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ABSTRACT

PHOTOTHERMAL ABLATION OF LIVER TISSUE WITH 1940-NM
THULIUM FIBER LASER: ABLATION EFFICIENCY AND
TEMPERATURE MEASUREMENTS

The purpose of this study was to investigate the effectisemmd 1940-nm Thulium
fiber laser for liver surgery. This was done by determinireyahblation efficiency of different
working modes and power settings of 1940-nm Thulium fibezdas liver tissue, in addi-
tion to utilizing a real time temperature monitoring to pid® the necessary feedback for

adjusting laser parameters to minimize the collaterahtlaédamage to adjacent tissues.

Thulium fiber laser was delivered to lamb liver tissue sampia 400um flat-cut
bare-ended tip fiber in contact mode. Continuous-wave arseduhodes were used, each at
4 different laser power values (200, 400, 600, and 800 mW) apdsaire times. Exposure
times were chosen to give the same total applied energy ajrdbimparison purposes. A
total of 64 laser applications were performed in order talgt8 laser parameter combina-
tions with each parameter combination repeated 8 timesowdolg laser irradiation, tissues
were processed and stained with H&E for macroscopic evaluatf ablation and total al-
tered areas, and ablation efficiencies were calculated p@sature of the nearby tissue was
measured using a K-type thermocouple that was inserted stande of 1 mm from the

fiber, and rate of temperature change was calculated.

A strong correlation between the rate of temperature changeablation area was
depicted. Larger ablation and total altered areas werarmatdor higher power values for
both continuous-wave and pulsed modes, while ablationiefities were not significantly
different. Continuous mode yielded higher ablation and taltared areas, and higher abla-
tions efficiencies than pulsed mode. Histological evatuatevealed a narrow vacuolization

zone and negligible carbonization for higher power values.

Keywords: Laser Surgery, Liver Surgery, Thulium Fiber Laser, 1940-nm



OZET

1940-NM TULYUM F IBER LASER IN KARACI éER DOKU
FOTOTERMAL ABLASYON: ABLASYON VER IML IL1GI VE
SICAKLIK OLCUMLER |

Bu ¢alismanin amaci 1940-nm Tulyum fiber laserin karaccterrahisinde etkirgini
arastirmaktir. Bu amagla ¢esitli calisma yontemlersdéarkl guclerde uygulanan 1940-nm
Tulyum fiber laserin karager dokusu lzerindeki ablasyon etkgilbelirlendi. Laser uygu-
lamalari esnasinda gercek zamanli sicaklik dlcimi geleimestekngi ile laser parame-

trelerini diizenlemek igin kullanildi ve ¢evre dokulardagan i1sil hasar en aza indirgendi.

Bu ¢alismada taze kuzu karger dokulari kullanildi. Laser isimasi, 4Qén merkez
¢capa sahip olan c¢iplak uclu optik lifler ile doku drneklertaenas ettirilerek aktarildi. Laser
uygulamalari surekli dalga ve darbeli sekillerde, faskire ve guclerde (200, 400, 600, ve
800mW) yapildi. Uygulama siireleri karsilastirmada kbkagajlamasi amaciyla her giic
seviyesinde 4J'lik enerji dozu verilecek sekilde behde Laser uygulamalarinin ardin-
dan dokular H&E ile boyanarak histolojik inceleme sonucuatllasyon ve toplam gesim
alanlar1 dgerlendirildi ve ablasyon etkir§i hesaplandi. Cevre dokularin sicg&kluygulama
alanindan 1 mm uzaklikta dokunun icine yerlestirilen gi-bir 1sil-cift kullanilarak él¢uldi

ve sicaklik dgisim hizi hesaplandi.

Sicaklik dgisim hizi ile ablasyon bilgeleri arasinda glcli koretasgorildi. Hem
surekli dalga hem de darbeli sekillerde yapilan yuksek ggigyesindeki uygulamalarda
daha buyuk ablasyon ve toplam@igim alanlari elde edilse de ablasyon etlgimide 6nemli
bir fark ortaya ¢ikmadi. Surekli dalga uygulamalarindabééiruygulamalara kiyasla daha
blyUk ablasyon ve toplam gisim alanlarina ve daha yiksek ablasyon etkinlikleritagidi.
Histolojik degerlendirmeyle yiiksek gugcli uygulamalarda dar bir ko&rta alani ve 6nem-

siz seviyede karbonizasyon gézlemlegtiri

Anahtar Stzclkler: Karacger Cerrahisi, Laserin Cerrahisi, Tulyum Fiber Laser, 1940-n
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1. INTRODUCTION

1.1 Motivation and Objectives

Liver surgery involves different operations on the liver thfferent diseases. The
most common operation performed on the liver is a liver résec Liver resection is the
surgical removal of a portion of the liver, also referred sopartial hepatectomy. It is usu-
ally done to remove various types of liver tumors, both beragd malignant (primary or
metastatic), that are located in the resected portion ofitbe Liver resection can also be

performed on patients with liver cysts.

When considered for the treatment of malignant tumors, tlaé @fdiver resection is
to completely remove the tumor with appropriate surrougadirargin of normal liver tissue.
However, the operation is limited to patients with one or smeall (3 cm or less) [1] tumors
that have not grown into blood vessels, and with good livecfion. Unfortunately, most
liver tumors cannot be completely removed because the tignoitoo many different parts
of the liver, is too large, or has spread beyond the liver.dditzon, most patients with liver
tumors usually have other liver problems, mainly cirrholispatients with severe cirrhosis,
removing even a small amount of liver tissue at the edgeswhat might not leave enough

liver behind to function appropriately, making liver regen not possible.

Liver transplant is another type of surgery operation of liher. It is a surgical
procedure to remove the whole diseased liver and repladéhieither a whole or portion of
a healthy liver from a donor. Liver transplant can be an opfar those with unresectable

tumors, but is restricted to small tumors, and the availgtnf a liver to be transplanted.

The limited number of patients that can benefit from these@ational surgical ther-
apies, in addition to the possible risks and side effectscated with conventional surgery
like bleeding, developing blood clots, and infections, heivated researches to search for

alternative therapies. Alternative therapies includearatnot limited to cryotherapy, chem-



ical ablation, electrolysis, and laser therapy.

Laser can induce various effects when applied to tissues.nidgst important effects
are thermal and include tissue coagulation and vaporizalibese effects can be employed
to achieve different therapeutic outcomes. As an altereateatment to liver surgery, coag-
ulation can be utilized for the destruction of unresectalnheors, while vaporization can be
utilized to remove resectable liver tumors, benign tumansl cysts. As against conventional
surgery where cutting is done with the help of sharp bladsrlaan cut and coagulate at the
same time offering a bloodless operating field, a no needuiurss , a less operating time,

a minimal swelling and scars, and a minimal post operatiwe. pa

Thermal effects of different lasers on soft tissues have leestigated in many sci-
entific studies since the introduction of the first workingds the Ruby laser in 1962 [2].
As a result, many medical lasers have been developed fareliff therapeutic procedures.
The wavelengths available for soft tissue surgery includ€ Q@d: YAG, Er. YAG, Ho:
YAG, diode lasers, and many others. The use of laser as a beatesto destroy liver tu-
mors was first reported by Bown in 1983 [3]. The treatment wismed to as laser-induced
thermotherapy, and when performed using fibers, lasercegdlunterstitial thermotherapy
(LITT). LITT is gaining acceptance for the treatment of geetable liver tumors and as a
potential alternative to surgery. The Nd: YAG laser (106d)ns currently the most com-
monly used laser system for LITT. Thulium fiber is chosen Fos study because as a fiber
laser, it offers several advantages over conventional-stéite lasers including smaller size,
higher efficiency, improved spatial beam quality, operatiopulsed or CW mode, and inher-
ent fiber optic beam delivery which enables easy couplingherdiber optics. The thulium
fiber laser used in this study emits at 1940-nm, this offeditaxhal advantage: this wave-
length corresponds to one of the absorption peaks of watehws the dominant absorber
in tissue in the mid infra-red region, and this means paaéfdr precise cutting and ablation

of tissues.

However, and despite the advantages lasers offer, theyaraaen drawback which is
the possible thermal damage of the surrounding tissue whaghresult in prolonged wound

healing. Fortunately this can be minimized by the propeustdjent of laser parameters.



The aim of this thesis is to investigate the ablation efficyeaf different working
modes and power settings of 1940-nm Thulium fiber laser ar fissue, in addition to
utilizing a real time temperature monitoring to provide tiezessary feedback for adjusting

the laser parameters to minimize the collateral thermaledgnof adjacent tissues.

1.2 Outline

In Chapter 2, background information about liver anatonstdhogy, physiology, and
liver diseases that require surgical intervention is pedi Laser tissue interaction mech-
anisms and the biological effects of photothermal intéoast are discussed. A literature
review of the use of lasers in soft tissue surgery as well &igenlaser-induced thermother-

apy and in liver surgery is given.

In Chapter 3, detailed information about the materials useithis study, the laser
application procedure, the tissue processing proceducktle temperature measurement
method is given.

In chapter 4, results obtained in this study are listed.

In chapter 5, results of the study are discussed and comfracgder studies.

In Chapter 6, conclusion of the study and possible furtheksare given.



2. BACKGROUND

2.1 The Liver

The liver is the largest internal organ in the body and theseédargest organ overall
after the skin. It weighs about 1500 grams in the normal gdut It is a reddish brown
roughly triangular organ located in the upper right quatichthe abdomen just beneath the

diaphragm with a small portion extending to the upper letidrant.

Coronary

Right Ligament Left

v Falciform
Ligament

Ligamentum
Teres

Gallbladder

E2008 WiebhiD, LLC:

Figure 2.1 Liver Anatomy [5].

2.1.1 Liver Physiology

The liver is also the largest gland in the body. It is consgdea gland (a secret-
ing chemicals organ) because it secrets bile which is ne@aedigestion. In addition to
its digestion function, the liver performs many essentigictions related to detoxification,

metabolism, immunity, and the storage of nutrients withelbody. Liver functions include:

e Detoxifying chemicals and metabolizing alcohol and drugs.

e Breaking down hemoglobin as well as insulin and other horraone



e Producing essential proteins needed for:

— Blood clotting.

— Providing resistance to infection.

— Transporting substances in the blood.
e Storing some vitamins such as vitamin A, and minerals sudtoas
e Storing simple sugar glucose.
e Converting glucose to glycogen to be stored in muscles ard liv
e Manufacturing Cholesterol.
e Converting ammonia to urea.

e Destroying old red blood cells.

These functions make the liver a vital organ. Without a lgdlter, a person cannot
survive because the tissues of the body would die from lagnefgy and nutrients. Fortu-
nately, the liver is the only organ in the body that has theabdity of self regeneration; if
part of the liver is removed, the remaining part can grow adks original size as quickly

as a cancerous tumor [6].

2.1.2 Liver Anatomy

The liver is made of very soft reddish-brown tissues encdsea thin connective
tissue capsule (Glisson’s capsule). It is divided into twiag@pal lobes: right and left lobes.
The right lobe is about 5 to 6 times larger than the left lobe toey are separated by the
Falciform ligament (Figure 2.1). The right lobe is furthabsgivided into caudate lobe which
Is the posterior portion of the right lobe, and the quadmaive hwhich is on the inferior surface

of the right lobe.

The liver has a dual blood supply. The first is the hepatiawamgich delivers oxy-
genated blood from the general circulation to the liver. $&eond is the hepatic portal vein
which delivers nutrients-rich deoxygenated blood fromghell intestine to the liver. The

blood drains out of the liver via the hepatic veins.



2.1.3 Liver Histology

Histologically, the liver is composed of several composent

Inferior vena cava (IVC)

Figure 2.2 Liver Histology [7].

Hepatocytes: These are specialized epithelial cells that make up abdut 80the liver
volume [8]. They are the major functional cells in the liverdaperform many functions

including secretary, metabolic and endocrine functions.

Bile Canaliculi: These are small ducts that collect bile produced by the bepts. From
them, the bile passes into bile ductules and then into bid¢sdT he bile ducts merge to form
the right and left hepatic ducts which constitute the comimgpatic duct of the liver which
in turn joins the cystic duct from the gallbladder to form t@nmon bile duct that delivers

bile to the duodenum.

Hepatic sinusoids: These are small blood vessels between rows of hepatodysgsdceive
oxygen-rich blood from the hepatic artery and nutritiochirdeoxygenated blood from the
intestines via the portal vein. The hepatic sinusoids cage/and deliver blood into a central

vein from which the blood flows into hepatic veins which draito the inferior vena cava.

Portal triad (portal area): The portal triad is composed of branches of hepatic artery,

hepatic portal vein, and bile duct.



Lobules: A lobule is a hexagonally shaped functional unit of the liveth portal triads
at the vertices and a central vein in the middle from whichgoivhepatocytes and hepatic

sinusoids are radiating out to the edge of the lobule.

2.1.4 Liver Diseases

Because the liver performs so many essential functions irbtiay, it is prone to
disease. Common diseases of the liver include hepatitis An8,& fatty liver disease,
cirrhosis, liver cysts, benign liver masses, and primany secondary liver cancer. Some

diseases can be cured by medications and drugs, while adwrise surgical intervention.

2.1.4.1 Surgical Liver Diseases. Many liver diseases require surgical intervention. These

include:

Liver Cysts

Cysts of the liver can be congenital cysts (present at biothcquired cysts which
may develop after birth for different reasons such as a tedienmjury. Some people suffer
from polycystic liver disease (having many cysts) whichharmacterized by the liver appear-
ing like a cluster of large grapes. Other people have nebplagsts where the liver tissues
grow abnormally forming masses that can be either benigratigmant. Cysts can be treated

by suction to remove the fluid, but sometimes their removedagiired through surgery.

Benign Liver Tumors

The most common benign tumors include hepatocellular adespfocal nodular
hyperplasia, and cavernous hemangioma. In hepatocedldéaromas, there is a small chance
that the tissue could turn cancerous, so removal of the tisntbie best choice. Cavernous
hemangioma will never turn into cancerous tissue, but rednaithe tumor is required if it is

large and causing discomfort. Focal nodular hyperplasaa/ery common benign tumor but



it is not known if it can turn into cancerous tumor. In casegreht is difficult to distinguish

it from cancerous tumors, removal is the best choice.

Malignant liver Tumors (Liver Cancer)

Malignant liver tumors are divided into primary and secaydaalignant liver tu-
mors: Primary malignant liver tumor means that the tumogionated in the liver. This
accounts for almost half of all malignant tumors in some wetiged countries [9]. Sec-
ondary malignant liver tumor means that the tumor origidateother parts of the body and
spread to the liver (metastatic). The most common malighanors that can spread to the

liver include colorectal (Bowel), lung, and breast cancé&fy.|

Primary malignant liver tumors include:

e Hepatocellular carcinoma: This is the most common type of primary liver tumors,
and probably one of the most common solid cancers in the Wbt It starts from
a hepatocyte which becomes cancerous. Like other canberseasons behind why
a cell become cancerous is not known, however, this typembdtunost commonly

develops as a complication of liver cirrhosis and Hepalitis

e Cholangiocarcinoma: This is a cancer of the bile duct system of the liver. It can
either develop in the bile duct cells, or in the common biletdit is a rare and slow

growing type of cancer.

e Hepatoplastoma: This type of cancer occurs mainly in children under 5 yearsdaf
however it can occur in older children and adults. It usudélyelops in the right lobe

of the liver and is associated with abnormalities at birth.

Treatments of liver tumors include surgery, chemotherapygtherapy, Alcohol ab-
lation, and radiotherapy. Of these treatments, surgeryesiain and the one offering the
only reasonable chance to cure liver cancer. Liver surgambe either a liver resection or a

liver transplant.



2.1.4.2 Liver Resection. Liver resection is the surgical removal of portion of thesliv

which is diseased. It is only possible if the tumor is smatl aontained in a small part of
the liver, and the rest of the liver is healthy. It relies o tiver self regenerating capabil-
ity. However, in the majority of liver cancer patients, tieel’s self regenerative ability is
significantly impaired so resection is ruled out as an optinfiact, liver resection has many
limitations and complications: itis a major complicatedggry only skillful and experienced
surgeons can perform. Because people with liver cancerlydwuale other liver problems
beside the cancer, the surgeon should make a compromisedsetemoving enough of the
liver to get rid of the tumor, meanwhile, leaving enough belfor the liver to work properly.
This unfortunately results in that most liver cancers cateocompletely removed because

the cancer is too large or has spread too far. Possible cocatipins of liver resection include:

¢ Bleeding; a lot of blood passes through the liver, so bleedoudd be a major concern
after surgery.

e Developing blood clots in the legs (DVT).

e leaking of bile from the liver. This may require another frgto stop the leak.

¢ Infections at the site of surgery.

e Complications from general anesthesia.

e Recurrence of the cancer.

e Pneumonia.

e Liver failure.
In fact, in some cases, liver resection can cause fatal goatigins such as a heart

attack. About 1 out of 30 people who undergo a liver reseatidhdie during or shortly

after the operation [12].

2.1.4.3 Liver Transplant.  When liver resection is not possible to treat liver tumors for

the reasons listed above, a liver transplant can be an optiwer transplant is a surgical
procedure to remove the whole diseased liver and replacghteither a whole or portion
of a healthy liver from a donor. Again, Liver transplant isitied to small cases: it can be

used on patients with small tumors (either 1 tumor smallan thcm across, or 2 to 3 tumors
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no larger than 3 cm) that have not invaded nearby blood \@s#dto it can not be used
to treat secondary liver tumor because it originated in sother place than the liver. In
addition to that, the opportunities for liver transplants Bmited; only about 6,000 livers
are available for transplant each year, and most of thesesaa for patients with diseases
other than liver cancer [13]. Away from these limitationgestrictions, liver transplant has
also many complications. In fact, in addition to the possi@mplications associated with a
major surgery as indicated in liver resection above, liv@ngplant can place additional risks

including:

e Liver rejection: itis common for the immune system to attack the new liver &g t
the body rejects the transplanted liver. This occurs in 108 of cases, typically in

the first 7-14 days after the transplant [14].

Taking this into consideration, a patient undergoing livansplantation will be given
medications (Immunosuppressants) for the rest of her difedip prevent her body from
rejecting the transplanted liver. Unfortunately, theselicegions can cause a variety of risks

including:

Bone thinning

Diabetes

Diarrhea

Headaches

High blood pressure

High cholesterol

In attempt to overcome the disadvantages associated witlentonal surgery, and the lim-
ited number of patients that can undergo this surgery, abadternatives are constantly
being developed. One possible alternative is laser surgé advantages laser surgery of-
fers over conventional surgery such as bloodless operfgilag minimal swelling and scars,
and minimal post operative pain made it the subject of mangicakresearch since the first

medical laser system was developed and up until now. Cuyreniny lasers are available



11

for surgical purposes to treat different medical condgiorluding cancers.

2.2 Laser Tissue Interactions

The laser light has three unique properties that distifgitisrom ordinary light
sources: it is monochromatic, directional, and coherehesg properties, in addition to the
ability to reach high powers, make it suitable for many aggilons in manufacturing, metrol-
ogy, military applications, communications, microscoggectroscopy, and medicine [15].
In medicine, the highly focused beam of coherent light adtegeons the ability to work very
precisely to cut, ablate, or coagulate tissues. To achieyspecific task, the mechanism by

which laser interacts with tissue should be understood.

When laser light is applied to tissue, and once the laser gmeaghes the biological
interface, four basic phenomena can take place: absorptdiection, transmission, and
scattering (Figure 2.3). Reflection is usually an undesiféste and usually only a small
fraction of light is reflected and most of laser light penggsainto tissue where it can be
transmitted, absorbed, or scattered. This depends on hetbptical properties of tissues

(absorption, scattering, anisotropy, and refractive xjdend on laser parameters.

Laser /Tissue Interactions

1 Absorption

1 Transmission

1 Scattering

1 Reflection

Figure 2.3 Laser Tissue Interactions [16].

Absorption is the most important interaction and it is thg tetherapeutic applica-

tions. In biological tissues, absorption is caused by clpfoones such as water molecules,
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proteins, pigments, and other macromolecules. Each waykleof laser light has specific
chromophores that absorb its energy. Thus, selecting éfisdaser wavelength depends on
the type of lesion being treated and what the main absorbaitlén it. In the ultraviolet
spectral range, DNA and proteins are the main absorberdelnisible and near infra-red
(NIR), hemoglobin and melanin are the main absorbers. Alisorpf water, the main con-
stituent of all human tissues (about 65.3%) [17], domina&®nd around Zm wavelength.
A diagnostic and therapeutic window is defined in the rangenf600 - 1200 nm [18]. In
this range, light penetrates tissue at a lower loss due toetlagively weak absorption of
water and the other chromophores, thus enabling the treamheeeper tissues. Figure 2.4
shows the wavelength absorption coefficient dependena®foe main chromophores in the

tissues.

-8~ Absorption coef. (per cm)

10000 pirect diode (GaAs) Direct diode (InP)  Direct diode
Nd:Yag  Nd:Yag (InP, Gasb)

Fiber laser Fiber laser Fiber laser
(Yb) (Er) (Thulium)
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Figure 2.4 Absorption Spectrum of Water and Other Biological Chronmaels [19].

Following absorption of laser light, various interactiorechanisms can take place
depending on the nature of absorbing tissue, and the lassmpéers (wavelength, exposure
time, energy density, intensity, power density). Amongthexposure time is the most criti-
cal parameter in distinguishing the type of interactiorgy(ffe 2.5). The interaction types can
be classified in five main categories: photochemical interyas, photothermal interactions,
photoablation, plasma induced ablation, and photodigrmptPhotothermal interaction is

the most common type utilized in clinical practice.
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give only a rough estimate of the associated laser paras)é1e].

2.2.1 Photothermal Interactions

Photothermal interactions are probably the most commomdyjtaser tissue interac-
tions encountered in medical procedures. In this type efradtion, the photonic energy is
converted into heat energy via molecular vibrations antistmhs. Heating a tissue causes
a rise in its temperature. The heat will then diffuse throtightissue causing a rise in tem-
perature in the surrounding tissue, and this will resultiffecent thermal effects, the degree
and extent of which depends primarily on the magnitude, supotime, and placement of
deposited heat inside the tissue. The deposition of lasenggns a function of laser pa-
rameters (wavelength, power density, exposure time, spet iepetition rate), and optical
tissue properties (absorption, scattering). The traraffenergy depends on thermal tissue

properties (heat capacity, thermal conductivity). SeaiFe@.6.
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Figure 2.6 Important Parameters in Photothermal Interaction [18].

However, depending on the final temperature reached anduttagi@h of this tem-
perature, different effects can take place: hypertheramagulation, vaporization, ablation,

carbonization, and melting (Table 2.1).

Table 2.1

Thermal Effects of Laser Radiation [18].
Temperature | Biological Effect
37°C Normal
45°C Hyperthermia
50°C Reduction in enzyme activity, cell immobility
60°C Denaturation of proteins and collagen, coagulatjon
80°C Permeabilization of membranes
100C Vaporization, Thermal decomposition (Ablation)
> 100C Carbonization
> 300°C Melting

With regard to normal body temperature of 87 no effects are observed for temper-

atures up to 42C.

Hyperthermia refers to the moderate rise in temperature ranging fronc48 50C
with an average of 4%. It is mainly due to conformational changes of moleculegligitgon
to bond destruction and membrane alterations. Hypertlzeusually causes reversible dam-
age. However, if it lasts for several minutes, cell deathnggult due to changes in enzymatic

processes. This effect is usually utilized in laser inteasthermal therapy (LITT).
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Coagulationrefers to irreversible cell necrosis without immediatsuis destruction.
This is caused by denaturation of proteins and collageniwleigds to coagulation of tissue
when tissue temperature reaches arouric€C6This effect is often used to seal blood vessels
to prevent or stop bleeding by using lasers with wavelengtidy absorbed by hemoglobin.

It can also be used to kill malignant tumor cells.

Vaporization occurs when tissue temperatures reacheS@00he increase in pres-
sure as water tries to expand in volume as it vaporizes gesulocalized microexplosions
which result in thermal decomposition of tissue fragmeiitss effect can be utilized to cut

and ablate tissue.

Carbonization takes place at temperatures above“@0Tissue starts to carbonize
releasing carbon which results in blackening of tissue alehsing of smoke. Carbonization
is an undesired effect because it reduces visibility dusaggical procedures, and has no

medical benefits as tissue necrosis is achieved at lowerdieatyes.

Melting of tissue occurs at high temperature800°C depending on the tissue type.

In fact, it is hard to determine the exact temperature at wbédl necrosis begins. In
addition to that, it was observed that it is not only the fimethperature reached what plays
a significant role for the induction of irreversible damalyet also the temporal duration of
this temperature. Figure 2.7 illustrates how the critiemhperature and the corresponding

temporal duration relate to each other for irreversible aigeto occur.
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Figure 2.7 Critical Temperatures and Durations of Temperatures fdrNBzcrosis to Occur [18].

Most of the time, more than one thermal effect occur in bimabtissues depending
on the temperature gradient produced in the tissue. Fig8réi@strates the coincidence of
several thermal effects. In medical procedures, it is Ugwale thermal effect that is aimed
at, so laser parameters should be chosen very carefullydier @0 achieve this desirable

effect and avoid the others.

Laser beam

Vaporization Coagulation

\

Carbonization Hyperthermia

Tissue

Figure 2.8 Location of Thermal Effects Inside Biological Tissue [18].

However, achieving the desired effect is not the only cam¢kat should be taken
into account. Reduction of thermal damage to surroundisgéiso the minimum is of equal

concern and a key parameter in determining the success séatteatment.

Temperature is certainly the governing parameter of altgthermal interactions.

The temperature values reached within tissue and the kgutiabution of this temperature
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define the thermal effect and the amount of tissue undergbemgnal damage respectively.
Therefore, monitoring temperature increase during lasadiation of tissue provides a use-
ful feedback to adjust laser parameters to obtain the dksuwecome with minimal thermal

damage to surrounding healthy tissue.

2.3 Temperature Monitoring Techniques

Different temperature measurement techniques exist. Gdeype classified into three
main categories: point thermometry, surface thermomaitry,volumetric thermometry [20].

Each technique has its advantages and disadvantages.

Point (local) Thermometry includes thermocouples and fiber optic sensors. These
are widely used due to their simplicity, relatively low costide temperature range, rapid
response, and accuracy. However, they have some drawbBle&snain issues are related
to their invasiveness. Another drawback related to theouples is the overestimation of
tissue temperature due to their metallic constitution Whdoectly absorbs laser radiation,

and therefore, their measurements require correctiorZ|1—

In Surface Thermometry, temperature of the surface is monitored by thermal sen-
sors such as infra-red cameras [24, 25]. Some of their aglgastare their non-invasiveness
and the ability to measure temperature over large arear @isadvantages include their high
price, surface-only measurements, and their relativelyetcaccuracy compared to contact

techniques.

In Volumetric Thermometry, the temperature at different points within a signifi-
cant volume is measured. Examples include MRI thermometiyuirasound thermometry.
MRI is more popular due to the high contrast and spatial réieolwf its three-dimensional
images. Advantages of MRI volumetric thermometry include-imvasiveness, allowing the
monitoring of the temperature at the targeted location anithé surrounding tissues, and

precision [26, 27]. However they are expensive and more @aaipan point thermometry.
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2.4 Therapeutic Applications of Photothermal Interactions

Ophthalmologists and dermatologists were the first to imyate the biological ef-
fects and the possible therapeutic applications of lasdust one year after Maiman in-
troduced the first working Ruby Laser in 1960, Leon Goldmanem@matologist who was
later considered the father of laser medicine, demonstratsv the ruby laser could be
used to remove port wine stains and melanomas from the s8in [@ the same year, pre-
cisely in December 1961, Dr. Charles J. Campbell of the Irtstiti Ophthalmology at
Columbia-Presbyterian Medical Center and Charles J. Koekthedmerican Optical Co.
at Columbia-Presbyterian Hospital in Manhattan, used a lagsr on a patient for the first
time to destroy a retinal tumor through photocoagulatig®, BD]. Since then, lots of re-
search addressing the potential of laser as a therapeaticawee taken place. This led to the
development of many medical laser systems. As a result;, teessgments found their ways
in different fields of medicine: mainly ophthalmology, dextology, dentistry, oncology, and

surgery.

2.4.1 Soft Tissue Laser Surgery

The highly focused, monochromatic, and collimated bearagdil endow lasers with
many advantages over conventional surgical techniquésasusurgical precision, haemosta-
sis, reduced risk of infection due to bacterial eliminatianinimal postoperative scarring,

reduced postoperative pain and swelling, and quicker exgdime.

Soft tissue laser surgery is used in a variety of applicationhumans including
general surgery, oral and maxillofacial surgery, and nsungery. Common lasers suitable

for soft tissue surgery includegO,, Nd: YAG, and diode lasers.

Many research investigated the effects of these lasersfi@netit soft tissues for the

purpose of developing efficient medical lasers.
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24.1.1 CO,. TheCO; laser was one of the first gas lasers to be developed in 1964 [31
It is one of the most common and useful lasers used in mediaime is often referred to
as the workhorse for dermatologic and dental las@®; laser emits at 10,600 nm which
is highly absorbed by water and this makes it very suitablesédt tissues with high water
content. TheCO, can work in continuous wave, pulsed (shuttered continwease), and
superpulsed modes. TI@&O, can be used with either a focused beam (0.1 - 0.2 mm) as a
light knife for haemostatic tissue incisions, or with a widefocused beam (2 - 5 mm) for
tissue vaporization [32]. Many studies investigated thepial of CO, to cut, vaporize, and
coagulate tissues [33—35]. These studies showedXB@atoffers a reliable tool for cutting
and ablating tissues while providing haemostasis. Oneeo$thdies [36] showed th&O,

can produce effective welding to tissues. The effect ofrlgsése duration on the residual
thermal damage was investigated in studies [37, 38]. Thdtsedemonstrated that smaller
pulse durations yielded less damage zone than longer palsksontinuous mode. The
super pulsed mode appeared also to reduce wound healing aelieaw back of typical CW
CO, surgical lasers. Using a 7%s pulse duration , th€0O; incisions on the dorsal pelts
of rats healed with a rate similar to scalpel incisions, auiliced wound healing delay seen
with typical CO, lasers [39].

2.4.1.2 Nd: YAG. Nd: YAG laseris a solid state laser that was developed in J9&}4 It

typically emits light with a wavelength of 1064-nm in the nedra-red region, and operates
in both continuous-wave and pulsed modes. The low absorpfidld: YAG laser by tissue
chromophores, makes it able to penetrate deeply and caeis@dgulation of deep tissues.
The high absorption of Nd: YAG in oxyhemoglobin (the mainaiophore in dermis) [41]
made it suitable to be used in selective photothermolysl®@py used in dermatology, and
refers to the precise targeting of a structure or tissuegusspecific wavelength of light with
the intention of absorbing light into that target area alt®}. As a result, Nd: YAG laser is
used to treat many skin disorders such as vascular and pigthlesions [43—-49]. Itis also
used in laser hair removal. Results showed that it can be isadsafe and effective tool
for long-term hair reduction in all skin types [50-53]. It svalso shown to be efficient in
dark tattoo removal [54-56]. In the last decade the poteottidd: YAG laser for removing
wrinkles was investigated in many studies [57-59]. Awayrfrdermatology, Nd: YAG laser
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is also used as a successful therapeutic tool in many oth@icapons such as intraoral
surgery [60—62] . The ability of Nd: YAG laser to be couplediwiiber optics made it
suitable to be used in laser induced interstitial thermmaie (LITT). Nd: YAG laser ablation
of the prostate as a treatment for benign prostatic hyganyravas investigated in studies [63]

and [64] and yielded effective results.

2.4.1.3 Diode Lasers. Diode lasers are semiconductor lasers. They are valuable an

desirable tools in medical applications for a couple of o@as they can emit continuous
or pulsed radiation, they can be coupled with fiber opticsy thre extremely compact, and
they are cheap. Research has mostly been focused on 810 nfB@nd9vavelengths due
to their high absorption in hemoglobin and water, respettivConsequently, of the diode
lasers currently used, 810 nm and 980 nm lasers are the mosb@o. These lasers have
shown a high efficiency in treating many medical situationsphthalmology, dermatology,

dentistry, and others.

The potential of 980 nm diode laser has been investigatedamyrmprevious studies
for stereotactic brain surgery [65], skin welding [66] raxdral surgery [67], and prostate va-
porization [68—70]. Results showed that 980nm can combigle tissue ablative properties

with good homeostasis which is due to simultaneous absorptiwater and hemoglobin.

810 nm was the research topic of many studies as well. Inest(idi, 72], its potential
as an endovenous laser to treat varicose veins was investigad the results showed it is
effective and safe and can be an alternative to conventibaedpies. It was also investigated

for the treatment of macular disease [73, 74], and proviaédfactory results.

2.4.1.4 Thulium Fiber (Tm: Fiber) Laser.  Thulium doped fiber lasers which operate
around 2um are emerging as a promising tool for high precision sutgpalications for

both hard and soft tissues. This is attributed to severaaspmost important is the high
absorption in water resulting in short penetration depttissue, which translates into ef-

ficient tissue ablation accompanied by minimal thermal dgama adjacent healthy tissue.
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The second aspect is the coagulation effect of these lagechk wrovides haemostasis. An-
other aspect is that these lasers operate in the "eye safgjorat(C- 1.4 um). They are

considered safe for eyes because light in this wavelengidperés strongly absorbed in the
eye’s cornea and lens and therefore cannot reach the ma#isenetina [75]. These as-
pects in addition to the inherent fiber optic delivery make: Tiber lasers ideally suitable

for minimally invasive surgical procedures.

The relatively new Tm: fiber laser effects on tissue have paad still, under in-
vestigation by many studies, especially in the field of uggloMost of the studies so far
investigated the potential of Tm: fiber laser as an altevedéiser lithotripter to the conven-
tional Ho: YAG laser [76—78]. Thermal effects of Tm: fiberda®on soft tissues have also
been investigated in other studies including tissue wgldirurinary tissues [79], treatment
of genital and urethral condylomata acuminata in male pttig80], and resection of the
prostate [81, 82]. The efficacy of tl&0,, diode, and CW Thulium laser systems was com-
pared for various clinical applications in ENT, lung and reswrgery. Tm: fiber laser was

shown to be a versatile laser system for a broad range ofcapipins [83].

However, Tm: fiber laser emitting at 1940-nm, the waveleng#d in this study, has
only been studied in a couple of studies. In one of the stuéfieed et al. investigated the
ablation capabilities of a Tm: fiber laser emitting at 19404n urinary tissues in aim vitro
setting [84]. The study utilized a 40W, CW or pulsed mode lagged in non contact mode
for the vaporization of canine prostate and incision of themal ureter and bladder neck
tissues. Prostate tissue was ablated at a rate oH0@202 g/min with a thermal coagulation
zone of 500 to 200@xm. Laser incisions of bladder tissue and ureter had coagualabnes of
400 to 60Qum. The results demonstrated Tm: fiber laser has a potentigbfad haemostasis

even in highly vascular tissues such as urinary tissues.

In another study, Theisen-Kunde et al. investigated thergiatl of 1940nm Tm:
fiber for partial kidney resection botx vivoandin vivo. Porcine kidneys were used for
the study. In theex vivosetting, various velocities and power settings were usemiract
mode. Increasing the cutting velocity was shown to decrdasencision depth. Maximum

incision depth was obtained at 1 mm/s velocity and 16W po@eagulation zone was 1 mm
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regardless of power or velocity settings used. Inithévo setting, histological examination
showed a layer of carbonization of about 106, a layer of coagulation of about 500 to
800 um. Partial resection of the kidney with 1940-nm laser radietvas shown to be
highly sufficient in terms of tissue dissection time and wiea with efficient simultaneous

haemostasis [85].

Keller et al. assessed the soft tissue ablation performaht840-nm Tm: fiber in
anin vitro study. The laser system operated in either CW or short-putsatk at powers
ranging from 11 to 20W in contact mode. Different animaluiss were used but detailed
results were shown only for chicken breast tissue. Histolgvaluation showed a coagu-
lation zone of about 60@m to 1 mm. A thin carbonization layer was also observed. The
results demonstrated that 1940-nm laser system used iy kifiactive at cutting soft tissues

with minimal collateral thermal damage compared with coilseused surgical lasers [86].

In anotherin vitro study, Tung et al. investigated the ablation efficiency of@Ga&m
Tm: fiber laser in ovine brain. Powers in the range 200 to 800, mvered in CW and
pulsed modes were applied to the brain samples in non-domiade. It was observed that
increasing power values of the Thulium fiber laser resuhddgher ablation and coagulation
diameters regardless of delivery mode. Also ablation efficies were higher for higher
power levels. CW yielded higher mean ablation diameters &glteh ablation efficiencies

than pulsed mode at the same power [87].

In a recent study, the ablation efficiency of a 1940-nm Thmulfiber laser for intrao-
ral surgery was investigated by Guney et al.. Lamb tongueas weed, and the incisions
were made in contact mode with a continuous-wave laser e¢ tthifferent speeds, powers,
and numbers of passes. Results showed that incision depttoagdlation width both in-
creased with increasing power. Increasing the number cigsast constant speed and power
was observed to increase both the incision depth and theuladen width. Both incision
depth and coagulation width increased with decreasingdsp@a the whole, high ablation
efficiencies were achieved at the lowest speed of 0.5 mmés sitldy showed that 1940-nm
Tm: fiber laser can be used to cut with moderate efficiency anduyze enough coagulation

zone to provide haemostasis [88].
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Early postoperative results of the first prospective, ramded comparison of two
commercially available thulium lasers: 1940-nm and 20a&8-for the treatment of benign
prostatic obstruction (BPO), using Thulium VapoEnucleatibthe prostate (ThuVEP), were
demonstrated by Tiburtius et al..The data representedyiesienter, 30-day short term data.
Results showed that 1940-nm and 2013-nm Tm: YAG laser dedcedoth safe and ef-
fective for the mentioned treatment. Both laser devices gatisfactory immediate voiding

improvement with low perioperative morbidity [89].

2.4.2 Liver Laser Therapy and Surgery

Several studies were carried out to determine the opticglgaties of liver tissue.
Optical tissue properties (absorption, scattering, dropg, and penetration depth) deter-
mine light distribution in tissue during laser irradiatishich is important for predicting the

effects of laser applications and optimizing the clinicapiementation of a laser therapy.

Parsa et al. studied the optical properties of a nativevat hetween 350 and 2200
nm. Results revealed that the maximum absorption coeffigieghe IR region was found at
1940-nm [90].

For Ritz et al., knowing optical properties in the nativeusslone was not enough.
Optical properties of tissues are temperature dependedttheerefore, their thermally in-
duced changes during laser irradiation should be detedrasewell. He studied optical
properties of native and coagulated porcine liver tissue/éen 400 and 2400 nm. He found
that in the native tissue, the maximum absorption coefftoidr®.9 mnT 1, and the mini-
mum penetration depth of 0.05 mm were found at 1940-nm. Talkecoagulation resulted
in a significant increase in the scattering coefficient olierentire spectral range examined.

Absorption coefficient and thermal penetration depth ceesad after tissue coagulation [91].

The same group had also studied the optical properties ofhuiver tissue and
tissue of colorectal liver metastases at wavelengths ofr860980-nm and 1,064-nm, and

examined the impact of thermal coagulation on these pamEmf2]. Results revealed that
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liver metastases had a lower absorption and scatterinf@eats than healthy liver resulting
in a significantly higher optical penetration depth in m&tas tissue. Coagulation resulted
in a reduction in the optical penetration depth in both &sstpes. Both studies [91, 92]
concluded that application parameters should not be keystaot during therapy, but should
be adjusted continuously or gradually in order to achievitntgd adaptation to the actual
optical penetration depth throughout the application radeoto achieve optimal therapeutic

SuccCess.

The use of Nd: YAG (1064-nm) laser for laser induced intgedtihermotherapy of
the liver was investigated in several animia Yitro, in vivo) and clinical studies [93-98].
In fact, Nd: YAG laser is the most used laser so far due to g# Ipenetration depth which
can be used to coagulate larger lesions [90-92]. Otherdatedied include diode lasers
[99-102] and Holium and Thulium lasers [103, 104].

Ishikawa et al. studied the effect of Nd: YAG (1064-nm) lasgstem on liver tissue
of pigletin vivo. He used a fiber with a cone shaped tip. The power, durati@hfraguency
of irradiation were varied. Histological examination raled an oval shaped coagulation
area in front of the fiber tip. A correlation between coagatatvolume and output power
was revealed by the results enabling the estimation of daign volume based on the laser

power applied [97].

The same system was later investigated clinically by Ishikwet al. for the treatment
of small hepatocellular carcinoma (HCC). Six patients with H@®®an diameter: 16.3%
3.50 mm) underwent the treatment. A laser power of 10W wasiexpfor 10 seconds and
repeated three times at a 5-second interval at the targateal in non-contact mode. In all
patients, tumor was successfully ablated. Patients wesereed for a period of 15 to 26
months, during which no patient died, and no recurrence of HiCthe ablated area was

observed for 5 patients [98].

Rohde et al. compared the irradiation effects of Nd: YAG (2864) and diode (940-
nm) on porcine livein vitro. Applications were performed in contact mode using a baeg fib

with a cooled diffusely scattering applicator. Powers ugetk in the range 2 to 5W. Results
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showed that in the bare fiber experiment, diode laser yieldager coagulation volumes
than Nd: YAG for the same parameters, but carbonization veasrwed. With the cooled

diffusely scattering applicator however, Nd: YAG laserlgezl larger coagulation zones. It
was reported that with the use of a cooled diffusely scateapplicator, Nd: YAG is more

efficient than diode for LITT in liver [101].

Theisen-Kunde et al. investigated the use of 1900-nm Tm:r famer for partial
liver resection in pig liveiin vivo. CW laser irradiation at 40W was used in contact mode.
After 2-3 weeks, animals were sacrificed, and the healingge® of the liver was evaluated
by histological analysis. It was reported that during thecedure, hemostasis was highly
sufficient that blood loss and bile leakage were negligitaderate carbonization of the
dissected area was observed. During the survival periodmplications such as bleeding
or inflammation occurred. Histological examination at thd ef survival period showed an

ongoing scar formation of about 1 to 2 mm in depth of the diezkarea [104].
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3. MATERIALS AND METHODS

3.1 Samples Collection and Preparation

Fresh lamb liver specimens were used for the experimentsebiiately after the an-
imal sacrifice, liver specimens were cooled t&€4as reported by literature [105]. Samples
measuring 2X4&n? were cut, washed, and immersed in saline to prevent tissugldation.
The samples were used within 12 hours of animal sacrifice.ddiately before the experi-
ments, the samples temperature was raised to room tempebatiween 21 and 28. The
temperature was measured using a thermocouple. Four lpgkcations were performed
per sample. Applications were spaced apart by 1 cm to alleugmspace to avoid bound-
ary effects. A total of 64 laser applications were perfornmearder to study 8 different laser
parameter combinations (power, mode, and exposure) with parameter combination re-

peated 8 times.

3.2 Laser System and Laser Application Procedure

Laser irradiations were performed using Thulium fiber 1§3&R-5-1940; IPG Laser
GmbH, Germany) that emits at 1940-nm wavelength, can wokdoittinuous-wave mode
and modulated (chopped) mode, and has a maximum output @d\wEY (Figure 3.1). The
term pulsed-modulated mode was used to refer to modulatet® mdhe laser power was
controlled from a screen on the laser device. The laser mbdperation and exposure
time were controlled using the custom-built controllertieknofil, Inc., Istanbul, Turkey)
that could be accessed through a LabView interface thawsaltme to specify the ON/OFF
duration of pulses and the number of cycles. The output ofldker, which is provided
through a 1m fiber optic cable, was coupled to a flat-cut badee optical fiber with a core

diameter of 40Qum by means of focusing lenses and XYZ alignment apparatus.
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Figure 3.1 1940-nm Thulium Fiber Laser System.

The fiber end was positioned perpendicular to the tissuaseiifi contact mode (0.5
mm inside the tissue). Before each laser application, the filstal end was checked for
irregularities and cleaved when necessary. The laser painbiat distal end was checked
using an optical power-meter (PM 200; Thorlabs Inc., New&grUSA), which is shown in

Figure 3.2, in order to verify the stability of the laser esnis.

Figure 3.2 Power Meter (PM 200; Thorlabs Inc., New Jersey, USA).

3.2.1 Predosimetry Study

In order to determine the laser parameter combinations &tuméed, a predosime-
try study was needed. It was conducted by exposing livengisamples to laser light and

observing coagulation and carbonization onsets, anddewpthem for different power lev-
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els starting from 200 mW and increased by small incremen2006fmW. When the power
exceeded 800 mW, carbonization was observed consistefttigrefore a range of powers
(200 - 800 mW) that can be used safely (i.e., causing no cazatioin) was set. Laser ex-
posure times and pulse widths for both continuous-wave naodepulsed-modulate mode
were chosen so that they deliver the same amount of lasegye(¥l) to the tissue, so that
a convenient comparison between the different laser paesmembinations can be held.

Laser parameter combinations used are listed in Table 3.1.

Table 3.1
Laser Parameter Combinations Applied to Liver Tissue.

Laser Power (mW) Laser mode | Duration(sec) Laser Energy Delivered (J)
200 c-m 20 4
200 p-m-m 40(100 ms on, 100 ms off) | 4
400 c-m 10 4
400 p-m-m 20(100 ms on, 100 ms off) | 4
600 c-m 6.7 4
600 p-m-m 13.4(100 ms on, 100 ms off) 4
800 c-m 5 4
800 p-m-m 10(100 ms on, 100 ms off) | 4

3.3 Temperature Measurements

Temperature of the nearby tissue was measured using a Kkgpraocouple that can
detect 01°C changes and has a response time of 0.1 sec. The thermoemgpl@ounted
inside a laser thermoprobe system (figure 3.3) developediblab and Teknofil Incorpora-
tion (based in Istanbul, Turkey) in a previous study [87]. Buthis study, it was used as a

thermocouple only and the optical fiber was used separately.
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Figure 3.3 Thermoprobe and Thermoprobe Controller.

The thermocouple tip was inserted at a distance of 0.5 mrdertsie tissue ( at the
same level with the fiber tip), and placed 1 mm away from thécapfiber tip (Figure 3.4).
Temperature changes were observed real time via a LabViegraam, that was run on a

computer connected to the thermocouple controller.

Figure 3.4 Experimental Setup.
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3.4 Histological Procedures

3.4.1 Tissue Fixation

Immediately after laser applications, rectangular bladkesisuring n? containing
the irradiated area surrounded by unaltered tissue werseekand fixed in a 10 % formalin
solution at 4C for 66+6 hours (Figure 3.5). The 10 % formalin solution was prepa®d

shown in Table 3.2.

Table 3.2
10 % Formalin Solution.

Phosphate Buffered Saline (PBS) 4 Liters
Formaldehyde (37%-40%) 400 ml

Phosphate buffered saline solution was prepared by disgaiablets of PBS in dis-

tilled water. Each tablet was dissolved in 100 ml of distilleater.

Figure 3.5 Tissue Blocks Fixed in 10% Formalin.



31

3.4.2 Tissue Processing

At the end of the fixation phase, the blocks were cut lateilithe laser irradiation

sites and prepared for tissue processing (Figure 3.6).

Figure 3.6 Tissues Prepared for Tissue Processing.

Tissue was then processed using tissue processing matieicia TP 1020; Leica

Microsystems, Germany) according to the protocol in Talie 3

Table 3.3
Tissue Processing Protocol.

Alcohol | 70% | 30 minutes
Alcohol | 80% | 30 minutes
Alcohol | 80% | 30 minutes
Alcohol | 96% | 30 minutes
Alcohol | 96% | 30 minutes
Alcohol | 100% | 30 minutes
Alcohol | 100% | 30 minutes
Xylene | 100% | 30 minutes
Xylene | 100% | 30 minutes
Paraffin | 60°C | 30 minutes
Paraffin | 60°C | 30 minutes
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3.4.3 Paraffin Embedding

Processed tissues were then embedded in paraffin blocks€R3dr) using the paraf-
fin embedding system (Leica EG1150, Leica Microsystemsy@ny). Paraffin blocks were
kept at 4C for one day before being used.

Figure 3.7 Tissues Embedded in Paraffin Blocks.

3.4.4 Microtoming and Slide Preparation

10 um sections were obtained using a microtome (RM 2255, Leicaddystems,
Germany). Sections were then placed into aGl%ater bath to remove paraffin from over
tissue, and then aligned on top of glass slides. Slides wegpedvernight in an incubator
(Nuve EN 025, Nive Laboratory and Sterilization Technologykara, turkey) in order to

remove remaining paraffin from the tissues (Figure 3.8).
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Figure 3.8 Microtomming and Slide Preparation:A: Microtome, B: Waltath, C: Tissues Aligned on Glass
Slides.

3.4.5 Hematoxylin and Eosin Staining (H&E Staining)

Tissue sections were then stained with hematoxylin andnHé$gyure 3.9) using the
protocol shown in Table 3.4 to enable visualization of therthal effects induced by laser

irradiation on tissues under light microscopy.

Figure 3.9 H&E Stained Tissues.



34

Table 3.4
H&E Staining Protocol.

Xylene 7 minutes
Alcohol 100% | 2 minutes

Alcohol 90% | 2 minutes

Wash in tab water

Hematoxylene| 1.5 minutes

Wash in tab water

Alcohol 90% | 2 minutes

Eosin 2 minutes

Wash in tab water

Alcohol 90% | 2 minutes
Alcohol 90% | 2 minutes

Alcohol 100% | 2 minutes

Xylene 2 minutes

Dry for 30 seconds

Cover with Entellan

3.5 Ablation Efficiency and Thermal Damage Evaluation

Tissue slides were visualized under light microscope (seli80i; Nikon Co., Tokyo,
Japan), and images were captured at two magnifications 4XL&Xd Imaging software
(ImageJ; National Institute of health, USA) was used to meaablated and total thermally
altered areas. The total thermally altered area referraédeersible thermal damage area
excluding reversible damaged area (i.e., ablated plusutategl area). Ablation efficiency

was evaluated in terms of a ratio of ablation area to totaihtladly altered area (Figure 3.10).
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Figure 3.10 A Liver Tissue Exposed to 1940-nm Tm:Fiber Laser at 4X Magatfon. AA= Ablation Area,
TAA= Total Altered Area.

3.6 Data Analysis

After measurements were obtained for ablated areas, lt#add areas, and temper-
ature increases, means and standard deviations of theseimraeeents for each set of laser
parameters (obtained from 8 independent samples) werelatdd. A 2-way ANOVA was
then conducted to reveal the effect of the two parametessi(jaower and laser mode) on the
ablation and total altered areas as well as on the tempermitreases. Tukey test (T-test)
was then used as@st hodest to determine the statistical differences betweeneadkreas,
total altered areas, and temperature increases with retsgbe two parameters (laser power

and laser mode). The significant level was set to p < 0.05.

Means and standard deviations for ablation efficiencies rates of temperature
change were also calculated. Pearson’s correlation cesifiecvas used to reveal the re-

lationship between rate of temperature change and ablatetbtal altered areas.
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This research focused mainly on investigating the effediféérent power and mode

settings of 1940-nm Tm: fiber laser on ablation areas, tbaahtal damage areas, and tem-

perature increases when applied to liver tissue.

4.1 Ablation Area (AA), Total Altered Area (TAA), and Ablation Effi-

ciency (AE)

A 2-way ANOVA revealed that the two parameters (laser powerlaser mode) had

a significant effect on ablation area and total altered aoe8.001). Regarding ablation

efficiency, the effect of laser mode was significant, but tifiece of laser power was almost

insignificant. The mean values of ablation areas, totatedtareas, and ablation efficiencies

are shown in Table 4.1, and plotted in Figure 4.1.

Table 4.1
Mean Ablation Areas (AA), Total Altered Areas (TAA), and Altion Efficiencies (AE) for the 8 Laser

Parameter Combinations Applied.

Laser Power (mW) | Laser Mode | AA (mm?) | TAA (mm?) | AE %
200 c-m 0.45+0.05 | 0.71+£0.11 63+7
200 p-m-m 0.23+0.05 | 0.38£0.07 62+4
400 c-m 0.69+0.06 | 0.92+0.09 75+5
400 p-m-m 0.44+0.05 | 0.71£0.10 62+6
600 c-m 0.91:£0.14 | 1.29+0.19 71+3
600 p-m-m 0.55+0.04 | 0.88£0.10 63£5
800 c-m 1.19+0.20 | 1.63+0.27 73+5
800 p-m-m 0.72£0.10 | 1.11+0.17 65+2
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Figure 4.1 Mean Ablation Areas (AA), Total Altered Areas (TAA), and Alblon Efficiencies (AE) for the 8
Laser Parameter Combinations Applied.

The biggest ablation area and total altered area were ach&\800 mW/c-m. While
the highest ablation efficiency of 75% was achieved at 400 mW/a he significant differ-
ences in ablation area, total altered area, and ablati@mesity for constant mode (continuous-
wave) with varying power settings, constant mode (pulsedirated mode) with varying
power settings, and constant power with varying modes,taes in tables 4.2, 4.3, and 4.4

respectively.

4.1.1 Constant Mode (Continuous-wave) with Different Powe6ettings

As Table 4.2 reveals, for continuous-wave mode, there wagrdfisant difference
in ablation area for the different power settings (200, 480, and 800 mW). Increasing
the power resulted in higher ablation areas. Total altered also increased with increasing
the power. T-test showed that there was significant difieeen TTA between the different
power groups except between the power settings 200 mW anch¥0@here there was no
significant difference. Regarding ablation efficiency AEQ20W resulted in significantly
smaller ablation efficiency when compared to 400, 600 , ar@@l r&BV. However, power

settings 400, 600, and 800 mW resulted in almost the sameabédficiencies.
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Table 4.2
Significantly Different Groups for AA, TAA, and AE for Contirous-wave Mode. AA= Ablation Area, TAA=
Total Altered Area, AE= Ablation Efficiency.

Continuous-wave Mode
Dependent Variables AA TAA AE
P-value St. Sign. | P-value St. Sign. | P-value St. Sign.
Statistical Analysis
ANOVA 0.001 Yes 0.001 Yes 0.001 Yes
200mw-400mw 0.004 Yes 0.121 No 0.001 Yes
é 200mw-600mw 0.001 Yes 0.001 Yes 0.011 Yes
5 200mw-800mw 0.001 Yes 0.001 Yes 0.001 Yes
- 400mw-600mw 0.008 Yes 0.002 Yes 0.399 No
3
: 400mw-800mw 0.001 Yes 0.001 Yes 0.861 No
600mw-800mw 0.001 Yes 0.004 Yes 0.850 No

4.1.2 Constant Mode (Pulsed-modulated) with Different PoweSettings

For pulsed-modulated mode, increasing the power resuttesignificantly higher
ablation and total altered areas. However, the effect @rlaswer on ablation efficiency

was not significant. Regardless of the power values, AE waesilthe same.

Table 4.3
Significantly Different Groups for AA, TAA, and AE for Pulsedodulated Mode. AA= Ablation Area,
TAA= Total Altered Area, AE= Ablation Efficiency.

Pulsed-modulated Mode
Dependent variables AA TAA AE
P-value St. Sign. | P-value St. Sign. | P-value St. Sign.
Statistical Analysis
ANOVA 0.001 Yes 0.001 Yes 0.578 No
200mw-400mw 0.001 Yes 0.001 Yes
E. 200mw-600mw 0.001 Yes 0.001 Yes
S 200mw-800mw 0.001 Yes 0.001 Yes
- 400mw-600mw 0.009 Yes 0.025 Yes
D
: 400mw-800mw 0.001 Yes 0.001 Yes
600mw-800mw 0.001 Yes 0.003 Yes
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4.1.3 Constant Power with Varying Modes

Changing the mode of laser while keeping the power constaaltesl in significantly
different values in AA, TAA, and AE for all power values use@ontinuous-wave mode
produced higher AA, TAA, and AE. The only exception was at B0 where there was no

significant difference in AE between continuous-wave andqutmodulated mode.

Table 4.4
Significantly Different Groups for AA, TAA, and AE at ConstaPower. AA= Ablation Area, TAA= Total
Altered Area, AE= Ablation Efficiency.

Dependent variables AA TAA AE
P-value St. Sign. | P-value St. Sign. | P-value St. Sign.
T- test Groups
200mw(c-m)-200mw(p-m-m) 0.001 Yes 0.001 Yes 0.757 No
400mw(c-m)-400mw(p-m-m) 0.001 Yes 0.001 Yes 0.001 Yes
600mw(c-m)-600mw(p-m-m) 0.001 Yes 0.001 Yes 0.002 Yes
800mw(c-m)-800mw(p-m-m) 0.001 Yes 0.001 Yes 0.001 Yes

4.2 Temperature Measurements

Temperature of the nearby tissue was measured at a disthricenm. For each
sample, the maximum temperature rise with respect to théager temperature (mean =
21°C), the time to reach that maximum, and the rate of temperahaege were calculated.

Table 4.5 shows mean values of these variables.

Temperature change is plotted in Figure 4.2. The figure shioatsghe highest tem-
perature increase was achieved at 800 mW/c-mB&&), and the lowest temperature in-
crease was achieved at 200 mW/p-m-n248C). Increasing the power while keeping the
mode constant resulted in higher temperatures. For the pamer, continuous-wave mode

resulted in higher temperatures when compared to pulsetitated mode.
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Temperature Change and Rate of Temperature Change for thee8 Parameter Combinations Applied.

Laser Power | Laser | Temperature change| Time (sec) | AT/Time (°C/sec)
(mW) mode | (°C)
200 c-m 8.12+-0.87 20.08+0.42 | 0.40+0.04
200 p-m-m | 5.24+0.36 38.96+0.90 | 0.13+0.01
400 c-m 11.14+2.20 10.5G+1.11 | 1.10+0.37
400 p-m-m | 7.08+0.26 20.16+0.39 | 0.35+0.02
600 c-m 14.75-1.14 7.05:0.29 | 2.10+0.21
600 p-m-m | 10.42+1.82 13.53+0.24 | 0.77+40.13
800 c-m 18.82+2.20 5.28+0.27 | 3.58+0.47
800 p-m-m | 11.95+1.32 10.1G+0.33 | 1.19+0.16
AT
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Figure 4.2 Temperature Change for the 8 Laser Parameter Combinatippiéedl.

The rate of temperature change calculated as the maximumetatare increase
divided by the time to reach that maximum, was slowest at 20@%/pam-m (0.13:0.01
°C/sec), and fastest at 800 mW/c-m (3t8847°C/sec). Values are plotted in Figure 4.3.
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Figure 4.3 Rate of Temperature Change for the 8 Laser Parameter Cotigpis& pplied.

A 2-way ANOVA revealed that the rate of temperature change atierentiated by
the two parameters (laser power (p<0.001) and laser mode(p%)). See Tables 4.6, 4.7,

and 4.8.

Increasing the power while keeping the mode constant esult higher rates of
temperature increase. For the same power, Continuous-wagie resulted in higher rates

of temperature change when compared to pulse-modulated.mod

Table 4.6
Significantly Different Groups for Rate of Temperature Gipafor Continuous-wave Mode.
Continuous-wave Mode
Dependent variables AT/Time
P-value St. Sign.
Statistical Analysis
ANOVA 0.001 Yes
200mw-400mw 0.001 Yes
§. 200mw-600mw 0.001 Yes
5 200mw-800mw 0.001 Yes
= 400mw-600mw 0.001 Yes
53
; 400mw-800mw 0.001 Yes
600mw-800mw 0.001 Yes
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Table 4.7
Significantly Different Groups for Rate of Temperature Cifor Pulsed-modulated Mode.

Pulsed-modulated Mode
Dependent variables AT/Time
P-value St. Sign.

Statistical Analysis
ANOVA 0.001 Yes
200mw-400mw 0.001 Yes
é 200mw-600mw 0.001 Yes
5 200mw-800mw 0.001 Yes
- 400mw-600mw 0.001 Yes

2

e 400mw-800mw 0.001 Yes
600mw-800mw 0.001 Yes

Table 4.8
Significantly Different Groups for Rate of Temperature Gmat Constant Power.

Dependent variables AT/Time
P-value St. Sign.
T- test Groups
200mw(c-m)-200mw(p-m-m) 0.001 Yes
400mw(c-m)-400mw(p-m-m) 0.001 Yes
600mw(c-m)-600mw(p-m-m) 0.001 Yes
800mw(c-m)-800mw(p-m-m) 0.001 Yes

Pearson’s correlation coefficient revealed a strong caticel between rate of tem-
perature change and ablation area for both continuous-weaae (R=0.89), and pulse-
modulated mode (R=0.90). Regardless of the laser deliveryemibe higher the rate of

temperature change is, the higher the ablation area is. i§esb 4.4 and 4.5.
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Figure 4.4 Correlation between Rate of Temperature Change and Ablatiea for Continuous-wave Mode.
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Figure 4.5 Correlation between Rate of Temperature Change and Ablatiea for Pulsed-modulated Mode.

To develop a better understanding of how the temperaturbeohearby tissue in-
creased during the time the laser was applied, and later thdecreased after the laser was
shut down, a graph showing the distribution of temperatusx tme was plotted using the
mean temperature values measured (10 measurements inralsedthis process was re-
peated for the different laser parameter combinations.usgéglure 4.6 shows the results
obtained for the 8 laser parameter combinations used. apalications, Laser was applied

at time t= 5sec.
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Figure 4.6 Distribution of Temperature During and After Laser Radiati

A close look at the graph reveals that at 800 mW/c-m and 600 midWee temper-
ature tended to increase in a linear way. At 800 mW/p-m-m ar@dm@/cm (which had
the same exposure time of 10 seconds), the temperaturedstarincrease in a linear way
then began to resemble in somehow the shape of a polynontia second degree. For the
remaining parameter combinations, the temperature isetki@ a way that can be best fitted

with a polynomial of the second degree.

In general, high powers and continuous-wave mode showedra hnear relation

when compared to low powers and pulsed-modulated mode.

It can also be seen that the tissue takes a relatively long tarcool down to its
pre-laser temperature. During the cooling down, the tigesponse was almost similar

regardless of the laser delivery mode and power.

4.3 Histological Evaluation

Figure 4.7 shows an example of a H&E stained lateral seatidnded by 200 mW/c-
m at a duration of 20 sec. The slice shows the thermal effédéser radiation as indexed:

(1) ablated area, (2) coagulated area, (3) heat affecteqd @enormal tissue. No signs of
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carbonization were visible in this slice. Almost for all teemples, carbonization was not

visible. Little signs of tissue carbonization were visiblesome of the 800 mW samples but

were considered negligible.

An area of heat affected tissue that appeared as lighteletisas visible in most of
the samples. This area was considered as a reversible dameggsince nuclei were clearly

visible on it. It was not included in calculations of totateakd area that was calculated as

ablation area plus coagulation area only, i.e., irrevé&siamage area.

Figure 4.7 Lateral Section of H&E Stained Liver Tissue Induced by 200 i at 20 sec (Magnification
=4X). Thermal Effects are shown as (1) Ablated Area, (2) Ctetgd Area, (3) Heat Affected Area, (4) Normal

Tissue.

Examples of H&E stained liver tissue samples that show tamthl effects of the 8

laser parameter combinations applied, are provided inrEigL8.
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Figure 4.8 H&E Stained Liver Tissue Samples Induced by the 8 Laser RetemCombinations Applied
(Magnification =4X).
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5. DISCUSSION

Lasers of wavelengths aroungi@ are strongly absorbed by water, the main con-
stituent of biological tissues. Absorption of these wargtés by a volume of tissue results
in a direct and immediate heating of the tissue. This allawsafvery precise cutting of the
tissue. Furthermore, bleeding during the cutting is reggegy coagulation. This endows

the 2um lasers with a high application potential in surgery andapg.

The relatively new Tm: fiber laser emitting at 1940-nm, whidincides with one of
the absorption peaks of water, was investigated by our &boyr for brain surgery [87], and
intraoral surgery [88]. In this study, we proposed the usé&rof fiber laser as an ablative

tool for liver surgery.

To investigate the efficacy of Tm: fiber laser on liver tissile ability of the laser
to ablate and cut precisely was not our only concern. Minimgizhermal damage to sur-
rounding tissue was as important as well. In order to achiggea detailed dosimetry study
was carried out to determine the optimal parameters thatdtead to the best ablation ef-
ficiency with minimal thermal damage. In addition to thatwis taken into account that
following absorption of laser light, the tissue temperatuncreases, which leads to changes
in the optical properties of tissues, and thus a change ialtserption coefficient of water
(the main chromophore in our study) [106, 107]. These dynathanges affect the tissue
response to laser irradiation [108], and can sometimeseetihe affectivity of even the best
dose estimate. To avoid such a situation, a real time tereranonitoring system was
utilized in order to better understand mechanisms undeyliaser tissue interactions, and
to predict the tissue response to laser irradiation. A letiermocouple was used for this

purpose.

Two different modes and four different laser powers leadingight different param-
eter combinations were investigated in timsvitro study. For each parameter combination,

the ablation area, as well as the total altered area (abdateédtoagulated) were measured.
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Then ablation efficiency, defined as the ratio of ablated tré¢etal altered area, was calcu-
lated to give us an insight on how much tissue was ablatedregpect to the total thermal

damage produced. Temperature of the nearby tissue was redada distance of 1 mm.

Laser irradiation was transferred to the tissue through @ical fiber with a core
diameter of 40Qum. The fiber end was positioned perpendicular to the tissdaciin
contact mode in order to reduce the amount of reflected Irgint tissue [109]. Tissues were

submerged in saline in order to simulatevivo conditions.

5.1 Laser Power

Ablation area and total altered area both increased witteasing power for both
continuous-wave mode and pulsed-modulated mode. Thisnsisted with previous stud-
ies [87, 88,105, 110]. The increase in both ablation areatetadl altered area resulted in
a similar ablation efficiency (defined as the ratio of ablattwea to total altered area) for
all power groups in both continuous-wave and pulsed-maedlanodes. Only the 200
mW/cm group yielded significantly lower ablation efficien¢yah the other power groups
in continuous-wave mode. In pulsed-modulated mode, thae ™ significant difference
in ablation efficiency between all power groups. Perry etraported a similar situation
for Nd:YAG laser on oral tissue. He reported that cuttingcedficy was not significally

improved by increasing power [111].

With a maximum of 75% and a minimum of 62%, all ablation efindres achieved
were above 50% and were specified as successful by previodg [&7]. Ablation effi-
ciencies above 70% can be even specified as highly efficidr.high ablation efficiencies
achieved coupled to the fact that the ablation efficiency iwdspendent of the power value
used, can be of high advantage. It implies that regardledsegbower value used, high ab-
lation will be achieved. So according to the specificatiams @esired outcomes of the laser
intervention such as the size of the area to be ablated, tta¢iolu of laser application that

should not be exceeded , and the width of coagulation redjuine power can be set and a
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successful ablation will be achieved.

The effect of power can be depicted in Figure 4.8. Increasiegpower resulted in
higher ablation areas. It was noticed that ablation depttieé to increase with increasing
power more than ablation width, but the overall result was@dr ablation area. Coagulation
area also increased with increasing power. Some vacuolizedn be seen in the coagulated
area. Carbonization was rarely seen .It was only seen for sbthe 800 mW samples in a

small amount.

5.2 Mode of Operation

It was observed that both ablation area and total alterediaceeased when changing
the mode from pulsed-modulated mode to continuous-waveemegardless of the power
value. However, the increase in ablation area was sharpdrthas caused the ablation
efficiency to increase significantly between the two modepkat 200 mW where the
difference was shown to be insignificant. Indeed, contissmave mode was shown to yield
a higher ablation than pulsed mode in previous publishea [@]. This can be explained
by the fact that in continuous-wave mode, the continuoussxie to laser radiation causes
the tissue to heat up rapidly resulting in tissue tempeesttinat can exceed vaporization
threshold, so tissue water is removed quickly, and ablaifdissues dominates; more laser
energy is consumed in ablation process than in heating yéasoe, which results in higher
ablation efficiencies. In pulsed-modulated mode, the ¢éisstheated at a slower rate, and
during the OFF-period, there is time for the tissue to caalftand conduct the heat to nearby
tissue. So, there is a decrease in the laser energy consaraéthtion process resulting in

lower ablation areas which in turn results in lower ablatdficiencies.

The effect of mode can be depicted in Figure 4.8. For the samerp continuous-
wave mode yielded deeper ablation and wider coagulation thésed-modulated mode.
But the increase in coagulation was less than the increadsahan area resulting in higher

ablation efficiencies for continuous-wave mode.
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5.3 Temperature Increase

Our results revealed that there was a strong correlatiomdset rate of temperature
change and ablation area. A fast and sudden increase intatm@eresulted in higher abla-
tion areas, with the highest rate of temperature changes@t8.47 °C/sec corresponding
to the highest ablation area of 1440.20mnt achieved at 800 mW/c-m. Whereas, a slow
and prolonged rate of increase of temperature resultedvierlablation areas, with the slow-
est rate of 0.130.01°C/sec corresponding to the lowest ablation area of -8®85 mn?
achieved at 200 mW/p-m-m.

A strong correlation was also revealed between rate of testyre change and total
altered area. Higher total altered areas also correspotedbijher rates of temperature

change and vice versa.

This dual correlation between both ablation area and tdtateml area with rate
of temperature change, resulted in a weak correlation etwate of temperature change
and ablation efficiency (R=0.43, R=0.27) for continuous-waagle and pulsed-modulated

mode, respectively.

This high correlation between the rate of temperature chamgl ablation and total
altered areas, implies that the real time temperature rsystized in this study serves an
important mean to predict thermally irreversible damagasiand avoid carbonization which

is of great medical concern in laser assisted surgery.

Higher powers and continuous-wave mode yielded higher ¢eatpre peaks and
rates of temperature change than lower powers and pulséldiated mode, which is con-

sisted with previous studies [87,111,112].

Looking back at Table 4.5, the range of temperature increaserom 5.24 to 18.82
°C. These values should be considered in light of the measutesystem. There are two
aspects that tend to have opposite effects on the measusenoe® tends to overestimate

the results, and the other tends to underestimates thégesul
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The first aspect is related to the metallic constitution efttrermocouple. The metal
conductors of the thermocouple absorb laser radiation andeca local and instantaneous
increase in temperature which entails an overestimatidineoctual temperatures measured
[21,23]. Solution to this artifact was suggested in différgtudies [21-23,113] . Anvariet al.
suggested splitting the temperature increase into tw@parte with shorter response time
which is caused by this artifact, and the other with the lemgsponse time which is caused
by the tissue temperature increase [23]. Then this artdantbe corrected by subtracting
this sudden increase or decrease in temperature which mapgeen the laser is turned on or
off respectively [21] . In our study, the thermocouple waseited 0.5 mm inside the tissue
to make sure that it was surrounded by tissue from all thesdioleninimize this artifact.
Presence of a sudden increase or decrease in temperatur¢hehaser was turned on or off

was not visible. See Figure 4.6.

The second aspect is the time response of the temperatusirapgent system. In
our study it was 0.1 sec, which is much slower than the theresglonse of the tissue to laser
irradiation which is in the nanosecond level as reportedipusly [87,114]. Ishihara et al.
showed that for the same laser fluence, a dramatic diffeliaribe results measured between
measurement systems with thermal responses in the namals&ed microsecond was found
[114]. So, for more accurate estimation of the real tissoggrature a measurement system

with a faster response time is suggested to be used.

However, the temperature of nearby tissue as measured byystem served as a
good means to point out the photothermal effect, and thisrexasaled by the strong corre-

lation between rate of temperature increase and ablatetbtaicltered areas.
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5.4 Tissue Type

Comparing the results obtained in this study on liver tissiil results obtained in a
previous study on brain tissue [87], which used the same [z@meters exactly (applied
energy, laser powers, and exposure times), revealed Weatissue yielded higher ablation
efficiencies than brain tissue for all laser parameter coathlons used. A statistical analysis
was not carried out to determine if there was a significarieifice in the results or not.
However, differences in optical properties of liver andibrassue which depend on the
tissue constituents, and the concentration of chromoghcae yield differences in their
response to laser light. Both liver and brain have high wabetent of about 78% [115,
116], but they differ in other tissue constituents. Althbubere is no published data for the
optical properties of brain tissue at 1940-nm (for livestis there is [90, 91]), but for other
wavelengths, previous studies revealed that liver tissisenigher absorption coefficient than
brain tissue and other soft tissues [117,118]. This is edgoeto be the case for 1940-nm as

well, and can explain the higher ablation efficiency reldteliver tissue.

There was also a difference in the tissue response to puiselddated mode regard-
ing temperature increases. For liver tissue, pulsed-nadeldlmode yielded less tempera-
ture increase than continuous-wave mode for the same pailee,wvhile for brain tissue
, pulsed-modulated mode yielded higher temperature iseré@an continuous-wave mode
for the same power value except for low power of 200 mW. Tigegponse to pulsed laser
radiation is influenced by the ratio of laser pulse duratmthermal relaxation time which
is a function of thermal diffusivity [119], and hence depsioa the thermal properties of the

tissue. This may account for the reported difference maatio

In fact, the composition and morphology of liver tissue méksuitable for laser
ablation. The extracellular matrix (ECM) fraction of thedivis quite small and consists
mainly of cell adhesion proteins with low collagen contelit$, 119]. One of the primary
functions of ECM is to maintain the structural integrity oetlissue, and hence it inhibits

tissue vaporization and material removal. This means Wettissue can be easily ablated.

This extremely cellular nature and low connective tissug@at of the liver , which
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make it so friable and easily torn, also explains the litdaring of liver tissue that was

observed and can be noticed in Figure 4.8.

It should be mentioned that this study was performed on ndiveatissue only. The
difference in thermal and optical properties between nbend tumor tissue may influence
the mechanisms by which tissue is heated , and thereforesffinet of Tm: fiber laser on
tumor liver tissue may vary [92,120]. Further experimehtssd be carried out to investigate

the effect of Tm: fiber laser on tumor liver tissue.
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6. CONCLUSION

The aim of this study was to investigate the potential of 28A0Tm: fiber laser as
an ablative tool for liver surgery. This was done by invesigg the ablation capability of
different working modes and power settings of 1940-nm Trrerflaser on liver tissue, with
utilizing a real time temperature monitoring system to [levthe necessary feedback for
adjusting the laser parameters to minimize the collatbeaital damage to adjacent tissues

in anex vivosetting.

This study showed that with a proper selection of laser patars such as laser
power, laser mode of operation, and exposure time, the exiftgi of a laser system can
be improved. The results obtained revealed a high ablaapalality of the 1940-nm Tm:
fiber laser for use on liver tissue. With only low laser powefsess than 1W, high abla-
tion efficiencies of more than 70% were obtained, and a deitatmgulation zone which is
needed to provide hemostasis was produced. Furthermereedhtime temperature mea-
surement of the nearby tissue served as a good pointer tithetpermal effects, which can
be used to confine thermal damage to surrounding tissue amdrgrunwanted effects such

as carbonization.

The results obtained in this study are encouraging. Howéwey should be consid-
ered in light of the limitations oéx vivostudies. Although some steps were taken to simulate
in vivo conditions such as the use of fresh samples, and immersgatine, but loss of per-
fusion inex vivostudies means loss of chromphores which may influence peafoce of the
laser system. Blood perfusion can provide a cooling effedienm vivo conditions which
can affect the thermal response of the tissue to the apaiged Irradiation; smaller ablation

areas and less temperature increases are expected conpaexedvo

Further investigation of the potential of 1940-nm Tm: fib&sdr inin vivo studies
must be carried out before it can be proposed for clinical 8beuld the high ablation capa-

bility and sufficient coagulation needed for hemostasig@saled by this study be confirmed
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in in vivo studies, the 1940-nm Tm: fiber laser can be introduced asmigirg tool with

high potential for laser assisted liver surgery.
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