advantage of CT thermometry is
the optimal contrast and spatial resolution useful
for both the guidance and the monitoring of the
ablation treatment. Its image quality is superior if
compared to MRI. The main drawbacks of this
technique are related to the X-ray dose provided
to the patient, the potential concerns related to
image artifact due to the presence of metallic
parts (which totally confuses the image and
impairs CT-based thermometry), and/or move-
ments due to patient respiration.

Ultrasound thermometry is based on the tem-
perature dependence of acoustic properties of
biological tissue [44, 45]. As for the MRI, several
ultrasound parameters exhibit a dependence with
tissue temperature. For instance, changes in
sound speed and thermal expansion with temper-
ature cause echo shifts in the backscattered sig-
nal. Other ultrasound temperature estimation
methods are based on texture features of B-mode
ultrasound images, ultrasound contrast agents,
tissue shear modulus, and others. Most of the
existing ultrasound thermometry methods are
applied only within the temperature range of con-
ventional hyperthermia (43-45 °C). When the
temperatures are above the mentioned range, the
monitoring can become problematic even though
the boundaries and size of ablation regions may
still be visualized [46].

Recently, the shear-wave elastography tech-
nique emerged as a novel tool for real-time and
noninvasive monitoring tool for the thermal

state of the tissue [47]. This method, applicable
with both ultrasound and MRI and known as
“virtual palpation,” is useful in the diagnosis of
some pathologies, where mechanical properties
(in particular, elasticity) strongly vary depend-
ing on the tissue state. Since a thermal lesion is
characterized by higher stiffness with respect to
normal tissue, elastography can be an effective
tool for the monitoring of thermal effects due to
ablation, because of the change of tissue
stiffness.

Physical sensors are also known for measur-
ing temperature in this application. They differ
from the image-based techniques, because con-
tact between the sensitive element and the tissue
is required. Thermocouples consist on metal-
lic wires, quite common also in several fields.
They are accurate and affordable; indeed, they
are used also to control some commercial abla-
tion systems (RF, MWA). In some advanced
models, the clinician can set a temperature
threshold, and the energy delivery is adjusted in
order to maintain that value for the desired time.
Regarding the temperature monitoring during
LA, thermocouples are not the best choice. In
fact, the self-heating due to the direct absorption
of the laser light can entail measurement error
higher than 10 °C close to the fiber applicator tip
[48]. Another important group of sensors to be
employed for LA monitoring is constituted by
fiber optic-based sensors like fluoroptic sensors
and fiber Bragg gratings. They rely on the change
of light reflected due to temperature change, are
immune from electromagnetic interferences, and
can be used during MR guidance of the treat-
ment. In particular, fiber Bragg gratings are
interesting because several sensitive elements
can be placed inside one single fiber, hence
allowing multipoint temperature measurement
[49, 50] with a minimally invasive approach, and
in the range of temperature of interest for LA. It
is worth highlighting that fiber Bragg gratings
are biocompatible, immune from electromag-
netic interferences, flexible, and hold the possi-
bility to have long fiber cables to transport the
light signal from the measurement site to the
processing site. They can be easily embedded
inside needles to be inserted inside the ablation
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target [51], and, in some prototypes, also inte-
grated with the ablation fiber.

15.4 Hyperthermal Treatment
Planning (HTP) Tools

Hyperthermal treatment planning (HTP) tools aim
at improving the quality of the treatment by means
of the definition of the optimal settings [52]. HTP
is a computer-aided technology which simulates
the interaction between the energy delivered by the
laser treatment and the biological tissue.
Consequently, HTP can predict the induced tissue
temperature distribution, and thus the amount of
damaged tissue. The computation can be divided
into three main steps: [1] the first step is the genera-
tion of the patient model, based on the preoperative
images of the patient. This phase is crucial because
the geometry and characteristics of the tissue
strongly influence the interaction between the tis-
sue and the laser light [2]. The second step focuses
on the calculation of the amount of power absorbed
by the tissue. The laser light distribution within the
tissue is usually calculated using the Monte Carlo
simulation and requires information regarding the
tissue optical properties at the laser wavelength of
choice and the emission modality of the applicator
[3]. The third step provides the tissue temperature
distribution resulted from the tissue-laser light
interaction. This step is crucial because an accurate
prediction of temperature distribution inside the
target organ can improve the treatment outcomes.
The importance of HTP tools in current clinical use
is confirmed by the decision of the European
Society for Hyperthermic Oncology to include
HTP in their quality assurance guidelines for deep
hyperthermia [53] and by the recent development
of several commercial treatment planning pack-
ages (e.g., the Sigma-Hyperplan system, Alba
HTPS, VEDO, and Semcad X) [54].

15.5 Conclusions

Basic, applied, and translational research for
improving the outcome of the LA witnesses the
role of this ablative modality in the clinical pan-

orama. In response to clinical needs, the most
promising emerging solutions aim at controlling
with high accuracy the amount of damaged tissue
achieved by LA and at obtaining a more selective
tumor treatment that does not injure the healthy
tissue and the anatomical structures surrounding
the target. Recent efforts are devoted to the devel-
opment of HTP tools which aid in planning the
treatment, to the improvement of new solutions
for real-time thermometry, and to the use of
tumor-targeted nanoparticles. Some of these
solutions are already in use in some advanced
clinical centers, whereas the nanoparticles are
still a lively research field. Some of these parts
are already partially integrated, like computa-
tional models and image-based thermometry. The
further development of the single solutions will
lead to more complex systems able, for instance,
to calculate also the amount of nanoparticles to
be injected in the tumor, and to give a prediction
of the treatment outcome in the postoperative
follow-up.
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16.1 Context

Since the last decade of the past century to our
days we have witnessed an impetuous flourishing
of clinical applications supported by so-called
minimally invasive therapies (MIT). These can
be thermal and nonthermal. While the latter use
chemical agents to kill cells, the former use heat
or cold to achieve the same result. Among the
thermal ones, using heat as a means of ablation,
the technique based on laser light appears fast,
precise, and relatively tissue insensitive. The
laser ablation technique is currently less wide-
spread than the others probably because while
generators are widely available around the world
for numerous other clinical procedures [1, 2],
applicators for percutaneous ablation are not as
common as RF electrodes or MW antennas [3].
With the same results, the laser option appears
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more manageable and more versatile than the
others and in some specific fields of study the
laser methodology can be used more profitably.
The use of thin applicators allows to face with
greater success and with more safety all the neo-
plastic lesions difficult to reach and close to vital
structures in the various organs candidates for
focal ablation [3-7]. In all cases where the clini-
cal condition of the subject to be treated is com-
promised, the technique is more useful and more
reliable as in cirrhotic patients with evident coag-
ulopathy or in patients with renal tumors at risk
of bleeding or still in pulmonary nodules in
patients with ventilation disorders [4, 8—10].
Laser ablation technology has proven to be
an important tool in the treatment of focal neo-
plasms. The last two decades have served to
study and understand some of the basic princi-
ples of this technique [11]. Historically, research
on ablative therapies has focused on creating
larger or more uniform coagulation areas that
are reproducible in the most various clinical
situations, improving device engineering, and
developing new applications [3, 12-14]. Take
into account the characteristics of the tissue
such as tissue perfusion and thermal and electri-
cal conductivity that are fundamental for the
proper engineering of the device, for increasing
its performance and optimizing the delivery of
energy. In the case of laser ablation technology,
differences in the optical properties and refrac-
tive index were also taken into due consider-
ation for their crucial role in the penetration of
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light into different tissues, although research
efforts focused primarily on reducing blood
flow to the tumor through the technique of arte-
rial or portal embolization [3, 13, 15]. Current
research seems to be aimed at developing sys-
tems able to reduce exposure times, improve
predictive abilities, and develop combined ther-
apies to further improve their clinical efficacy.
Modern systems use small, compact, high-
power laser diode equipment with actively
cooled applicators to reduce carbonization dur-
ing procedures. Moreover, the compatibility
with MRI, that enables real-time treatment plan-
ning, targeting, monitoring, and evaluation, has
helped expand the number of applications in
which LA can be safely and effectively applied
[16-23]. In addition to advances in imaging and
delivery, such as the incorporation of nanotech-
nologies, next-generation systems incorporate
models of MR-gLLA procedures for human-
assisted computational tools for planning, MR
model-assisted temperature monitoring, thermal
dose assessment, and optimal control [20].

16.2 Future Perspectives
and Clinical Applications

This book presents an overview of the various
laser light methodologies that have occurred over
time and technological changes to improve their
clinical success. In light of the experience accu-
mulated over the years and the results obtained so
far in the various fields of application, we can
suggest in which field of study this option is
appropriate and where it should be used most.
Here we list the applications where, in our opin-
ion, it is possible to make the most of the charac-
teristics of this methodology.

An important field is the treatment of hepato-
cellular carcinomas in cirrhotic patients. The
European Association for the Study of the Liver
(EASL) [24] writes in the paragraph on locore-
gional treatments that “laser ablation in patients
with hepatocellular carcinoma within the Milan
criteria [...] gave results [...] not inferior to RFA
in complete tumor ablation, time to local progres-
sion and OS. However, laser ablation requires
more operator skills than RFA or MWA due to
the need to place more fibers within the same

tumor, with adequate spatial distribution,
although it may be safer in difficult places” [5, 6].

Although more experience and special attention
are needed to correctly position several fibers within
the target lesion, this option offers the double bene-
fit of safely treating nodules at risk sites and at the
same time achieving a high rate of complete abla-
tion. With only two thin sources it is possible to
obtain an area of 4-5 cm of max diameter [25-27]
(Figs. 16.1 and 16.2). Worthy of note is the fact that
the percutaneous placement of two thin needles for
proper targeting of the neoplastic nodule requires
the same skill needed to place an RF electrode or a
MW antenna, particularly as laser is generally pro-
vided with advanced guidance systems for multi-
ple-fiber insertion [26]. In this scenario,
improvement in image guidance, with larger appli-
cation of advanced techniques such as fusion imag-
ing or augmented reality, can make easier the
application of this technique even for less experi-
enced operators.

We believe that laser technology in the treat-
ment of liver metastases will be more and more
applied in the future, for particularly good results
in terms of high rate of local control of the dis-
ease, with few local relapses and good effects on
survival, as shown by the data published by the
Frankfurt group [28]. Particularly, the use of
advanced imaging modalities, such as real-time
MR monitoring of the ablation maneuver, might
allow the operator to conclude the ablative treat-
ment only after obtaining a sufficient safety mar-
gin at the periphery of the metastasis [29]. The
safety margin plays a major role in the local con-
trol of metastatic disease with clear positive
effects on patient survival [30, 31] (Chap. 4).

Given its characteristics, the laser technique
may be ideal also in the treatment of hepatic
metastases from neuroendocrine tumors, due to
the high degree of safety, flexibility, and repeat-
ability of the method in the treatment of patients
with numerous lesions disseminated in the liver
parenchyma not susceptible to surgery and/or
treatment embolizing [32, 33] (Chap. 14).

Due to the very small size of applicators and
fibers, laser ablation can be regarded as the
technique of choice for the percutaneous treat-
ment of small pathological lymph nodes, both in
the abdomen and in the neck [7, 34-37] (Chaps.
5 and 8).
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Fig. 16.1 Representative cases of HCC of 3 cm in maxi-
mum diameter completely ablated using novel guidance
system and two heat sources. (a) MRI imaging showing two
recurrent HCC in the sixth segment 32 and 34 mm in size in
a patient with low platelet count (35,000/mm?). (b) Due to
coagulopathy only two needles in each nodule were inserted.

Fig. 16.2 Representative
US images of the

43 x 31 mm coagulation
zone of the sixth segment
appreciable in Fig. 12.1c,
d obtained after the
ablation maneuver. e-1.
US axial image after LA
treatment and e-2. US
axial image during the
administration of
ecocontrast shows large
non-vascularized
coagulation zone
(courtesy of Dr. Giovan
Giuseppe Di Costanzo,
A. Cardarelli Hospital,
Naples, Italy)

An interesting role could have the laser meth-
odology in the percutaneous treatment of renal
cell carcinoma in stage T1a, to date prevalent pre-
rogative of RFA and cryotherapy, especially in
cases at risk of bleeding [10] (Chap. 6).

(¢, d) CT imaging showing complete necrosis of nodules.
Ablation area was 53 x 34 mm and 43 x 31 mm, respec-
tively, after delivering of 10,800 J per lesion. It is noteworthy
that the two lesions were treated simultaneously in the same
session of LA (courtesy of Dr. Giovan Guseppe Di Costanzo,
A. Cardarelli Hospital, Naples, Italy)

An interesting chapter should be opened in the
treatment of early-stage breast cancer (Tla and
T1b according to TNM). Furthermore, a much
more interesting field of investigation could be
the treatment of small (<2 cm) breast lesions
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classified as lesions of uncertain malignant
potential (B3) that are a heterogeneous group of
abnormalities with a borderline histological spec-
trum, and a variable but low risk of associated
neoplasia [38, 39] (Chap. 10).

The trans-gastric endoscopic treatment of the
endocrine and neoplastic focal lesions of the pan-
creas with curative and palliative intent is
undoubtedly an interesting application certainly
anticipating future developments with relevant
clinical results. The thinness of the fibers facili-
tates the endoscopic approach compared to other
ablative techniques [40-43]. However, this par-
ticular approach should be considered in particu-
lar cases because the percutaneous route is very
useful and handy, especially when it is necessary
to place several applicators for lesions larger than
2-3 cm (Chap. 11).

As we have already succinctly reported in the
3rd and more extensively in the 12th chapter of
this book, the ablation of the primary and second-
ary nodular pathology of the lung is, in our opin-
ion, much easier and profitable with laser light
because this methodology is not conditioned by
electrical conductivity of the lung, as it happens
with the radiofrequency and with its dielectric
properties as the relative capacity of storage of
energy (permittivity—how much a material will
be able to store the charge) and the mass conduc-
tivity (the loss of energy inside the material)
which influences the heating of tissue induced by
microwaves [44]. In other words, due to the
reduced influence of the pulmonary electrical
conductivity in the deposition of heat, there is a
greater diffusion of energy in the tissue and there-
fore it is possible to obtain larger areas of coagu-
lation of predictable volume [45]. Not to mention
the advantage of having very thin and manage-
able introducers with far fewer complications [4,
46-48] (Chap. 12).

The pioneering approach to percutaneous
treatment of benign thyroid lesions has long been
known. Since the early 1990s the group of Rome
has hypothesized and developed the debulking of
benign cold thyroid nodules with well-established
and validated results such as to propose this treat-
ment as an alternative to the surgical approach
[49, 50]. The rationale behind this proposal is the

finding that “the occurrence of thyroid nodular
disease in the general population is definitely
high and the number of benign lesions that grow
or become symptomatic accordingly increasing.
In these cases, a timely and appropriate use of
thermal ablation is followed by the modification
of the natural history of the growing benign nod-
ules. Therefore, non-surgical treatment of nod-
ules that are cause of concern avoids the
unfavorable influence of thyroidectomy on qual-
ity of life (due to aesthetic damage and long-term
replacement therapy), decreases direct and indi-
rect costs of treatment and allows more appropri-
ate use of surgical facilities” (Chap. 7).

For pre-toxic and toxic nodules, interesting
studies have recently been conducted to reduce
the administration of radioiodine in large nod-
ules above 13 mL—combined treatment—and
to completely eliminate the use of radioiodine
therapy in nodules of less than 13 mL [51, 52]
(Chap. 7).

The percutaneous approach is proving very
useful in the treatment of a few thyroid carcino-
mas such as papillary microcarcinoma (PTM) or
anaplastic carcinoma and more generally in the
disease of the neck and secondary malignant
lymph nodes [7, 53-55] (Chap. 8).

Finally, we must emphasize the interesting
chapter on opening in the percutaneous treatment
of benign prostatic hyperplasia (BPH). There are
numerous surgical and minimally invasive thera-
pies in BPH treatment and urologists are always
looking for new solutions. Starting from some
long-standing studies published at the dawn of
laser technology in the 1990s [56] in which the
percutaneous treatment of BPH was performed
with an extra-urethral transperineal approach, we
again proposed this option using thin needles. It
is easy to think that this solution makes this
approach easier and more manageable compared
to the old solutions with larger devices and more
complex systems [57]. There are now results in
the medium-long term (average follow-up period
of 16 months—data not yet published) that attest
to the validity of the method and the durability
over time of the improvements. Additionally, the
thin needle is easy to use in the ablation of local-
ized non-advanced prostate cancer. Even in this
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specific field of research, this option could be
very useful and gives us interesting results, help-
ing to reduce the excessive number of patients
subjected to surgical and radiotherapy overtreat-
ments [58—61] (Chap. 13).

Preliminary experimental studies in vitro and
ex vivo with different types of nanoparticles have
described the various mechanisms with which the
nanosystem induces the death of cells such as
pancreatic cancer by apoptosis for depolarization
of the mitochondrial membrane or decreasing cell
proliferation thanks to the progressive increase of
nanoparticles in the tissue with consequent
increase of power density applied [62—64]. The
presence of nanoparticles in tumor tissue rein-
forces the specificity of focal laser ablation for
tumor tissue and reduces the morbidity of adja-
cent healthy tissue as demonstrated, albeit not
specifically, in prostatic adenocarcinoma [58, 60,
61]. All these experimental experiences will, in
the close future, lead to clinical applications at
least in particular types of tumors. The mecha-
nism of action of nanoparticles can be used effec-
tively for example in the multimodal selective
treatment of a very aggressive tumor such as pan-
creatic cancer or in localized and non-advanced
tumors such as those of the prostate. In both cases,
the preferential accumulation of nanoparticles in
the target area selectively confines heat into the
tumor leading to complete ablation without dam-
aging adjacent vital structures such as those sur-
rounding the pancreas or prostate gland [65, 66].
The simultaneous measurement of tissue temper-
ature can also provide crucial information about
the status of the ongoing treatment and can sup-
port the clinician in the real-time optimization of
the procedure. The laser-nanoparticle combina-
tion or drug-aided photocoagulation methods can
represent a very interesting frontier of research
for the future, but to date commercially available
systems do not yet seem to add value to the laser
alone, in terms of neither efficacy nor safety.

Furthermore, although we have not devoted a
chapter to the discussion of laser applications in
brain pathology in this book, we cannot close this
last chapter without mentioning the use of the
laser technology with cooled devices in the man-
agement of radiosurgery-resistant metastases,

radiation necrosis, surgically inaccessible malig-
nant gliomas, and ablation of epileptogenic foci
[22]. It is noteworthy that neurosurgical operators
use the same devices that have been used in phase
1 studies in the focal treatment of non-advanced
prostate cancer [67].

16.3 Conclusion

It is our strong belief that laser represents one of
the most vivid and most versatile minimally inva-
sive techniques for percutaneous ablation [68,
69]. The very small caliber of the applicators,
together with the high precision of energy deliv-
ery and the high predictability of the ablated
zone, makes this technique still extremely fasci-
nating. Several new clinical applications have
been recently reported, with a potentially relevant
impact on the medicine of tomorrow. Clinical
studies on larger series and in novel application
will provide more robust results on the potential
clinical role of laser, and technological advance-
ments, such as the application of nanoparticles,
will easily open new scenarios in the next future.
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