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ABSTRACT

ENDOVENOUS LASER ABLATION: DIFFERENT LASERS
AND DELIVERY TECHNIQUES

Endovenous Laser Ablation (EVLA) has become a popular minimally invasive
alternative to stripping in the treatment of saphenous vein reflux. Several wavelengths
have been proposed; of which 810, 940 and 980- nm are the most commonly used. Ther-
mal shrinkage of collagenous tissue during EVLA plays a significant role in the early
and late results of the treatment. Longer wavelengths (>1000-nm) show greater water
absorption than shorter wavelengths and may have some advantages for EVLA due to
water molecules in the vein lumen cells. However, the most appropriate wavelength is
still the subject of debate. The laser light delivery technique is another criteria that
affect the success of EVLA. Bare fiber, which is generally used for medical application,
delivers the laser light locally focused to application area. Radial fiber, which is a new
technique for laser light delivery, emanates the laser energy homogenously circularly to

vessel lumen.

The aim of this study is to compare the efficacy of 980 and 1940-nm laser
wavelengths in the treatment of varicose veins. In this study, 980 and 1940-nm lasers
were used to irradiate stripped human veins. Different power settings (8/10W for 980-
nm, 2/3W for 1940-nm) and laser delivery techniques (radial and bare fiber) were used
to compare their effects. As a conclusion, 1940-nm TM-fiber laser and radial fiber are

promising methods in the treatment of varicose veins.

Keywords:Endovenous Laser Ablation, 1940-nm, 980-nm, Radial Fiber, Bare Fiber,

Varicose Vein



OZET

ENDOVENOZ LASER UYGULAMASI: FARKLI LASERLER
VE FARKLI ISIK YAYIM TEKNIKLERI

Varis tedavilerinde Endovenéz Laser Uygulamasi (EVLA), son yillarda klasik
cerrahi yontem olan Vena Safena Magna Strippinge gore daha giivenli, verimli ve ¢ok
az girigimsel oldugu i¢in daha populer hale gelmigtir. EVLA’min baglica uygulama
prensibi damar liimeninin kolojen dokusunun, laser 15181 ile termal hasara ugratilarak
daraltilmasidir. EVLA yeni bir yéntem oldugu i¢in uygulanan optimum dalgaboyu,
gii¢ ve kullanilan fiber gibi uygun parametreler tizerinde hala galigilmaktadir. EVLA
i¢in ¢esitli dalga boylar1 kullanilmaktadir; bunlardan 810, 940 ve 980-nm en ¢ok kul-
lanilan dalga boylaridir. 1000-nm den daha biiyiik olan dalga boylari, su tarafindan
daha iyi bir emilim gosterdigi i¢in, laser 151811 damar dokusunda bulunan su molekul-
leri tarafindan kuvvetli bir emilime ugrayabilecegi diistiniildiigiinde daha iyi sonuclar
verebilir. Laser 1g1gin1in fiber ucundan yayilim sekli de EVLA sonucunu etkileyebilecek
parametreler arasindadir. Klinik ¢alismalarda genelde diiz uglu fiber kullanilir. Bu
fiberde 151k tek bir noktadan ¢ikarak damar i¢inde dagilir. Radyal fiber ise klinik calig-
malarda yeni kullanilmaya baslayan ve iyi sonuglar veren bir fiberdir. Bu fiberde 151k

yayilimi radyal fiber ucu etrafinda 360° olarak homojen yayilir.

Bu calisgmada optimum gii¢, dalga boyu ve fiberi bulabilmek i¢in insanlardan
klasik cerrahi yontem ile ¢ikarilan damarlarin i¢ yiizeyine klinik ¢aligmalarda en ¢ok
kullanilan 980-nm diyot laser ile, su tarafindan emilimi gok yiiksek olan 1940-nm laser
hem bare hem de radial fiber kullanilarak uygulanmigtir. 980-nm diyot laser i¢in 8W
ve 10W gii¢ kullanilirken, 1940-nm Tm fiber Laser i¢in 2W ve 3W secilmigtir. Sonug

olarak, 1940-nm Tm Laser ve radyal fiber EVLA i¢in umut verici bir yontemdir.

Anahtar So6zciikler: Endoventz Laser Uygulamasi, EVLA, 1940-nm Tm Fiber Laser,
980-nm Diyot Laser, Varis, Radyal Fiber, Diiz U¢lu Fiber.
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1. INTRODUCTION

1.1 Motivation and Objectives

Varicose veins are veins that become enlarged, swollen and twisted due to the
venous insufficiency. This is a common problem, arising among adult population as-
sessed in epidemiological studies. Varicose veins generally occur in superficial veins
of the legs because of long-time standing or walking. Although serious complications
are rare, due to aching, discomfort, edema and muscle cramps, varicose veins decrease

quality of life in the people who suffer from varicose veins.

Surgical ligation and stripping of the vessel segments are the traditional treat-
ment for great saphenous venous (GSV) insufficiency. Since being a classical surgery,
general anesthesia, scars, post-operative pain, wound infection, saphenous nerve injury

and high recurrence rate are the disadvantages of surgical ligation and stripping.

In order to reduce side effects of classical surgical treatment, Endovenous Laser
Ablation (EVLA) which is minimally invasive technique have become popular in the
treatment of varicose veins. Laser application provides sterile conditions, reduces bleed-
ing and operation time and eliminates the adverse effect of the classical surgery. More-
over, because being minimally invasive technique, there is no need to general anesthe-
sia. However, it has some disadvantages such as nerve damage, skin burn, thrombosis,
haematoma at entry site (rare), cellulitis and one case of an arteriovenous fistula that

have been reported after EVLA.

In endovenous application, laser light is introduced into the vein lumen by means
of a flexible optical fiber via a sheath system. The working principle of EVLA is to
deliver laser energy to blood vessel lumen. The laser light is converted into heat de-
pending on laser wavelength used and on the absorption characteristic of the primary

target molecules. Thermal shrinkage of collagenous tissue during EVLA plays a sig-



nificant role in the early and late results of the treatment. In clinical treatments,
several wavelengths have been proposed; 810, 940 and 980-nm are the most commonly
used wavelengths which have high absorption coefficient by hemeoglobin. However, the
best treatment parameters are still under investigation to find the optimal energy and

wavelength.

The main objective of this study is to investigate new techniques and find the
optimal application parameters for Endovenous Laser Ablation. In this study, 1940-nm
Tm-fiber laser which has selective energy absorption by water is investigated at different
power and compared with the 980-nm diode laser which is generally used in clinical
treatment. 1940-nm Tm-fiber Laser is proposed to alternative laser to 980-nm diode
laser due to higher absorption by water in the vein tissue. Better absroption may lead
to same amount of shrinkage; however, 1940-nm Tm-fiber delivers less energy to patient
which results in less pain after treatment. Both 1940-nm Tm-fiber laser and 980-nm
diode laser applications were performed with radial and bare fiber in order to compare
the different delivery techniques. Bare fiber, which is used during clinical application,
delivers the laser light inhomogeneous circumferential and locally focused which leads
to high energy fluence and more damage on vein wall. Radial fiber emanates the laser
light homogenous circumferential and increases the application area; therefore radial
fiber may lead to less thermal damage and increase the patient comfort after laser

treatment.

1.2 OQOutline

In Chapter 2, general information of vein and varicose vein, treatment techniques
of varicose veins such as Surgical Ligation and Stripping (Phlebectomy), Endovenous
Radiofrequency Ablation, Endovenous Chemical Ablation and Endovenous Laser Ab-

lation are explained.

Chapter 3 gives detailed information about materials used in this study, ex-

perimental setup and laser application procedure and Hematoxylin and Eosin staining



methods.

Chapter 4 includes results about laser application and Hematoxylin and Eosin

staining procedure.

General discussion of proposed study is given in Chapter 5 and conclusion and

future works of the study are given in Chapter 6.



2. BACKGROUND

2.1 Varicose Veins

2.1.1 Structure of the Vein Wall

Veins are blood vessels which transport deoxygenated blood from various region
of the body to heart. There are four main types of vein: pulmonary, systemic, super-
ficial and deep veins. Pulmonary veins are large blood vessels that carry oxygenated
blood from the lungs to the left atrium of the heart. Deoxygenated blood from the rest
of the body is carried to the right atrium of the heart by systemic veins. Superficial
veins are not located near a corresponding artery and they are very close to the surface
of the skin. In contradiction, deep veins are located close to a corresponding artery

and they are located within muscle tissue.

The vein wall consists of three layers (Figure 2.1):

1. Tunica Adventita has a strong outer covering of arteries and veins which contains
mostly collagen fibers, connective tissues and elastic fibers. This configuration
helps to protect the vein structure and allows the vein to keep away from external

trauma.

2. Tunica Media is the middle layer of the veins which is composed of smooth
muscles and elastic fibers. The elastic characteristic of the vein helps the vein
to elongate which tolerates the changes in blood volume and pressure. Also the
narrowing down of the vessels in response to temperature, pressure and trauma

is controlled by this layer.

3. Tunica Intima is the iner layer of arteries and veins which is in direct contact
with the blood flowing through the vein. This part of the vein consists of smooth
endothelial cells. The lumen is the hollow center through which blood flows. This



part of the vein consists of smooth endothelial cells. The lumen is the hollow
center through which blood flows. This cell layer has a design that prevents
fluids from escaping the vasculature into the tissue. Prostacyclin and nitric oxide
which are released from these endothelial cells change vascular tone and regulate

blood flow.2

endothelium

lumen
(relatively large)

tunica media
(twin - contains some
elastic and smooth
muscle)

tunica external
(mostly collagen
fibres)

Figure 2.1 The veins consists of three layer: Tunica Adventita, Tunica Media and Tunica Intima.
Tunica Intima has valves to keep blood flow in one direction [1].

Also in veins, there are valves in order to prevent any backflow of the blood.
Therefore, blood flowing is kept in one direction. Figure 2.2 illustrates the function of
the valves in the veins. Muscles are very close to the veins and their contraction and

relaxation helps blood movement towards the heart due to valves.

The saphenous veins are two major veins that carry blood from legs to heart.
These veins are superficial veins, just below the surface skin tissue and above the muscle
layer. There are two types of saphenous vein: Great Saphenous Vein (GSV), which
carries blood from ankle to groin and Small Saphenous Vein (SSV), which carries blood

from ankle to knee.



direction of
blood flow
open valve

vein wall

blood moves through vein
as the vein is squeezed
by body muscles

closed valve

Figure 2.2 The veins consists of three layer: Function of the valves in the veins [2].

2.1.1.1 Great Saphenous Vein (GSV). The GSV, also called as large saphe-

nous vein, starts from the combination of first digit (the large toe) and dorsal venous
arch of the foot. It passes from anterior to medial malleolus, then runs from the foot
all the way up the medial side of the leg to the saphenous opening. This vein merges to
femoral vein at saphenofemoral junction. Figure 2.3.A demonstrates the pathway of the
GSV. General pathologies of the GSV are phlebitis, thrombosis, thrombophlebitis and
varicose veins. All these diseases typically are not life threatening. GSV can become
infected which is called as phelebits, can experience blockage, which is called thrombo-
sis. Also it can both thrombose and become infected which is called thrombophlebits.

Finally, the GSV is subject to varices which has various treatment options.

2.1.1.2 Small Saphenous Vein (SSV). The SSV, also called as lesser saphe-

nous vein, starts from the combination of the fifth digit (smallest toe) and the dorsal
venous arch of the foot. It goes up the back of the leg and merges to popliteal vein which
is located in the back of the knee (Figure 2.3.B). Varices, phlebitis, thrombophlebitis

and thrombosis are the general diseases of SSV which are similiar to GSV.



Saphencfermoral
junction

Poplitzal wain

Saphenopopliteal
junction

Great saphenous
wEin

Small saphencus
weln

Figure 2.3 A: The pathway of the Great Saphenous Vein (GSV); B: The pathway of the Small
Saphenous Vein (SSV) [3].

2.1.2 Structure of Varicose Vein

Varicose veins are common problem, arising in up to 25 % of the adult population
assessed in epidemiological studies [10]. In addition to aching, discomfort, edema
and muscle cramps, associated complications are eczema, lipo-dermatosclerosis, white

atrophy, superficial thrombophlebitis, and venous ulcers [11].

Varicose veins are veins that become enlarged, swollen and twisted. Due to
their proximity to the surface of the skin, varicose veins are visible and generally
characterized by discolorations. Primarily, varicose veins are found in legs but they
can occur other areas of the body. Underlying aetiology and pathogenesis of primary

varicose veins remain unclear [12]. Prevalence thought for the underlying problem for



varicose veins is valvular incompetence [13]. In normal veins, veins have valves that
prevent the blood from flowing back due to the effect of gravity. When this valves do
not work properly, this allow blood to flow back and increase the venous pressure and
make vein wall weak which leads to distortion of veins. Figure(2.4) illustrates how a
varicose veins form in a leg. However, this hypothesis has been contradicted by the

another suggestion that vein wall disorder may lead to valvular incompetence [12].

Normal vein II Varicose vein

&/’

}

.
A
o

Figure 2.4 The illustration shows how a varicose vein forms in a leg. Figure A shows a normal vein
with a working valve and normal blood flow. Figure B shows a varicose vein with a deformed valve,
abnormal blood flow, and thin, stretched walls. The middle image shows where varicose veins might
appear in a leg [4].

Several factors are supposed to lead to formation of varicose veins such as hered-
ity, age, gender, pregnancy, obesity and lack of movement. Genetic factors raise the risk
of varicose vein. People who have varicose veins 21.5 times more likely to have a family
members with the problem of varicose veins. Getting older causes the varicose veins
due to weakening of calf muscles, reduction in mobility and decrease in components of
the veins [12|. Gender factor raises the risk of varicose veins which is more common in
women than men [13]|. Pregnancy another risk factor for varicose veins. In addition to
increase in pressure on the mother’ s vein due to growing fetus, upregulation of certain

hormones, such as relaxin, oestrogen and progesterone, causes venous relaxation and



increases vein capacitance [12]. Moreover, being overweight puts extra pressure on your
veins which can lead to varicose veins. Staying in one position, sitting or standing for a
long time can increase the force on your veins and can be a risk factor for the develop-
ment of variose vein. In order to regulate blood flowing, the veins need to work harder
to pump blood which strain vein valves. smoking, oestrogen therapy, hypertension and
diabetes mellitus have been thought to be another risk factors; however, their roles are

still under investigation to ascertained [12].

2.1.3 Treatment Techniques

All treatment techniques of varicose vein aims to prevent complications and pro-
gression of venous insufficiency and improve the cosmetic appearance. Surgical ligation
and stripping of Saphenous vein is the classic treatment way of varicose vein; however,
the improvement in the technology leads to minimally invasive techniques such as En-
dovenous Radifrequency Ablation, Endovenous Chemical Ablation and Endovenous

Laser Ablation.

2.1.3.1 Surgical Ligation and Stripping (Phlebectomy). Surgical ligation and

stripping of the vessel segments which is sometimes called as Phlebectomy is the tra-
ditional treatment for great saphenous venous (GSV) insufficiency which results in
varicosities for decades [14]. Surgical tying off the large vein in the leg, great saphe-
nous vein, refers to ligation which is applied to cut off the blood flowing to the varicose
veins. The removal of the vein through incisions in the groin or popliteal fossa refers

to stripping (Figure 2.5).

General anesthesia is applied during the surgical ligation and stripping. How-
ever, recurrence rates after surgery are about 25 % and 50 % at 5 years for the GSV
and SSV, respectively. A study with a mean follow-up of 34 years showed recurrence in
60 % of 125 limbs after SFJ ligation and GSV stripping [11]. In addition to recurrence,

other disadvantages of the classical surgery is necessity of general anesthesia, bleeding
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An acorn-shaped stripping head is attached to the wire and
pulled through the leg, tearing the vessel away.

—Stripper head

Firt incision

Figure 2.5 Ligation and stripping illustration [5].

and bruising, scars, post-operative pain, long recovery time and adverse events associ-
ated with venous stripping such as wound infection and saphenous nerve injury [15].
After surgical ligation and stripping procedure 2 to 4 weeks are needed for recovery

16, 17].

2.1.3.2 Radiofrequency ablation (RFA). Endovenous Radiofrequency Abla-

tion is performed with a catheder emiting bipolar radiofrequency energy which turns
into thermal energy to vein lumen. Probe is inserted into the vein and pulled back
slowly through the varicose vein. Endovenous catheder generates 85-120 T&%C heat at
the vein wall which leads to heat damage, collagen shirinkage and closure of the target
vein. The procedure is performed under the ultrasound imaging guidance with tumes-
cent anesthesia. Compression stockings are applied post operation for several days to 2
weeks. Overall vein closure success of the Radiofrequency Ablation at the range of 89
% at 3 months, 88 % at 1 year, 84 % at 3 years, and 80 % at 5 years [18]. Paresthesis,
hematoma, skin burns, infection, bruising, superficial thrombophlebitis, deep venous
thrombosis, and pulmonary embolism are the complications that are reported after the

Radiofrequency Ablation procedure [19, 20, 21]. After the Radiofrequency Ablation
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Procedure, hospitalization and recovery time take 3 to 5 days [22, 20, 23].

2.1.3.3 Endovenous Chemical Ablation. Endovenous chemical ablation is per-

formed by under ultrasound guidance. The catheder is inserted into target segment of
varicose vein. The endovenous chemical ablation is performed without local anesthesia.
Foam solution which is produced by the combination of air or carbondioxide and chem-
ical sclerosant (polidocanol, sodium morrhuate, or sodium teradecyl sulfate [STDS]).
This solution is injected to vein via endovenous catheder under ultrasound guidance, at
the same time compressing the saphenofemoral or saphenopopliteal junction in order
to eliminate microbubble entrance from solution to deep venous system. While the
injected foam is delivered to the distal tributaries via message, the leg is elavated 45
degrees. After the application compression stockings are applied. The foam solution
displaces the blood in the treated vein, causing to sclerosis and obliteration of the
varicose veins in 1 to 6 weeks [24]. In literature, overall closure of the treated vein is
in the range of 82 % at 3 months, 81 % at 1 year, 77 % at 3 years, and 74 % at 5 years
[24, 18]. Mild to moderate pain, hyperpigmentation, superficial thrombophlebitis, deep
venous thrombosis, pulmonary embolus, hematoma, skin necrosis, transient neurologic
events, and rarely major neurologic events in patients with a patent foramen ovale
are the complications of the endovenous chemical ablation |25, 19, 26, 27|. After the
procedure, patients can return their normal activity within 24 hours. The recurrence
rate of the endovenous chemical ablation is higher than conventional surgery and other

thermal endovenous application techniques [28|.

2.1.3.4 Endovenous Laser Ablation. The Endovenous Laser Ablation (EVLA)

has become popular as a minimally invasive technique for venous insufficiency. When
EVLA is compared with traditional ligation plus stripping, the success rate of the
EVLA is over 90% after several years of follow-up studies and has less complication
rate [29]. During clinical EVLA applications, laser light is delivered into the vein wall
via flexible optical fiber under Doppler Ultrasound guidance (Figure 2.6).
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Figure 2.6 The illustration of EVLA [6].

Temperature of the laser tip increases up to 800 '1';)%(3 which damages the ad-
jacent tissue during application [15|. Therefore, local anesthesia should be used along
the entire length of the varicose vein either manually or with an infusion pump under
ultrasound guidance. Tumescent anesthesia is a local anesthesia fluid which is used
currently practices to compresses and reduces the diameter of the veins and being pro-
tective barrier to minimizes the risk of heat related damage to adjacent tissues [30]. It

is also used for separation of vein to be treated from surrounding structures [31].

The mechanism of action of EVLA is still under investigation in order to find
out the laser energy emanates from fiber tip absorbed by blood or/and vein wall [32].
There are two theories: steam bubble theory and the direct conduct theory. Proebstle
et al investigated steam bubble theory and stated that the heat at the tip of laser fiber
leads to formation of steam bubbles from boiling blood which causes thermal shrinkage
of collagenous tissue and occlusion of the vessel through thrombus formation [33|. The

6 mm diameter blood filled silicon was used and EVLA was applied with increasing
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pulsed dose energy. The steam which was generated post application was collected and
quantified. It is found that 15 J pulse energy caused to formation of 6mm diameter
steam bubble which is equal to 170 mm? volume of steam [34]. However, Rox Anderson
et al proposed that bubble steam theory fails to explain the quantity of energy delivery
to the vein during EVLA and carbonization phenomena. At atmospheric pressure,
converting 1 mm? of water to 1700 mm? steam requires 2.5 J of energy. Therefore,
10,200 mm? of steam should be produced by 15 J of energy at the 100 % efficiency;
thus, 170 mm?® bubble which Proebstle et al found during their experiment, is 1.6 %
of the 15 J of energy that was delivered during the application. Carbonization at the
fiber tip occurs at about 300 I@%C and regardless of the wavelength used, so light
penetration into tissue decreases [31]. Mordon, Zimmet, and Fan and Rox Anderson
proposed that laser energy which is absorbed by blood is insufficient to damage the
vein wall; therefore, this theory can not be the only mechanism to damage the vein
lumen [32, 35, 34]. Moreover, carbonization in the vein wall seen by histological studies
proves the direct contact between laser tip [36]. Consequently, light absorption by the

vein wall would be the main mechanism for EVLA [32].

The best treatment parameters are still under investigation to find the optimal
energy and wavelength. In the literature, the 808-nm, 810-nm, 940-nm, and 980-nm,
1064-nm, 1320-nm, and 1470-nm lasers are used for EVLA. Among these wavelengths,
810-nm, 940-nm, and 980-nm lasers are performed more commonly because they are
absorbed by deoxygenated hemoglobin and the 980 nm also by water [4, 8, 6]. 810-nm
laser has a high absorption coefficient by hemoglobin (Hemoglobin-pa=4 cm-1) and it
is also absorbed by the water (HyO-pa =0,023 ¢cm-1). 980-nm is absorbed both water
(Hy0-pa=0,43 cm-1) and hemoglobin (Hemoglobin-pa=2 cm-1 ); however, its water
absorption coefficient is higher than 810-nm. At these wavelengths, power is usually set
between 10 and 15 W [30]|. Longer wavelengths (>1000 nm) has higher water absorp-
tion and are less absorbed by blood than shorter wavelengths, so longer wavelengths
may have different and positive effect on EVLA. Figure 2.7 illustrates absorption co-
efficient of water and biological materials; hemoglobin (HbO2) and deoxyhemoglobin
(Hb). Hemoglobin and deoxyhemoglobin absorb increasingly less light towrads the

near infrared and dropping out beyond the wavelengths of 800-nm. Water absorption
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rises dramatically as one goes farther into infrared, peaking around 3 pm. [7].

In literature, 1470-nm diode laser which has high water absorption is safe, ef-
ficient therapy option and high occlusion rate [37]. In a study of S. Doganci et al,
1470-nm laser and radial fiber system reduces the pain, induration, ecchymosis and
paraesthesia when it is compared with the 980-nm bare tip laser fiber [38]. In this
study, the 1940-nm Thullium Fiber Laser which is a new wavelength fiber laser and
has high absorption in water and consequently in the vessel lumen, is used. Although
980-nm diode laser is used for endovenous laser ablation, 1940-nm fiber laser has not
been used for this treatment. According to Figure 2.7; 980-nm is absorbed both by
water and de-oxygenated hemoglobin. However, 1940-nm is absorbed only by water;
it is thought that this wavelength could be successful for this treatment due to water
molecules in the vein tissue. In the literature, between 980-nm and 1320-nm wave-
length, power is usually performed around 10-15W in most of the applications [36].
Therefore, SW and 10W were chosen for 980-nm laser. The power of the 980-nm laser
is compared with the 1940-nm laser and for 1940-nm fiber laser, the approximate power

range was chosen between 2W and 3W.
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Figure 2.7 Schematic absorption spectra of water (H20) and (deoxygenated) hemoglobin [7].

The working principle of the EVLA based on the delivery of the laser light which

is converted into heat depending on laser wavelength and absorption characteristics of



15

the targeted molecules in the blood vessel lumen. Therefore, variety of factors all
together influence the vein wall occlusion during the procedure. In addition to this,
light distribution within the vessel could affect the procedure. Generally bare and flat
cut fibers are used in clinical applications which cause inhomogeneous circumferential
light delivery to the vessel wall, so nonuniform tissue change and sometimes perfora-
tion are observed. New radial laser fiber tip which emanates laser light homogenous

circimferential (360°) is developed (Figure 2.8).

Figure 2.8 Biolitec Radial Tip Fiber [8].

In the vessel Laser irridation area increases and fluence rate decreases with
the radial fiber when it is compared with bare fiber [9]. The geometrical sketch of
radial and bare fiber is shown in Figure 2.9. High amounth of fluence rate to the
tissue (FR>1000W /cm) leads to local perforations [39]. Thus, no perforation could be

observed when radial fiber is used [9].

In literature, radial fiber tip is used with water target wavelength (1470-nm) to
compare with the bare fiber with 980-nm laser wavelength and as a result radial fiber
tip with 1470-nm wavelength is more successful than the latter [38]. However, it is
impossible to make a decision about whether the fiber tip or laser wavelength or both

of them are effective for this result. Therfore, in this study radial fiber tip is compared
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Figure 2.9 Geometrical sketch of the radial emitting fiber (left) and a bare fiber (right) [9].

with the bare fiber tip at same wavelengths (both 980-nm and 1940-nm wavelengths).

Clinical success of EVLA is based on the permanent occlusion of the treated
veins, successful removal of varicose veins and returning to normal activity quickly [40].
The recent studies demonstrates that closure rate of the treated vein is 93 % between
3 months and a year and 95 % between 3 and 5 years. It is reported that EVLA is
more successful than classical surgery in terms of obliteration and low recurrence rate
with the range of 1 % to 5 % [41]. When EVLA is compared with RF, complication
rates range between 0 % and %10 after EVLA and between 4 % and 23 % after RF
[42]. In addition to complication rates, occlusion rates of the EVLA (98 %-100 %) is
slightly higher than the RF (83 %-100 %) [42].

Since being minimally invasive, EVLA is performed under local anesthesia and
after application there is no scars, minimal postoperative pain and less recovery time.
Since being minimally invasive, people return to their usual life faster than classical
surgery. The nerve damage, skin burn, deep venous thrombosis, haematoma at entry

site, cellulitis and one case of an arteriovenous fistula are the complications that have
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been reported after EVLA [15].

In this study, 1940-nm Thullium Fiber Laser which is a new wavelength fiber
laser and has high absorption by water and consequently in the vessel lumen, is pro-
posed as an alternative laser wavelength for EVLA. Better absorption may lead to same
amount of shrinkage; however, during 1940-nm diode laser application less energy deliv-
ered to patient which leads to less pain after treatment. Coupling the laser light to the
optic fiber is not possible for the wavelength longer than 2000-nm; therefore 1940-nm
wavelength is the one parameter that have higher water absorption coefficient and be
coupled to optic fiber. 1940-nm Tm Fiber Laser has not been used for this treatment,
so it is compared with 980-nm diode laser which is frequently used for endovenous
laser ablation in clinical treatment. According to Figure 2.7, 980-nm is absorbed both
by water and deoxygenated hemoglobin. However, 1940-nm is absorbed only by wa-
ter; it is thought that this wavelength could be successful for this treatment due to
water molecules in the vein tissue. In the literature, between 980-nm and 1320-nm
wavelength, power is usually performed around 10-15W in most of the applications [8|.
Therefore, 8W and 10W were chosen for 980-nm laser. The maximum output power of
1940-nm fiber laser is 5W and according to pre-experiments 2W and 3W power which
have similiar effect as 8W and 10W at 980-nm was choosed . Another criteria which
was compared in this paper is delivery technique in terms of thermal damage at vessel
wall. Bare fiber which is frequently used in clinical treatment is compared with radial
fiber which is a new technology fiber. Bare fiber delivers laser energy inhomogenous
and locally focused which is thought that the reason of more perforation and carboniza-
tion. On the other hand, radial fiber emanates the laser light circularly to the vein
wall. The application area of the laser light increases with the radial fiber; therefore
energy fluence decreases which is thought that may lead to less thermal damage on

vessel wall.
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3. METHODS

3.1 Human Veins

In this study, human veins which are obtained from classical surgery, are used.
In order to protect their biological nature, human veins are kept in isotonic solution.

All experiments have performed less than 12 hours after the surgery.

Figure 3.1 Example of human veins that are used in experiments.

3.2 Lasers and Fibers

980-nm Diode Laser (Figure 3.2.A) (opto power corporation model no: OPC-
D010-980-FCPS, Opto Power, Tuscon, AZ, USA) was used in this study. Controller
unit (Figure 3.2.B) was used to control the laser by computer (Teknofil Inc., Istanbul,
Turkey). Maximum current for 980-nm diode laser is 35A and maximum output for
this laser is 14W. Laser application with 980-nm diode laser at 8W and 10W power was
used during experiments. The system provides output through a 1 meter fiberber-optic

cable. The laser light was coupled to 600-micron laser fiber via SubMiniature version
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(SMA) connector (Figure 3.3).

Figure 3.2 A: 980-nm Diode Laser (opto power corporation model no: OPC-D010-980-FCPS) B:
Controller unit (Teknofil Inc., Istanbul, Turkey).

980-nm Diode Laser Coupling of laser
light to optic fiber

o
Laser source 600pum optic fiber
SR SMA connector

Computer

Figure 3.3 Block Diagram of 980-nm Diode Laser.

LabView software interface (V 6.1) (Figure 3.4) were used to control the laser
parameters such as power, exposure time, number of cycles, and on-of duration pulses.
Before laser application, all parameters were set. The laser power which is wanted to
use during the application is adjusted by setting the current from the current toolbar
on the interface. As illustration, when the current is set to 35A, the laser output
power is measured as 14W. The mode of the application whether continous or pulse
and duration of the application are set by entering data to the duty-cycle, off-cycle
and number of cycles bars. In this study, continous mode was used, so off-cycle and
number of cycles were set to 1 and duty-cycle were set according to estimated duration
of the application. On-Off button is used for turning on interface and run button with

an arrow figure which is at the left top of the interface starts the application. On-Off
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button is used whenever the application is wanted to finish. (On-Off button is green
when it is off mode and it is red when it is on mode.) On Period (Measured in ms) bar

records the duration of the application.
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Figure 3.4 LabView software interface (V 6.1).

1940-nm Thullium Fiber Laser (Figure 3.5.A) (IPG Photonics TLR-5-1940) was
used with controller unit (Teknofil Inc, Istanbul, Turkey) (Figure 3.5.B) between laser
and computer. Maximum output power of the 1940-nm Fiber Laser is 5W and laser
application has been performed at 2W and 3W. The system provides output through
a 1 meter fiber-optic cable. Laser light is coupled to 600 micrormeter fiber via optical

tools such as holder, lenses and xyz alignment tools (Figure 3.6).

The laser parameters (power, exposure time, number of cycles, and on-off dura-
tion of pulses) of the laser were adjusted via LabView interface of an external controller
(Teknofil Inc., Istanbul, Turkey) (Figure 3.7). Desired Period, Desired Pulse Width
and Number of Pulses help to set the duration and mode (continous or pulsed) of the
application. Since lenses are used for coupling the laser light to fiber optic, there is
some loss of light; therefore laser output power is set to 5W at interface and laser power
is set with button on the laser source. After the set of parameters, the application is

started with Start Burst button and finished with Stop Burst button. The black panel
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Figure 3.5 A: 1940-nm Fiber Laser (IPG Photonics TLR-5-1940) B: Controller Unit (Teknofil Inc,

Istanbul, Turkey).
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Figure 3.6 Block Diagram of 1940-nm Fiber Laser.

illustrates the laser application duration. Actual Period (ms), Actual Frequency (Hz),

Burst Duration (ms), Mean Power (W), Duty Cycle (%), Integral Time (ms), Pulse

Energy (mJ) and Burst Energy (J) are recorded and showed after the laser application

at the interface.

In this study, 600 micron bare fiber (Biolitec for diode Laser Fibers; WFBFSF-
603-DL, Figure 3.8.A) which includes SMA-905 connector on one end and has flat tip

on the other end was used. This fiber has no cooling and it is polished. Another fiber

that we used in the experiment is Elves Radial Fiber (Biolitec Radial Fiber, Figure

3.8.B) which emits laser light homogenous circumferential (360°).
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Figure 3.7 LabView Interface (Teknofil Inc., Istanbul, Turkey).

3.3 Laser Application Procedure

In this study, two types of laser and two types of fiber tips were used for ir-
radiation to human veins endovenously to compare their effects at different powers;
980-nm and 1940-nm lasers and fiber tips; bare and radial fiber tips on endovenous
laser treatment. The laser light is transfered to 600 pm fiber via optical setup (Figure

3.9).

The output powers were 8 and 10W for 980-nm and 2 and 3W for 1940-nm laser.
There are eight main groups which consist of different number of vein segments. Table

3.1 illustrates experimental groups.

Before the application, the fiber tip was cleaved to avoid carbonization effects.
The vein segments were cut in 6 cm pieces in length. Before the application, the
outer and inner diameters and the length of the vein segments were measured (Figure
3.10.A). The outer diameter was measured at five different points and inner diameter

was measured two ends of the vein segment.
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Figure 3.8 A: 600 micron bare fiber (Biolitec for diode Laser Fibers; WFBFSF-603-DL); B: Elves
Radial Fiber (Biolitec Radial Fiber).

Each piece was tied with a suture at the proximal end and fastened with needles
at both ends. 600-micron laser fiber was inserted from the distal end and vein segments
were irradiated with laser starting from the proximal end (Figure 3.10.B). The laser
power was adjusted and controlled after every application by power meter (Newport
Powermeter Model 1918-C). Laser energy was delivered continuously and the laser fiber

was pulled back manually. The time of the application was recorded.

After the application, the outer and inner diameters of the vein segments were
measured to compare with measurement before the application to analyze the occlusion
(Figure 3.11.A). Again the outer diameter was measured at five different points and

inner diameter was measured two ends of the vein segment.

They were cut longitudinally and photographed to observe carbonization effects

and thermal damage (Figure 3.11.B).

For eye safety, laser googles filtering 980-nm and 1940-nm laser light were used

during the laser application procedures.
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Figure 3.9 View of optical setup. A: 1940-nm fiber laser output; B: lens; C: coupling of laser light
to optic fiber; D: 600 pum optic fiber; E: xyz alignment tool.

3.4 Histological Procedure

In order to analyze thermal damage and carbonization effect on vein segments,
histological examinations were performed. Tissue processing, paraffin embedding, tis-
sue sectioning and tissue staining with Hematoxylene-Eosin were performed respec-

tively. After all, light microscop was used for taking images (Figure 3.12).

3.4.1 Tissue Processing

After laser application, thermal damage of the vein was checked by histological
eximanation. 10 % PBS-Formaldehyde was used to fix veins after laser application
until tissue processing. Tissue processing, the first step of histological procedure, pro-
vides dehydration of tissues. The water in the tissue is removed and replaced with a
medium that hardens the tissue in order to allow thin sections to be cut by the means
of tissue processing. Biological tissue must be supported in a hard matrix which is

generally paraffin wax for light microscopy. Since paraffin and water do not get mixed
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Table 3.1
Table shows the experimental groups, laser and optic fiber types were used, at which power the laser
was applied and the number of the vein segments that were used in each group.

Groups Laser Types | Power | Number of Veins
1 980-nm SW 12
Bare Fiber 2 980-nm 10W 10
3 1940-nm 2W 21
4 1940-nm 3W 22
1 980-nm 8W 13
Radial Fiber 2 980-nm 10W 14
3 1940-nm 2W 22
4 1940-nm 3W 17

Figure 3.10 A: Schematic diagram of the vein which shows measurement points of the inner and
outer diameter before laser application; B: The illustration of laser application.

up together, in the process of dehydration, water, the main constituent of biological
tissue must be eliminated from tissue. Tissue dehydration was performed with Alcohol
(70 %, 80 %, 90 %, 100 %), Xylene and Paraffin (60 IL%C) by tissue processor (Table
3.2). Concentrated ethanol is used to remove the water; xylene, a hydrophobic clearing
agent, helps to remove alcohol and finally molten paraffin wax, the infiltration agent,

replaces the xylene. The bath order of tissue is illustrated in Table 3.2.
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Figure 3.11 A: Schematic diagram of the vein which shows measurement points of the inner and
outer diameter after laser application; B: In order to detect thermal damage of the laser application,
veins are cut longitudinally and photographed.

3.4.2 Paraffin Embedding

Paraffin embedding provides external embedding after dehydrated, cleared an
infiltrated tissues. During this process tissues are positioned into cassettes that are
filled with liquid embedding material such as agar, gelatine or wax. After tissues placed
into molds, the embedding material is hardened by cooling in the case of paraffin wax.
This processes was performed with heated paraffin embedding module and cold plate
modular tissue embedding system (Leica EG1150C, Germany). The hardened blocks
containing the tissue samples are ready to allow thin sections to be cut. Formalin-
fixed, paraffin-embedded (FFPE) tissues may be stored for a long time, therefore FFPE

tissues are an important resource for historical studies in medicine.

3.4.3 Tissue Sectioning

After vein segments were embedded into paraffin, 10 pm thick cross sectional
vein segments were taken by microtome (Leica RM2255, Germany). These sections
were put into 40 IL%C water bath in order to placed on glass slides. Then, at 60 IL%C

for 2 hours, vein segments were stayed at incubator.
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Figure 3.12 Tllustration of Histological Procedure Steps.

3.4.4 Tissue Staining

Hematoxylene-Eosin (H&E) Staining, which is a staining method in histology,
helps to identify general tissue structure. After embedding in parafin and tissue sec-
tioning, this process will be performed. The basic dye haematoxylin and alcohol-based
acidic eosin Y are two applications for staining method. The basic dye haematoxylin
colors basophilic structures with blue-purple hue and alcohol-based acidic eosin Y col-
ors eosinophilic structures bright pink. The basophilic structures are usually the ones
containing nucleic acids, such as the ribosomes and the chromatin-rich cell nucleus,
and the cytoplasmatic regions rich in RNA. The eosinophilic structures are generally

composed of intracellular or extracellular protein.

H&E procedure was applied as follow:




Table 3.2
Tissue Processing Procedure.

ALCOHOL | 70% 1-h
ALCOHOL | 70% 1-h
ALCOHOL | 80% 1-h
ALCOHOL | 80% 1-h
ALCOHOL | 90% 1-h
ALCOHOL |  90% 1-h
ALCOHOL | 100% | 1-h
ALCOHOL | 100% | 1-h
XYLENE - 1-h
XYLENE - 1-h
PARAFFIN | 60 i;3C | 1.5-h
PARAFFIN | 60 i;3C | 1.5-h

Cros-sectional vein segments on slides were waited in Xylene for 5 minutes.
Waited in 96 % Alcohol for 2 minutes.
Waited in 96 % Alcohol for 2 minutes.
Washed with tap water.

Stained with Hematoxylene for 1 minutes.
Washed with tap water.

Purpled with Lithium-Carbonate 10 dip.
Washed with tap water.

Waited in 96 % Alcohol for 2 minutes.
Stained with Eosin for 2 minutes

Waited in 96 % Alcohol for 1 minute.

Waited in 96 % Alcohol for 1 minutes.
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e Waited in Xylene for 2 minutes.

After staining procedure, all slides were covered with Entellan and prepared
slides” images were taken by CCD camera. There are nine groups of cross-sectional
vein segment slides’ image: 980-nm at 8W and 10W with bare and radial fibers; 1940-
nm at 2W and 3W with bare and radial fibers and a control group which was not

applied laser.

For each group ten images were taken and for all image, the carbonization
severity was ranked. Then, thermal damages and carbonization effects of all laser

types, laser powers and fiber types were determined.
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4. RESULTS

4.1 Laser Application Results

Two types of lasers and fiber tips were compared in this study. Before and after
the laser application, inner and outer diameter of the vein was measured. The amount
of closure ratio of the vein was calculated by dividing final inner and outer diameters
by initial inner and outer diameters. The closure ratio of the inner and outer diameters

was compared for different laser parameters.

Laser application duration was recorded during the application to determine
operation time which is an important criteria for the operation. Duration of the laser

applications was compared for different laser types and fiber types.

In addition to this, delivered laser energy dose per centimeter of vein applied
(J/cm) was calculated. This parameter has been referred to as the endovenous fluence
equivalent. Energy (J), which was used during the laser application, was calculated by

multiplying power (W) and duration (second).

The amount of energy delivered for 1 mm decrease in inner and outer diameter
was calculated to determine the laser application which can be performed with less
energy. This parameter was obtained by dividing energy to the shrinkage of the vein

treated.

Statistical analysis was performed using a two-tailed, unpaired Student’s t-test
with unequal sample size to determine statistical differences for groups as indicated.

Differences with p < 0.05 were regarded as significant.
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4.1.1 980-nm Diode Laser Application with Bare Fiber and Radial Fiber

4.1.1.1 Decrease in Inner and Outer Diameter . Laser application with 980-
nm diode laser at 8W and 10W power was performed both bare and radial fiber.
According to fiber types, the closure ratio of inner diameter with radial fiber at 8W
is significantly more than with bare fiber at 8W (0.001 < p < 0.01, student t-test).
According to increasing power, 980-nm diode laser at 10W power with radial fiber has
significantly less closure ratio than 980-nm diode laser at 8W with radial fiber for inner
diameter (0.01 < p < 0.05, student t-test). Analysis found no significant differences

between the other groups (Figure 4.1).

The closure rate of outer diameter for 980-nm diode laser at 8W and 10W
power with radial and bare fiber have similar results and analysis shows no significant

differences between the groups (Figure 4.2).

Decrease in Inner Diameter with 980-nm Diode Laser
using Radial and Bare Fiber

0.8 4 .
0.7

0.6 l
0.3 -
0.4

—_—
| —_—
e———|

EBARE
ERADIAL

0.3
0.2 -
0.1

Final Din / Initial Din

W 10w
980nm Laser Power

Figure 4.1 The comparision of the inner diameter ratios between 980-nm diode laser at 8W and
10W power with bare and radial fiber. *, ** statistically significant results. (*, 0.01 < p < 0.05; **,
0.001 < p < 0.01, student t-test)

4.1.1.2 Operation Time. The laser radiation was applied to 5 cm vein segments

and duration of the application was recorded.

According to Figure 4.3, it is illustrated that duration time becomes shorter

with bare fiber.
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Decrease in Outer Diameter with 980-nm Diode Laser
using Radial and Bare Fiber
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Figure 4.2 The comparision of the outer diameter ratios between 980-nm diode laser at 8W and
10W power with bare and radial fiber.

Analysis shows that 980-nm diode laser application with bare fiber significantly
less than the radial fiber both at 8W and 10W power (p < 0.001, student t-test).
Although, there is no important duration difference between bare fiber at 8W and
10W power with bare fiber, the application duration of 980-nm diode laser at 8W
significantly shorter than 10W with radial fiber (0.01 < p < 0.05, student t-test)
(Figure 4.3).
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Figure 4.3 The comparision of the application duration between 980-nm diode laser at 8W and 10W
power with bare and radial fiber. *  *** are statistically significant results (*, 0.01 < p < 0.05; ***
p < 0.001, student t-test)

4.1.1.3 Energy per Length. During the application, the fiber tip was pulled

back manually according to observation of vein shrinkage. Therefore, every application

has different operation duration that affects the used energy during the application.
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When delivered energy per centimeter (J/cm) is compared, analysis shows that
there is distinct difference between radial fiber and bare fiber at both 8W and 10W

power groups (p < 0.001, student t-test).

According to different power and same fiber, at 8W power with radial fiber
energy delivered per centimeter is significantly less than at 10W power with radial

fiber (p < 0.001, student t-test) (Figure 4.4).
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Figure 4.4 Comparision of energy delivered per centimeter for 980-nm diode laser at 8W and 10W
power with bare and radial fiber. *** is statistically significant result (***  p < 0.001, student t-test).

4.1.1.4 The Amount of Energy Delivered for 1 mm Shrinkage. The amount

of energy delivered for 1 mm inner diameter shrinkage with 980-nm diode laser is signif-
icantly less with bare fiber than radial fiber at 8W (0.001 < p < 0.01, student t-test).
When the power is increased, it is observed that the result is same as low energy result.
Distinctly less energy is needed for 1 mm inner diameter shrinkage with bare fiber than
radial fiber at 10W (p < 0.001, student t-test). Energy usage at 8W is significantly
less than at 10W with radial fiber (0.001 < p < 0.01, student t-test) (Figure 4.5).

The amount of energy delivered for 1 mm outer diameter shrinkage with 980-nm
diode laser is significantly less with bare fiber than radial fiber at both 8W and 10W
(0.001 < p <0.01, student t-test). 1 mm shrinkage in outer diameter is obtained with
significantly less energy at 8W than 10W with radial fiber during 980-nm diode laser
application (0.001 < p < 0.01, student t-test) (Figure 4.6).
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The Amount of Energy Delivered for 1 mm
Inner Diameter Shrinkage with 980-nm Diode
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Figure 4.5 The amount of energy needed for 1 mm inner diameter shrinkage with 980-nm diode
laser with bare and radial fiber. ** *** are statistically significant results (**, 0.001 < p < 0.01; ***,
p < 0.001, student t-test).
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Figure 4.6 The amount of energy needed for 1 mm outer diameter shrinkage with 980-nm diode
laser with bare and radial fiber. ** *** are statistically significant results (**, 0.001 < p < 0.01; ***,
p < 0.001, student t-test).

4.1.2 1940-nm Fiber Laser Application with Bare Fiber and Radial Fiber

4.1.2.1 Decrease in Inner and Outer Diameter. Laser application with 1940-

nm fiber laser at 2W and 3W power was performed both bare and radial fiber.

According to constant power and changing fiber types, the closure ratio of inner
diameter with radial fiber at 3W is significantly more than bare fiber at 3W (0.01 <
p < 0.05, student t-test).
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According to same fiber type and different power application, 1940-nm fiber

laser at 2W power has significantly higher closure ratio than 3W power with bare fiber

for inner diameter (0.01 < p < 0.05, student t-test). Analysis found no significant

differences between the other groups (Figure 4.7).
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Figure 4.7 The comparision of the inner diameter ratios between 1940-nm diode laser at 2W and
3W power with bare and radial fiber. * is statistically significant result (*, 0.01 < p < 0.05, student

t-test).

Laser applications with 1940-nm fiber laser at 2W and 3W power were performed

with both bare and radial fiber. The closure ratio of outer diameter with bare fiber

at 2W is significantly more than radial fiber at 2W (0.01 < p < 0.05, student t-test).

Among other laser groups, 1940-nm fiber laser at 2W power has significantly higher

outer diameter closure ratio than 3W power with bare fiber (0.01 < p < 0.05, student

t-test). Analysis shows that other groups have similar results to each others (Figure

4.8).
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Figure 4.8 The comparision of the outer diameter ratios between 1940-nm diode laser at 2W and
3W power with bare and radial fiber. * is statistically significant result (*, 0.01 < p < 0.05, student

t-test).
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4.1.2.2 Operation Time. Among the 1940-nm fiber laser application groups with

radial and bare, 2W bare fiber group duration is significantly shorter than the 3W bare
fiber group (p < 0.001, student t-test).

There is no statistically significant difference among other groups (Figure 4.9).

Duration of the 1940-nm Fiber Laser Application with
Radial and Bare Fiber
140 r
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Figure 4.9 Comparison of the application duration between 1940-nm fiber laser at 2W and 3W
power with bare and radial fiber. *** is statistically significant result (p < 0.001, student t-test).

4.1.2.3 Energy per Length. Analysis find no significant differences for delivered

energy per centimeter among the 1940-nm fiber laser groups at 2W and 3W with bare
and radial fiber (Figure 4.10).
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Figure 4.10 Comparison of energy delivered per centimeter for 1940-nm fiber laser at 2W and 3W
power with bare and radial fiber.
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4.1.2.4 The Amount of Energy Delivered for 1 mm Shrinkage. It isobserved

there is no significantly difference among 1940-nm fiber laser application groups in
terms of the amount of energy delivered for 1 mm decrease in both inner and outer
diameter (Figure 4.11, Figure 4.12).
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Figure 4.11 The amount of energy needed for 1 mm inner diameter shrinkage with 1940-nm diode
laser with bare and radial fiber.
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Figure 4.12 The amount of energy needed for 1 mm outer diameter shrinkage with 1940-nm diode
laser with bare and radial fiber.

4.1.3 Comparison of 980-nm Diode Laser and 1940-nm Fiber Laser Appli-

cation with Bare Fiber

4.1.3.1 Decrease in Inner and Outer Diameter. 1940-nm fiber laser at 2W
power leads to significantly more decrease in inner diameter than 980-nm diode laser

at 8W power (0.01 < p < 0.05, student t-test).
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Among other laser groups there is no distinct difference in inner and outer
diameter between 1940-nm fiber laser and 980-nm diode laser (Figure 4.13, Figure
4.14).
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Figure 4.13 Decrease in inner diameter ratios with 980-nm diode laser at 8W and 10W power and
1940-nm Fiber Laser at 2W and 3W power with bare fiber. * is statistically significant result (*,
0.01 < p < 0.05, student t-test).
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Figure 4.14 Decrease in outer diameter ratios with 980-nm diode laser at 8W and 10W power and
1940-nm Fiber Laser at 2W and 3W power with bare fiber.

4.1.3.2 Operation Time. It is illustrated in Figure 4.15 that the operation time

changes with wavelength significantly. The application duration of the 980-nm at 8W
is distinctly shorter than the 1940-nm fiber laser at 2W and 3W (p < 0.001, student
t-test). Also, 980-nm at 10W has a shorter application time than 1940-nm fiber laser
(p <0.001, student t-test) (Figure 4.15).



39

Duration of the Laser Applicatons with Bare Fiber and

Different Wavelengths
140
kd%
-] 120 wHE
2 I
Rt i
i '|' R E
& & f
-
-
S 6 T
=
£
5 4
=
=
0
1940-nm W 1940-nm 3W 950-nm EW 950-nm 1OW

Different Laser Farameters

Figure 4.15 Comparison of the application duration between 1940-nm fiber laser at 2W and 3W
power and 980-nm diode laser at 8W and 10W with bare fiber. *** is statistically significant results
(%, p < 0.001, student t-test).

4.1.3.3 Energy per Length. The need of energy during the application is com-

pared for 980-nm diode laser and 1940-nm fiber laser. It is observed that longer wave-
length needs less energy than the shorter one. At 1940-nm laser application with both
2W and 3W power delivery of energy per length is less than at 980-nm laser application
with both 8W and 10W (p < 0.001, student t-test) (Figure 4.16).
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Figure 4.16 Comparison of energy delivered per centimeter for 1940-nm fiber laser at 2W and 3W
power and 980-nm diode laser at 8W and 10W with bare fiber. *** is statistically significant results
(*** p < 0.001, student t-test).

4.1.3.4 The Amount of Energy Delivered for 1 mm Shrinkage. 1940-nm fiber

laser at both 2W and 3W needs significantly less energy for 1-mm shrinkage in inner

diameter than 980-nm diode laser at 8W and 10W with bare fiber application (Figure
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4.17).
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Figure 4.17 Comparison the amount of energy needed for 1 mm inner diameter shrinkage with
1940-nm fiber laser at 2W and 3W power and 980-nm diode laser at 8W and 10W with bare fiber.
*** s statistically significant result (***, p < 0.001, student t-test).

1940-nm fiber laser at 2W needs distinctly less energy for 1 mm outer diameter
shrinkage than 980-nm diode laser both at 8W and 10W (p < 0.001, student t-test).
Although 1940-nm 3W has no significant difference with 980-nm at 8W, there is distinct
difference between 1940-nm 3W and 980-nm 10W in terms of the amount of energy
needed for 1 mm decrease in outer diameter with bare fiber (0.001 < p < 0.01) (Figure
4.18).
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Figure 4.18 Comparison the amount of energy needed for 1 mm outer diameter shrinkage with
1940-nm fiber laser at 2W and 3W power and 980-nm diode laser at 8W and 10W with bare fiber.
ok REE are statistically significant results (**, 0.001<p < 0.01; *** p < 0.001, student t-test).
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4.1.4 Comparison of 980-nm Diode Laser and 1940-nm Fiber Laser Appli-
cation with Radial Fiber

4.1.4.1 Decrease in Inner and Outer Diameter. The analysis shows that there
is no significant difference in the decrease in both inner and outer diameter between
the laser groups of 1940-nm at 2W-3W and 980-nm at 8W-10W (Figure 4.19, Figure
4.20).
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Figure 4.19 Decrease in inner diameter ratios with 980-nm diode laser at 8W and 10W power and
1940-nm Fiber Laser at 2W and 3W power with radial fiber. Among the laser application groups
there is no significant difference.
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Figure 4.20 Decrease in outer diameter ratios with 980-nm diode laser at 8W and 10W power and
1940-nm Fiber Laser at 2W and 3W power with radial fiber. Among the laser application groups
there is no significant difference.

4.1.4.2 Operation Time. The most significantly different operation time result is

analyzed between 1940-nm fiber laser at 3W and 980-nm diode laser at 10W (p < 0.001,

student t-test). 1940-nm laser application at 3W power has the shortest application
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duration. Also, 1940-nm at 2W laser application duration is distinctly less than 980-nm
10W (p < 0.001, student t-test). There are no distinct differences between 1940-nm
2W and 980-nm 8W; and 1940-nm 3W and 980-nm 8W (Figure 4.21).
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Figure 4.21 The comparison of the application duration between 1940-nm fiber laser at 2W and 3W
power and 980-nm diode laser at 8W and 10W with radial fiber. *** is statistically significant results
(%, p < 0.001, student t-test).

4.1.4.3 Energy per Length. The energy needed for the 1940-nm fiber laser ap-

plication is distinctly less than 980-nm diode laser application groups. It is observed
that the delivered energy per centimeter increases with increasing power. Both 2W and
3W at 1940-nm fiber laser needs significantly less energy than 8W and 10w at 980-nm
diode laser (p < 0.001, student t-test) (Figure 4.22).
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Figure 4.22 Comparison of energy delivered per centimeter for 1940-nm fiber laser at 2W and 3W
power and 980-nm diode laser at 8W and 10W with bare fiber. *** is statistically significant results
(%, p < 0.001, student t-test).
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4.1.4.4 The Amount of Energy Delivered for 1 mm Shrinkage. The amount

of energy delivered for 1 mm decrease in inner diameter with 1940-nm fiber laser both
at 2W and 3W is singnificantly less than with 980-nm diode laser both at 8W and 10W
(p <0.001, student t-test) (Figure 4.23).
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Figure 4.23 Comparison of the amount of energy needed for 1 mm inner diameter shrinkage with
1940-nm fiber laser at 2W and 3W power and 980-nm diode laser at 8W and 10W with radial fiber.
*** is statistically significant result (***  p < 0.001, student t-test).

The amount of energy delivered for 1 mm decrease in inner diameter with 1940-
nm fiber laser both at 2W and 3W is singnificantly less than with 980-nm diode laser
both at 8W and 10W (p < 0.001, student t-test) (Figure 4.24).
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Figure 4.24 Comparison the amount of energy needed for 1 mm outer diameter shrinkage with
1940-nm fiber laser at 2W and 3W power and 980-nm diode laser at 8W and 10W with radial fiber.
*** s statistically significant result (***, p < 0.001, student t-test).
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4.2 Histological Procedure Results

For histological examination, there were nine groups: 980-nm at 8W and 10W
with bare and radial fibers; 1940-nm at 2W and 3W with bare and radial fibers and a
control group. Control group illustrates the vein structure before the laser application.

For all groups, 12 images were taken by CCD camera.

Thermal damage severity was determined according to layer of vein where dam-

age occurs; Tunica Intima, Tunica Media or Tunica Adventitia (Figure 4.25).

Figure 4.25 The vein layers on histological image.

It is observed that veins that had come from surgical treatment, had mechanical

damages at Tunica Intima and outside of the Tunica Advantitia (Figure 4.26).

It is observed from light microscope images that 1940-nm 2W and 3W laser
aplication with radial fiber have close effect. Both of them have damages on Tunica
Intima. However with the usage of bare fiber damages on Tunica Intima increases with

1940-nm 2W and 3W (Figure 4.27).
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Figure 4.26 Mechanical damages on veins before the laser application. A: Mechanical damage at
Tunica Intima, B: Mechanical damage at outside of Tunica Adventitia.

Figure 4.27 Histologic images of cross-sectional vein segments which were irradiated by 1940-nm
fiber laser with bare and radial fiber.

It is observed that thermal damage severity increases with the use of 980-nm
diode laser. The damages of the 980-nm occur on Tunica Media or between the Tunica
Media and Tunica Intima with radial fiber. However, the change of the fiber from
radial to bare fiber increases the severity of the damages distinctively. Bare fiber leads
to damages on Tunica Adventitia and with u-shaped or v-shaped damages (Figure

4.28).

The severity of carbonization and thermal damage were ranked between 1-4 for
all images. The table illustrates the severity range and meaning of the rank points

(Table 4.1).
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Figure 4.28 Histologic images of cross-sectional vein segments which were irradiated by 980-nm
diode laser with bare and radial fiber.

Table 4.1
The meaning of rank points.

Points Damage Severity

1 Indistinct damage at Tunica Intima

Distinct damage at Tunica Intima

2
3 Distinct damage pass through the Tunica Intima and get the Tunica Media
4 Distinct damage at Tunica Adventitia

It is observed that radial fiber barely decreases the carbonization thermal dam-
age. Applications with bare fiber have significantly more thermal damage for 1940-nm
2W (0.01<p < 0.05), 980-nm 8W (0.001<p < 0.01) and 980-nm 10W (0.001<p < 0.01)
than applications with radial fiber. The severity of the carbonization and thermal dam-
age with 1940-nm fiber laser with radial and bare fiber applications are very close to

each other (Figure 4.29). x

When 1940-nm fiber and 980-nm diode laser is compared, in the case of radial
fiber, 1940-nm fiber laser leads to less thermal damage than 980-nm diode laser. 1940-
nm 2W laser application leads to distinctly less thermal damage than 980-nm 8W and
980-nm 10W (p < 0.001, student t-test). In addition to this, 1940-nm fiber laser at 3W
causes significantly less thermal damage than 980-nm diode laser at 10W (0.01<p <
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Comparison of Thermal Damage According to Different
Fiber Types 4
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Figure 4.29 The comparison of thermal damage according to different fibers. *, ** are statistically

significant results (*, 0.01<p < 0.05; **, 0.001<p < 0.01, student t-test).
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Figure 4.30 The comparison of thermal damage according to different wavelengths with radial fiber.
* ) RRE are statistically significant results (*, 0.01<p < 0.05; ***  p < 0.001, student t-test).

0.05). There is no significant difference among other laser application groups (Figure

4.30).

In the case of bare fiber application, the comparison of 1940-nm fiber and 980-
nm diode laser illustrated that, 1940-nm fiber laser leads to less thermal damage than
980-nm diode laser. 1940-nm 2W laser application leads to distinctly less thermal
damage than 980-nm 8W and 980-nm 10W (p < 0.001, student t-test). Moreover,
1940-nm fiber laser at 3W causes significantly less thermal damage than 980-nm diode
laser at 10W (0.01<p < 0.05). There is no significant difference among other laser

application groups (Figure 4.31).
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Figure 4.31 The comparison of thermal damage according to different wavelengths with bare fiber.
*¥ is statistically significant results (***, p < 0.001, student t-test).
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5. DISCUSSION

Since EVLA reduces the side effects of classical surgical treatment and is more
successful than the other treatment techniques, it has become popular in the treatment
of venous insufficiency. EVLA provides shorter operation time, sterile conditions, less
recurrence ratios and eliminates the adverse effect of the classical surgery. However,
the best treatment parameters are still under investigation to find optimum energy
delivery, wavelength and energy delivery techniques. In this study, 980-nm diode laser
at 8W and 10W power, which is used prevalently in clinical application and absorbed
by hemoglobin highly, and 1940-nm fiber laser at 2W and 3W power, which has high
water absorption coefficient are used and compared. Moreover, radial and bare fiber
laser is compared for light delivery technique and energy delivery is analysed for all

laser application groups.

According to constant power, both in the case of 980-nm diode laser and 1940-nm
fiber laser, radial fiber has significantly more inner diameter shrinkage ratio than bare
fiber. Radial fiber has homogenous circimferential (360°) laser light delivery; therefore
the irradiation area of vessel increases with radial fiber. However, the light delivery
of bare fiber is inhomogeneous circumferential to the vessel wall, so nonuniform tissue
change is observed with bare fiber which leads to less decrease in inner diameter than
radial fiber. In literature, it is proposed that the new technology circularly irradiating
laser light fiber confirm the effective occlusion of incompetent truncal veins without

thermal damage [8].

When the fiber type is constant, it is analysed that 8W power is more successful
than 10W power during 980-nm diode laser application with radial fiber. The energy
delivered from 980-nm diode laser at 10W induces more local convection of heat energy
than 980-nm diode laser at 8W; therefore, more energy leads to more carbonization
instead of shrinkage. In clinical application 980-nm laser application generally is per-

formed between 8W-15W. Comparing the power of lasers, in the study of Kaspar, it
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is mentioned that the extent of thermal tissue effects measured by vein shrinkage does

not increase when using higher laser power [43].

At constant laser type, it is observed that 1940-nm fiber laser at 2W power leads
to more decrease in inner diameter than at 3W power with bare fiber. In the vessel,
laser irradiation area increases and fluence ratio decreases with the radial fiber when
it is compared with bare fiber [35]. Therefore, at low power ranges high fluence ratio
becomes more effective than low fluence ratio which leads to high closure ratio with

1940-nm fiber laser at 2W power with bare fiber.

980-nm diode laser application groups have similar effect on decrease in outer
diameter in both of the cases; constant power-different fiber types and different power-
same fiber type. In medical applications, 980-nm diode laser at 8W and 10W are
used generally. It is suggested that the greatest shrinkage and minimum number of

perforations was achieved using lower or medium power between 8 -12 W [43].

1940-nm laser application at 2W with bare fiber results in higher closure ratio
than with radial fiber. According to same fiber type and different power, 1940-nm fiber
laser at 2W power results more decrease in outer diameter than at 3W power with bare
fiber which is a similar result with decrease in inner diameter with 1940-nm fiber laser
application. These results support that high fluence ratio with bare fiber become more

effective at low power.

Laser energy was delivered continuously and the laser fiber was pulled back man-
ually according to observation of shrinkage. The time of the application was recorded.
At 980-nm, Figure 4.3 illustrates that bare fiber duration is significantly shorter than
radial fiber duration regardless of power. Since radial fiber decreases the fluence ratio
of energy, the shrinkage becomes quicker with bare fiber. Decrease in power decreases
the duration of laser application at 980-nm diode laser with radial fiber. Since 980-nm
has low water absorption coefficient, delivered laser energy results in intense carboniza-
tion. Therefore, at this wavelength increasing delivered laser energy to the vessel wall

with high power leads to more carbonization and less shrinkage ratio because of low



o1

absorption coefficient by vessel lumen.

In the case of 1940-nm, there is no significant duration difference between radial
and bare fiber at constant power. At low power ranges, laser application duration
increases because delivered energy to the vessel lumen decreases; therefore differences

in fiber types do not affect the duration distinctly.

In order to analyse the used energy during the laser application, delivered energy
to the vessel segment per centimeter (J/cm) is calculated for the laser application
groups. In the case of 980-nm diode laser, it is analysed that regardless of power
change, laser applications with bare fiber use less energy than with radial fiber during
the application. Moreover, with radial power 980-nm laser application at 8W power
needs less energy than 10W power. In the case of 1940-nm fiber laser, there is no
significant difference among different laser parameter groups. Operation duration is an
important criteria for energy; therefore, operation duration and delivered energy per

centimeter results are close to each other.

Energy that is needed for the laser application procedure is an important criteria
for the clinical operations; therefore, the amount of delivered energy for 1mm shrinkage
of inner and outer diameter was calculates. It is observed that 980-nm diode laser needs
less energy with bare fiber than radial fiber in terms of 1 mm shrinkage in both inner
and outer diameter. At 980-nm diode laser, bare fiber applications are significantly
shorter than the radial fiber applications, so that these applications need less energy.
Moreover, it is analyzed that at 8W power energy delivered for 1 mm shrinkage is
less than at 10W power during 1980-nm laser application.Since 8W power leads to
more closure of inner and outer diameter in a short time, decrease in inner and oueter
diameter in terms of energy is significantly higher than 10W power at 980-nm diode
laser. 1940-nm laser application groups have similar results in terms of the amount of
energy delivered for 1 mm decrease in inner and outer diameter. Although there are
groups which have significantly different results for decrease in inner or outer diameter,
the duration of the applications are very close to each other. Therefore, this crieteria

for 1940-nm application is affected the closure amount of inner and outer diameter.
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Although shrinkage ratio of the 1940-nm is comparable with 980-nm laser appli-
cations and duration of the 1940-nm applications is longer than 980-nm with bare fiber,
the energy that is delivered during 1940-nm laser applications is significantly less than
980-nm laser applications either with bare fiber or radial fiber. Moreover, the amount
of energy delivered for 1 mm decrease in inner and outer diameter with 1940-nm is
distinctly less than 980-nm laser applications. Since longer wavelengths is absorbed
mainly by water in the vein lumen, less power is adequate for the application. There-
fore, need of the energy for longer wavelengths (>1000) during the application is less
than the shorter wavelengths (<1000). Also, Mordon et al stated that 1320-nm, with a
better absorption by the vessel wall, requires less energy to achieve wall damage [36].
Using less energy results in less carbonization and thermal damage which is supported
by the histological results of this study. Also, Vulylsteke et al ’s research, in which the
980-nm and 1500-nm diode lasers, were evaluated histologically. It is proposed that
1500-nm laser has more homogenous vein wall destruction and with less peri- venous

tissue destruction and possibly with less postoperative pain [32].

Radial fiber decreases the thermal damage and carbonization both at 980-nm
diode laser applications and 1940-nm fiber laser applications. Moreover, it is observed
that bare fiber leads to more severe u-shaped and v-shaped damages at Tunica Adven-
tita with the use of 980-nm diode laser at 8W and 10W. Since radial fiber increases
the application area in the vessel where it emanates the laser energy homogenously.
On the other hand the delivery of the laser light is locally focused to application area;
therefore fluence rate of energy increases which leads to more damage on the vessel
wall. Sroka et al proposed that 360° radial fiber decreases the thermal damage and

looks promising to induce secure, reliable and reproducible tissue altereation [9].

Histological results show that 1940-nm fiber laser decreases the thermal damage
distinctly when it is compared with 980-nm diode laser. The power of the application
is 8 and 10W with 980-nm diode laser application; however with 1940-nm the power of
the application is 2W and 3W; therefore, high power leads to more thermal damage on
vessel wall during the laser application. The energy delivered from the 980-nm diode

laser is less well absorbed by the vein wall cells and induces more local convection of
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heat energy. Assisting the results of this study, Vuylsteke et al compared the effect
of 1500-nm laser which has well absorption coefficient by blood and 980-nm laser and
they proposed that 1500-nm laser gives less eccentric venous wall injury with broader
ulcerations. Deep ulcerations and the more carbonization at the points of direct laser
impact were explained by the wavelength difference between 1500-nm which has high
water absorption and 980-nm which has high hemoglobin absorption [32]. Also, Ronald
Bush et al who compared the histological changes of 940-nm diode laser with 1319-
nm diode laser stated that 940-nm diode laser has more damage on histologic and

ultrasound findings [44].
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6. CONCLUSION

In this study, different lasers; 980-nm diode laser and 1940-nm fiber laser and

delivery techniques; radial fiber and bare fiber were compared.

In terms of delivery techniques, it is observed that new technology radial fiber
decreases the thermal damage and carbonization effect due to homogenous laser energy
delivery. Since laser light emanates radially homogenous to tissue, radial fiber does
not lead to perforations and deep ulcers. However, the need of energy during the
applications increases with the usage of radial fiber. Bare fiber emanates focused
light with high fluence rate; therefore perforations and carbonization rate is distinctly
observed at the laser applications with bare fiber. However, bare fiber has successful

results at low power with 1940-nm fiber laser.

In terms of laser types, although at 1940-nm fiber laser applications, the closure
ratio of vein lumen is comparable with 980-nm diode laser applications, need of the
energy during the procedure decreases with 1940-nm fiber laser since this wavelength
is well absorbed by the water in the vessel lumen cells. Since the delivered energy
is low at 1940-nm laser application, thermal damage does not occur as much as 980-
nm diode laser. Moreover, amount of closure rate per constant energy is higher with
1940-nm fiber laser than 980-nm diode laser regardless of delivery technique. As a con-
clusion, 1940-nm fiber laser and radial fiber are promising method in the management

of varicose vein.
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