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Abstract

The objective of this thesis is to evaluate endovenous laser ablation (EVLA) based on biological tissue
optics. The efficacy and safety of EVLA for the varicose veins, which is a target disease, were
quantitatively evaluated using a unique ex vivo irradiation experiment system and established the
regulatory science of EVLA.

Firstly, the difference of light propagation in the living tissue is quantitatively needed to
understand for performing effective and safe EVLA treatment between the wavelengths of the laser in
the medical equipment. It is necessary to select an optimum laser wavelength. Next, in order to
determine effective irradiation conditions for treatment, it is necessary to comprehensively examine
the interaction between irradiation conditions and vein tissue. In order to understand the safe energy
density for treatment, it is also needed to perform irradiation under severe conditions in ex vivo
experiments which are difficult to perform in clinical trials. Furthermore, if EVLA can be evaluated
by simulation, quantitative and reproducible analysis can be evaluated in a short period of time, and
for clinical application of the developed laser irradiation system, it is necessary to conduct regulatory
approval examination and clinical trial. There is a possibility that such cost and time can be reduced.

In this thesis, the efficacy and safety of EVLA for varicose veins, which is a target disease, were
evaluated by measuring the optical properties (chapter 2), ex vivo irradiation experiment (chapter 3)
and constructing a simulation model (chapter 4).

In chapter 1, general introduction, objective and outline of this thesis were described.

In chapter 2, in order to understand the laser-tissue interaction quantitatively, the optical
properties of the varicose vein were measured. We used a semiconductor laser device with wavelengths
0f 980 nm and 1470 nm.

In chapter 3, to evaluate ex vivo irradiation experiment simulating clinical trials, the efficacy and
safety by the difference in irradiation method were compared. Irradiation experiments were evaluated
in three types including two wavelength laser devices at 980 nm and 1470 nm, and optical fibers. Ex
vivo irradiation system was constructed and ex vivo irradiation experiment was evaluated. The
quantitative evaluation of the interaction between laser and vein tissue and comparison of efficacy
(irradiation condition which induces vein shrinkage) and safety (irradiation condition which induces
vein perforation) by the difference of irradiation method evaluated. In addition, severe tests that cannot
be evaluated in clinical trials were also conducted, and safety of EVLA was evaluated based on the
difference in irradiation method.

In chapter 4, in order to estimate the intravascular temperature, the computer simulation model
for estimating intravascular temperature distribution during laser irradiation was evaluated based on
biological tissue optics. By constructing a simulation model, quantitative and reproducible analysis in
a short period becomes possible.

In chapter 5, the total conclusion of this study was described.
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2RF 2 ring fiber

ASV Accessory saphenous vein

BF Bare fiber

CONV Convolution for responses to a finite diameter photon beam incident on
multi-layered tissues

D Dermis

DC Deep compartment

DVD Digital Versatile Disc

DVT Deep vein thrombosis

ELCA Excimer laser coronary angioplasty

EVLA Endovenous laser ablation

Er: YAG Erbium: Yttrium Aluminum Garnet

FDA Food and drug administration

HE Hematoxylin-Eosin

Ho: YAG Holmium: Yttrium Aluminum Garnet

IMC Inverse Monte Carlo

LASER Light Amplification by Stimulated Emission of Radiation

MASER Microwave Amplification by Stimulated Emission of Radiation

MCML Monte Carlo modeling of light transport in multi-layered tissues

MF Muscular fascia

Nd: YAG Neodymium: Yttrium Aluminum Garnet

PBS Phosphate buffered Saline

PMDA Pharmaceuticals and Medical Devices Agency

QOL Quality of life

RF Radial fiber

RFA Radiofrequency ablation

SC Superficial compartment

SF Saphenous fascia

SN Saphenous nerve

SV Saphenous vein

SaphC Saphenous compartment

TLA Tumescent local anesthesia

TMLR Transmyocardial surgical laser revascularization

YAG-OPO Yttrium Aluminum Garnet-Optical Parametric Oscillator
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with varicose veins in Japan

UiGOOOOO

n

a
o
o
o
o
(@)

400000
300000
200000
100000

Number of procedures i

0

| ®EVLA
RFA
| Surgery
2002 2005
Year

Fig. 1-4 Number of procedures in U.S.

Endovenous laser ablation; EVLA. Radiofrequency ablation; RFA.
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Fig. 1-5 Number of patients with varicose veins in Japan[l.
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Small saphenous vein

Tunica interna
Endothelium—
Basement membrane 4 %
Tunica media . . —Valve
Smooth muscle— ‘«f,f

Perforators

Tunica extera-

Lumen

@) (©)
Fig. 1-6 (a) Schematic of leg veins[#],
(b) Sectional view of leg veins. SaphC: saphenous compartment, SF: saphenous fascia,
MF: muscular fascia, SV: saphenous vein, SN: saphenous nerve, ASV: accessory saphenous vein,

D: dermis, SC: superficial compartment, DC: deep compartment(3#],

(c) Schematic of vascular lumen!'?],
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Table 1-1 FREHARE DIGRNA & HEJ

=y BRENE a8
TEROBER,. N FHARE DA B,
R SR by F s
T Gt v F v IER —
KHOEF - Bk - AR5 SR
B RESEHEIO MEAEA bORE BB - RIRE B
DiEL. FAE
BEEER | BALCLCANEORTERE | REBIROMAE AL
ARLAE AN LY
f 2k Uy ey o ;li BELEBIRETEDS e ko iR 21056
# ICHEALT=AT—TILh e
S A B %sz%ﬁ PTTTATE iR R, B
. TV KETERELSZ D

FRAICIRA L 72D T —T LD 5
L—Y—T#%e52%

RERBIRDIEG. FE

Table 1-2 Treatment outcome and adverse events of EVLA in literatures.

Author Year Wavelength/power Limbs (n) = Mean Occlusion Bruising Phlepltls DVT Paresthesia
ollow-up  rate /pain
Navarro®® 2001 810 nm/10-14 W 40 4M 100% - 0 0 0
Proebstle®® 2003 940 nm/15 W 109 12M 90.4% - 10% 0 0
Min(! 2003 810 nm/14 W 499 17M 93.4%  24% 5% 0 0
Agusi? 2006 810,980 nm/12.5W 1081 36M 97%  37.5% 7.1% 0 0.7%
Almeidal® 2006 810-1320 nm 578 160D 92% - - 0.2% 0.3%
Prince® 2008 980 nm/12 W 471 5M 98% - - 0 3.4%
Theivacumar?! 2008 810 nm/12 W 644 >3M 93% - 10.2% 0.2% 1.1%
Nwaejike® 2009 810 nm/10-14 W 624 >20M  100% - 1% 0 1.0%
Pannier?® 2009 1470 nm 117 184D 100% - 2.2% 0 7.6%
Hirokawa®) 2014 980 nm 56 3M 100% 57.1% 25% 0 1.8%
Irokawa
1470 nm 57 3M 100% 7% 0 0 0

DVT,; Deep vein thrombosis

Table 1-3 The absorption coefficient of hemoglobin and water!*3,

Wavelength (nm) 810 940 980 1320 1470
4. Hemoglobin  0.15 0.20 0.20 0.35 4.00

Lz (MM™)
Water <0.01 0.03 0.05 0.20 3.40
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Fig. 2-1. Algorithm of the IMC simulation developed for the evaluation of £ and g4 from Rq and T
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Fig. 2-2 Schematic of the sample preparation for the optical properties measurements.

Fig. 2-3 Photograph of the sample for the optical properties measurements.
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Fig. 2-4 Schematic of the double integrating sphere system

for measurement of Rq and T of the sample at the wavelength of 350 to 1000 nm.
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Fig. 2-5 Schematic of the double integrating sphere system
for measurement of Rq and T; of the sample at the wavelength of 1000 to 2000 nm.
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Fig. 2-6 Measured R4 and Tt of the sample.
(a) at the wavelength of 350 to 1000 nm. (b) at the wavelength of 1000 to 2000 nm.
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Table 2-1 Optical properties of human varicose vein tissue at wavelengths of 980 nm and 1470 nm.

Wavelength [nm] g, [mm™] ' [mm™] S [mm]
980 0.25+0.17 1.53+0.44 1.09+0.50 n=7
1470 1.82+0.18 151+0.21 0.23+0.02 n=9

Table 2-2 Optical properties of porcine venous blood at wavelengths of 980 nm and 1470 nm.

Wavelength [nm] g, [mm™] x4 [mm™?] & [mm]
980 0.84+0.04 1.91+£0.06 0.37£0.01
1470 1.83+0.09 1.76 £+ 0.05 0.23+£0.01
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Optical fiber
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Laser diode

R

Fig. 3-1 Schematic of the optical setup for laser irradiation.
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Fig. 3-2(a)

Forcep

Syringe

Pullback speed
controller

Optical fiber

Fig. 3-2(b)

Fig. 3-2(c)
Optical fiber

Blood

Fig. 3-2 (a) Schematic diagram of ex vivo setup for laser irradiation experiment. The optical fiber
was withdrawn by a speed controller.
(b) Photograph of ex vivo experimental setup using a continuous mode laser. One end of a vein was
clamped by a clip, and the other was pulled to stretch the vein using a weight of 20 g to mimic the
environment in the body.

(c) Cross-section of vein in laser irradiation experiment.
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Fig. 3-3 Photograph of the human vein wall tissues after 980 nm and 1470 nm laser irradiations.
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Fig. 3-4(a)

Fig. 3-4(b)

Fig. 3-4 The relation of average power density, irradiation time and the irradiation effects.

(a) At the wavelength of 980 nm. (b) At the wavelength of 1470 nm.
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== Coagulated area

(a) 980 nm
4550 J/cm? (910 Wiem?2, 5 s)

(b) 1470 nm
4550 Jiem?2 (910 W/em2, 5 s)

(c) 1470 nm
9100 J/cm2 (910 W/icm?2, 10 s)

Fig. 3-5 The cross-section views of human varicose veins were investigated by hematoxylin-eosin
stain. The arrows show the fiber-tissue contact point.

980 nm-Bare fiber

1470 nm-Radial fiber

1470 nm-2ring fiber

Sticking 60%

>

5.8 V\‘ ," - ﬁ
= 8.9 - _ -
= Perforation 20% Sticking 40%
() - - :
11.8 ] : ‘10 mm
Perforation 80%

Irradiation Irradiation Irradiation

Fig. 3-6 Intravascular lumen after laser irradiation at a pullback speed of 1 mm/s.

Tissue carbonization was observed in all cases using a bare fiber.



H Bare fiber-980 nm-1mm/s
m Radial fiber-1470 nm-1 mm/s
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Power [W]
Fig. 3-7 Shrinkage rate of veins after laser irradiation at a pullback speed of 1 mm/s (n=5).

Error bar indicates the standard deviation.
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Fig. 3-8 Histological analysis of tissue after laser irradiation at a pullback speed of 1 mm/s.
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Fig. 3-9 Intravascular lumen after laser irradiation in pullback speed 2 mm/s.
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80
70 A

# Bare fiber-980 nm-2 mm/s N Bare fiber-1470 nm-2 mm/s
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Fig. 3-10 Shrinkage rate of veins after laser irradiation at a pullback speed of 2 mm/s (#=5). Error bar

indicates the standard deviation.

(b) (d)

Fig. 3-11 Histological analysis of tissue after laser irradiation at a pullback speed of 2 mm/s.
() 4.7 W, (b) 7.9 W, (c) 9.8 W, (d) 11.8 W.
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Fig. 3-12(a)

980 nm-Bare fiber 1470 nm-Radial fiber 1470 nm-2ring fiber
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Fig. 3-12(b)
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Fig. 3-12(a) Vein lumen wall after laser irradiation and time required for tissue perforation (n=5).

(b) Relationship between power and time required for tissue perforation.
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Table 3-1 Summary of irradiation effects.

Irradiation type 980 nm+ 1470 nm+ 1470 nm+
(Pullback speed 0, 1 mm/s) | bare fiber radial fiber 2ring fiber

Shrinkage rate x A O O x
Histological analysis X X X @) X X o
Probability of

perforation or sticking [%0] O 20 L EU O el G0 ¢ ¢ ¢

Energy required for

perforation A A O

B With the 980 nm laser diode

1600 ® With the 1470 nm laser diode
= =
L2
=.1200 - T ®
> [ | [ ]
‘0
o =
S 800 - °
S
3 {
o )
Q400 A
©
g
<

0 . .
0 4 8 12

Irradiation time [s]

Fig. 3-13 The relation of average power density, irradiation time and the tissue shrinkage at

wavelengths of 980 nm and 1470 nm.
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4, MERNEBESTZHTT IHER I 2L—2a ETILOREE
ARE T, B CE BB MO S VN A TREE T 5720 . ARG F IS0
T —HW =M O IMENIEE S MEHEE T O R 2L — a7 VAT 5,

41. HREEE
411. HFE

YT NELT, THEEAR, 7RI Z U7z, AN TBOE N /e 3R s f
FERMSIRERR L 4 —NOMRES T A —FT v 7 FEIRIZEB N T, B ERT 07 205
S, FREL T A B R KICRIEL L O A L, BRI E OO BEL .~/
IMHE, f v, K& OV A ERE & T BB AR ZFRE LTz, IISRIERZ LT O &I 2 [EYedFLT,
ARMERICABRRIEKZINZ i3 00 BEL . BB AIRAETOBR o, et |, ARMERICY o %
A= PR MR 7K (Phosphate buffered Saline: PBS)Z /2. 4'C AR LTZ, FEBRFHZITMERRTL
T AR ERZ PR R U el O Do B L . RIBAA R E L%, PBS &Nz, ~~h7Uy ME
Ht=42 (ZFHRL 7=,

41.2. FHBEL—Y—

e KL —H— LT ELVeS L —#—1470 (LEONARDO®1470, CeramOptec GmbH, Germany)
EER L, L— ) — 2B DOIMEI% Fig. 4-1 12, {LEk% Table 4-1 127797, ELVeS L —#—1470 ®
TR 1L 1470 nm THY, 17713 2~15 W £T0.1 W IR TREARETHD, M HRELT
IR 2 2,

41.3. HIPAI\—

Fig. 4-2 |3 89012, IS 7 7 A /38— L L TEAE 1.85 mm, 27 #8 500 um OF 7 47 /421
7" 77 AN—(ELVeS Radial 2ring™ Fiber, CeramOptec GmbH, Germany)zff fiL7-, i#@% DX
TrAN—LRBRIC, FLEROaT & EDJEAHEEY Ty RO ZEigE Lo TR, Z O HHE
IEAEERE7RSTND, 2O a7 NICAF SN L —F — 37 Ty RIZ L > TR A0
R, R TO RS LIRITICED T 7 A S =D REIT RN L, 360° 28I itiShg, Fiz,
Sedmih 7 bbb — =N END, 7k, AFwCIZIH51T5 Conel, Cone2 &1F=7 NIZAL
EIINTODTYRLE, Edge LIXAeimREHHMOZ a6,

41.4. REFHMRTL

HEEFNCIT &L T K B —RENVGE XH(T35LC-200L2K9B, [l AT 2 V=,
Fig. 4-3 \ZENEXF OAMEL K QeI izl & | Table 4-2 (TAEREZ R, O — AL, AR DF
22— 7 OPITENER B A N, B b~ 7 32U L& ELSFEL TR LTZH O Th D, MR A
DXL E L TN D, T O o LR L 7z i R B R - FE T = = N (NR-THOS,
KEYENCE, Japan) Clid EZHIEL , v /VF 7 —HINEHE S A7 L(NR-500, KEYENCE, Japan)iZ T
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WELE T —25 7V 7 R 10 Hz TEodkL7-,

4.2. F-BMcisal—iay
4.21. X-BEIaL—avDRE

FLT A AR TR B ORI 350 D Y B 0 3L i OB 3 A4 7
BB BYEIE 2L — 2 ar DB OV TR <5,

4211, REWEEHE

I3 M OFR AL N I 81T D 6Bk A 3R 9579012, Wang HBAR LB T v aiks
L7z Ialb—iaa—R MCML (Monte Carlo modeling of light transport in multi-layered
tissues) , &2 8 CONV (Convolution for responses to a finite diameter photon beam incident on multi-
layered tissues) & IV 721153, MCML 132 J@ & DY E NIZ BT D AR A FHR 352 L T&,
ARl = a8 TE, Mk M OFFARIERR A 2D ) — e E TH L EAREL | kD
JEE 7 7 AR —RENSEFIRE E ETOHEEE) . K OFHIRDOIESZRIEL ., FIHNIZBIT 5
(oA FHR LT, R 1470 nm (ZF1T D8RRI, K OFR IR O WIAREL, K& OHGELERER L L T
1%, 2 ECOERFELYZNZI Table 4-3 (RUZMES % U, TS, B OMELD B 71k
K7L TESCHkE LD 2240 138, KT 0.9 2N, 77 AN —DJEHFrRLLTIE, &
FRA LD R 1500 nm (2B DEITEAE FAVWZI0, o2l —Ta Tik, YA TE
DL—F =D, T 7 A= B MR K U CREICARFTHEEL, L —F—E —2DH0
e U7 AL AR IC 31T 28 IR TR IS N D = L F— BB A BT, BT
NEETORATEE (AFETE) &2 100 &L, FHEOZ Uy YA X2 RS T7M), 8T, 12
10 pm &L7Z,

4212 BRBCEHE

BYREDOHRETIL, BT hus ol —ar TRIBUZARBEBN O = R ¥ — 8% EE 5y
FIZHEESE IR B RO RRGE & 3L B LB D B A SR i I 231 L 7=, Fig. 4-

AR T IO, HEWETRIZB W T, m X —FELMA L — T —E — 200 a il L= [
FEFERE R CRIHEND N, YRS EIZB W TIIL D=0 . FTRO X972 2 kT HEE VR
HHEAAEAL, BURO =L —FE S[WmP] IZX LT, BT hlaiial—iar TR
u“jbf::nz‘\/vﬂe“~4ﬁf“%)\jjb ZOBIRNT 7 AN—D 5| EHZEE THEIL TOSEEL T
Rl ¢ \Z3BITDET)FIREE TK] Z3tHE L,

T 82T+82T s
Pora ™\ T2 )
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ZITL I py B G, ROEMEHE A DRI DT — R T AL ITEL, %
S BHIRBE D2 N2 UC SV TSI LY Table 4-3 IR LI EA L,

HD L 2L — 2y T R A IRIRRIEIC L) K O LB L= IV, 3t
it i,

k1 k
Ti; _Ti,j_(

. — o — + S. .
LJ At 1 f]H%’j)AxL,] (qi,j% ql.,j_‘_%)Ayl.. Sz,]a

C
p 2] L]

Vi
72120, Fig. 4-4 \R$JOI, q FBGR R 2L, IRADIoIcEkSN D,

Ti+1,j_T' i

=—) LJ
iy Ax

q = _iTi,ijl _Ti,j
A Ay

FALE TOBRD TR/ — L S [WmPIRE AR DO ST FHR 2B R R RIS
FOPTRSHE | B AT Y77 0.1 s THEIEOIREZZRFEH L, SRR T DI A 25
L, ARIDT 2l —a T, RO I AECFIRIMR O LT BEE I AEO MR A M2 S 1
IR AR LT,

422 H-BEWSSAL—avETILRORESHEHBE

T7AN=DD NN T 07 7 AV (4.3 SR IZEVELNTZT7 7 A= b END
L — W — N D#l 5 17 CO A % BT N YEIRE DR ARAED 1/ (513.5%) L RSHE
— AEARICRRE Uz, e PR E RS A 5612, 21 717> Conel, Cone2, K O Edge 75
B2 0 —ZE 4y LT, E2, 332l —2a BN T, FREND Cone 7DA AR IC A ST
THL—W L, T AN—EL T M ORI RN SND T2 U — R CIZ 585 Fig.
4-5 [RTHETTZRAFX —'BELEHMLUCAN LT, ST 7435 — iR, & OF AR RO 9] 1
IREEIX 20°CEL, Fig. 4-6 IZ81F5 LT, KOZEMOS RS IWEAE L <, A% 20°CIZ B E
LCHEAEZITT-, ZORE R TI I —2al B To B A0 2l — a7 AVNICE
THIRE M ORI b % Fig. 4-7 1T~ T, 77 A= bIRE SO —F —hiIc kAL 72
ARHREN O TRV X — B E SR HESE IR B R ORI RGE & B R il iR
DBLRIEIT,

4.3. EVLA BEBRI7AM/\—OREHTOT771 )L EEH
4280332 —ary FETHRLEINIC, v 32— ar B W T NOEE S fix

HEET2DITIE KT 7AN =B ESNOL —F =D — L K OENLE TR S —
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P —HDT RN =D /G RA—HN WL I2D, FDT-D, Tt —s7 a7 AL EEER.
K OYeHE R EZITHZ LI LY FFe T A= 22 E LT,

4.31. BEAE
4.31.1. REAFEO5HEE

il 7 50D B YD TR EE 43 AR A E T BT IS L1265 R % Fig. 4-8 (T, 77 A 73—
Ze, 770 T W THEAPNOR T EICEEL ., R 1470 nm, ZoRH7) 6.0 W O}8 KL —
P —TEp LB LT, H B AT —(SGSP26-85(X), SIGMAKOKI)Z[E ELIZF A7 =y V%)
T 7 AN=e00720 10 pm/s O ETREIOF AT 20 mm BEISE | FAT7 Ty LAYy N1
WL — W — OB A 5 BRI 7 4 b7 A4 — R H 25 (S146C, Thorlabs) THHIL
Pt LT= /XU — A—%(PM100USB, Thorlabs)Z N TH I ZFHIL 72, AU MR A JE 5 17 K
DI 100 122D LED, T A O EEITENZIE 0.34 mm, HETIEIZIE 0.51 mm DAY Mg
(ZRRE LTz, JIE LT RiB @ e BRI LS, W7 7 A3 — DR BT D S0 5R
AEE L,

4.31.2. WEAFEO 5 HBE

Sl 7 151D B D TR EE A3 AR A E T BT IS T2 )65 R % Fig. 4-9 (T d, 77 A /38—
Ze, 770 T a WA R T EICEEL ., EE 1470 nm, -7 6.0 W OF8 KL —
P —TEEp LB LT, H B AT —(SGSP26-85(X), SIGMAKOKI)Z[E E LIz A7 =y V%)
T 7 A= 10 pm/s OFEFETREIOFAIZ 20 mm BEISE, F A7 Ty DAY M il
W72 L — —Je DR e B AT 0 EREL 7 4 N A4 — R 25 (S146C, Thorlabs) THHL
Bafee L7/ 30— A—%(PM100USB, Thorlabs)% F\ > CTH 1 & FHAIL 7=, %5 16 TO A ME X
L—F =D F L5 £ 50 12705 80 FElili 7 11X 0.34 mm, KG#H 7 [7121% 0.51 mm DAYy MiF
IZE%E LT (Fig. 4-10)27 7, HIELT-RE R L B ORI Z LD, 7 7 AN —DFALE TR
FD OB SR A R LT,

4.31.3. RI7A/5—HD 2 D0 Cone oD I H 5 ELRBTE

W77 A73—=D% Cone HMHHIFENDTALF—D HH AR E T DI DI LT
¥ %% Fig. 4-11 [ 7, IR 1470 nm, F-H ) 6.0 W OH8E(RL —H — 2385 L T- 77 A /3 —
EREDTLT "L A A — R #3(S146C, Thorlabs) 24 AL, FE2CI 2R 307 & BRI /25 X512
777 TEELE, SMEMRICBTIREBLEZREL, KL T —2—%
(PM100USB, Thorlabs) & H /) &FHAIL 7=, SALE CTHREOILTZH )25, 45 Cone # CHIST SIS
L—H—DHNEFEHL, S ERERD T,
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4.3.2. EEBRER
4.3.21. R#EAMHSFTOI7MIL

TrAN=IOIE SN DL — =R L Rl T IS T HIENLE L DO RfR % Fig. 4-1212
Y, Conel 2B ENDL —F =0T, AL CEAME HEHER) 11.9 + 0.1 mm, M OLE
12.1 £ 0.1 mm (Z 2 DO —27%E DFETHRAL, Cone2 MHHFTINHL—F—HIL, friE 17.6 =
02mm (2 1 DO —IZ2F S THRILZ, Cone2 |ZxF9 5 Conel Dix K —7 L33 3.87 TH

-7,

43.21. HEE#ARESFTOIFIIL
Fig. 4-13 12, L—W—Jea i il 5 i 1 D I ENL B L O BIR &R T, H 7 7473 — i
MO OV —F =T, (LB CPIME AR ERZS) 2.3 £ 0.2 mm (T8 — 2 &b D TERN,
REBRIVIGONT L — W —HBRIE DA & TS, AFHEIRE IR KIED 1/62 (513.5%) £72%
v — AlEZR D7 (Table 4-4) , > I=lb—Tal T, [[AEROE — ABEREFFO T A5 IHED
BREEDL —F—L L TRRIELT,

4.3.2.3. HIT7A4/N—HD 2 D0) Cone MSHEINDIIRILF—DHSFTHLE

Fig. 4-14 (27 7A/X—D Y5 FE 2% 73, Conel, Cone2, Edge DIEIZYHG R 23w <7
572, Cone IOV S EEERDZE1T 5.9% & /NE< | Conel, Cone2 TRIFREDEE THIF ST
7os el A b SN AL —F— D= R X —(F Cone HLEZL TIHEF /NI E
RUTo, S EESRRERE B4 2L, 22755 Conel, Cone2, 2 OY Edge /O35 /U —%
Bl LT 3al—ar %177z (Table 4-5) ,

433. EE

K77 A3—1F, T HIZ Cone TEIRD T VA LEHL, 1 DHD Cone TL—H —HD— %X
FrEg D ETOL—Y =K1 2 DHD Cone TSN DHIET, L—H — N4 2 FTI0T
AOAJE T N R CEOMEIEIC R D IO STV D, LI THT 7 A/ — X ED D
AR THIUL, L—F—HIFA AL I3, UL, Fig. 4-15 IR T AR B
BlERCEHINNT, EBRITITN T 7 A3 —ORiIFIZH B S TS, Fig. 4-12 (TRULTZ K il
Fas 7 e 7 7 A VRIERE R TIL, Cone fLEFTUTIC 2 D FTOE —2 &K >7 a7 7 A /L H3GHH
iz, Ll =Y —D IR EDOE — 7 iX Cone TR/, F7-, Table 4-4 (Z/RLIZEIIT
W7 7 AN—=RENBTOE —LIEG Bx o7, KT 7 A/ N—DW TN OBMEIHIS % Fig. 4-16
WZRT, 2 TOH 7 VT Cone DNEDN RS> TNDHIE, Fo, ZONLELE Fig. 4-12 &8 Fig.
4-13 [T HERHLNDZEND, T VR TE— LB I N AT BRI, 7743 —HD
Cone DNLEDFAFEIZL DL DN KENEZ X BV, Fig. 4-13Fig. 4 (R348 a7 v 7
AERERZY 77 AN =Sl bl — =R R S T DL ZEN B E7r 572, Fig. 4-
1512 Cone ¥ DO BAMEE EIf 47~ 3, & 635 nm DHAR DT 7 A N—NO#ZBIER45 L,
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Cone DTH AN B Ieh 7 MIZL —F — B3IV TWDZEN Db, bbb, FEERD
Cone [FEARAYZ2 FSERZ IR CIE72< | TH ARG DAL EH O Ttk &2 o Tl BE 7 o' AT
TFRSNIZRRED TS 77 AN b — Y —ERRH L, 7 e7 7L Z5o0nizd
EZ BT, SBIT, Fig. 4-14 (ZRU7- S FEERIERE R0, Cone [H O (A FEEEAY AL N HL e
V. Cone [RIDZENY 5.9% ThroTc, L —H =3 a T NEATICEN L7z 0E§ 4T, S R
13 Cone DWIEAELLIKAFT D, FERITZERELEZ2DED D L7 7 A3 —DWriifE b & H 4T
SRPE G FIZRER DM M A2 R L TRY, JER RO Z LY WEZE T DD LT, — 7T %
SO HE 9 DL — — 1T Cone #& LLER L CIER I/ NEWELFEE R LTz, Zivh FElo g
ZIZIVAELT-bDEE LN,
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44. P3al—avDZEHMHOEE

AT CTRITE LI Bl 2L —aid, BT vnikz Aoz AR N O s
WEBMRBEDOFENORERSI TS, L, EBED EVLA Tid, ENHOBGUIINZ | ks
FIRAEL RS PN D 7K 53 D KA ZEAVIZPEO T BAD 5228, e OO T 7 A8 — D35 NS ML OB
IDOBMREB G VL QDT FEEROD EVLA IZBITDMENIRE il ol —artn
MHCRAZENELC CQNDEE ZBND, B LT 2L —ar a2 AL OICT5720121F, £
HAREBOBGIILDFEERBEEDIRE DRRAENEDRE THOIEIR T M EN B, TZ T,
AT, R 1470 nm OHEKL —F—LF7 74TV 2V 777 AN =% EH - EVLA
DERIRBRER AR LT ex vivo FRES RAAEELL | FIREESMI 2 f DI FHH & UREE O AE A 7Y
M Z Lo CTHARBED RS | R OB BEDO T MeAFH T, ZL T, ex vivo FEREFIRRD I G4
TRzl —ar a7, BRHSNREZ KT 528 Toiab —2ar O Y AT L 72,

441, EEBAE,RUYVIalL—avEhik
4.41.1. FHOREESMAIRE DR R ISEER

EVLA ORBREEAHEL . HRBEAMIZR 7 O ORI 28 b2 FHIl 572912, Fig. 127
T ex vivo IBETREAEE LT=, 7 FSHEIRO M inz 6 T O, BB 1&2 00T Tr—ARNICEE LT,
~v Uy ME Ht=42 (R 77 2RI Z S ARNIZEA LT, 77— 25Milba 7 2280
THIRMNIZZ 7 A —ZHRA LT, ZORE, PV VRV TRIEICT AL THARBEL L7 7 A8
—E A ST, BEXMN AT AN —REEOERNFHIESIC/25 I3 B L, IR 1470
nm, )% 7TW, HDUVNE 10 W ITERE LT8R — Y — T8 L Ic 7 7 AN — & HE)A T —
(SGSP26-85(X), SIGMAKOKI)IZ T, Bl &4k E@#E 1.0 mm/s ([ZHIFEILZ23 B3| L, L—Y —R
Fa1To7-, ABAT—V ORI IZAT —Yar ba—7— (SHOT-602, > 7~ k%) & PC Y
77 =7 SGTERM %Wz, L —H — R | 20k LB U7 =i B TR B B8 - = = F(NR-
THOS8, KEYENCE) CiREAHIEL , ~/VF T —HINEEL AT A(NR-500, KEYENCE)(Z TH 7Y
7 JE AR 10 Hz TRedk U, wRIREESMAIZR 12361 DR EE O RF 2 LA E LT,

4412, L—Y—RHETTROBIIROESRE, RUHBRFHET

L —— MRS O FRIRZ 5 A~ A U IREEAL &R BRI A4 il 7 1) 2 50w
B, Tissue-Tek O.C.T Compound(Sakura Finetechnical Co. Ltd )W A HE S CH R EE LTz, 7272
L. 77 10 W TR LTZBRIC A CTe AT 0% o 7S K0 IR SAV 7o 0 1 EBRAN LT, BRAETE T
%, —F  HEAEIah—2(CM1850, Leica Microsystems GmbH) CJEX 10 pum (Zi#EEIL7,
B LI 2 AT AR T T A FIZREOAHT, ~~ kU« =42 (Hematoxylin-Eosin; HE)%x
tafil7, HE B mBifeao fThich — MR A THY, Mild, & OHLEEO 2K
BAEHRETH7-OICHW LD, ~< LI R, =4 VUKD E 2 Yt 352
T&%, HE D FIAZLL T OO~@IZRT,
O AFARHFAIZAEVHT =38 B2 99.5% 4 ) — /L (14713-24, Nacalai tesque)lZ#J 30 F0 i
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ESEREAFEE L%, QEAIERET D720 R KK 30 BRI IES -,

70%, 80%, 99.5% T4 /—/WIZHK) 30 B9 DiRIEL | BeRERIIC K ZTT 572,

B RS . AP — < FES UL (131-09665, Wako)lZ 5 2y iR TE ST,
K TSP TE | ZRFIKIZ 5 pHRESEAT MU O LA T o7,

B RIS 0.1% A0 Y =4 ) — /LR (054-06505, Wako)lZ—B#72 I HREL . 97<
\CHRBE K CH LT,

70%, 80%, 99.5% T4 /—/VIZHK) 30 B9 DiIEL | BeRERIIC K ZTT 572,

ABHI £ —/1(120-00411, Wako)Z 1,2 fiiiiE FLiEHS 7=,
AEHZY 7~ M199-11311, Wako)Z 2l F LTtk /=TT A% 88| JEESE T,
HE Yo%, 7 X NVATAR AR v 7 (NanoZoomer2.0-RS, AR R=2 A)Z 0 Guta {5 % B
U7z, BB CIIBEI T O BIREEE S 2R E LT, 72720 &7 /WKL Fig. 4-18 (R T
IO 15 EETEL, LT HZETERENDESELT, Fio, L—V —BRE% O FFHRNES
(AT IR ZERafERl)E ., BEEE O 3 SOBGERE O AR LTz, 72720, IRALE IR
SEBLTWDHEFE, 2RI AE 13K S KA L L SR ISR AR L T2 22 R S BRIR s D e 1

O3AT L OO DA | VR & 13l B A M eI S A D U AR AL E R LT,

©® 0

® Q ©

4413. Y3alL—davhik

Ex-vivo EBREI 2l —al B AT L2332 — L a T 5 /L% Fig. 4-19 (2
R KT 7 A= LFRAIRNEBEDEEL TODEEL , #i71A 20 mm, 85571 5.0 mm, 5 fiF6E
10 pm DI a2l —Ta BT NVERHELT, Vol —ral 7 VINOWIIERE T EBREREE L [F
D 20CIZRREL . FEIROH L, T2 HET /L MUDEEFRSEFIIBENC ZDMmOBE R S44
X 20CITRRE LT, T 7 7 A /VRIERE R (4 BRI DD, FT AT N2V T 77 A73—))
SHFENDL ——DE — AEIT Conel, Cone2, Edge TZIZH 0.450, 0.542, 0.806 mm
ICRRE LTz, L—F—OH 11X 7, 10 W IZEE L, SEHS EESRANERE R LD . 22H 7155 Conel
Cone2, K % Edge 75 Hi5H 92730 —% Table 4-5 (R I EIZAC Y LTz, BEIAT 7 0.1 s T
JEREDWREEZ BB L BRI B T HIRESMER L, 3 ab—a B T VNOHT
FAN=FEDOEIRNES T2 BENVIALE pt o ZFHASE L &RE S BT DR D RERH
EEHE L,
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442 ZEEBHZR
4.4.21. EVLA FERKBSHRICEITHIRENMUDERE

Fig. 4-20 |24 712361 D ERIREESMAN B2 U T- BAEE it IR DI b A7~ 3, 72720, 55 1
B — 7R S SRR B XA T TR TOBERNZBWT 2 SO —ZiREEFF ST
DIREZALFHI SN2, BREH S 7 WIZBWTE | B— 2513 90.9+52°C, %5 2 v —7ik
JE1E 94.8+£3.5C, FREH 7] 10 W IZIRWT, 5 1 B — 27X 93.5+3.2°C, 55 2 v — 7R
100.1£8.5C T >7=(Fig. 4-21), i% & H IO L THlie —27 SORER EF- L,

4.4.2.2. BHOROMEOHEBFHRE

L — P — BN EATORIO 7 FERARDFHAREE | S OVGENI 1% O FIREEDE S % Fig. 4-22 1T~ 7, B
PR O BREEE STV R ZE (1t 0) TR T L 390190 pm, BEIHEOFRIREED/E S
H77 7, 10 W OFF, 212740 34080 um, 34070 pm CTh-o7z, BEITHIE TS TR
SOWLEL NSIRTe D t RTEEAT TR BEXIRI. T p i <0.05 277 B AXE D
FTITH ROV o T, B RSB T HRIREEO W G A B % Fig. 4-23 1§, bL—H%
— MR T X CORREEC AL fE I3 72< | Z2hafgpk)E K OVBEE T AMFAEL 7=, tH1 7 W T,
FRE E CZE I RS LB, SMIED 28I~ CThElE g 2s Rbiiz, tH) 10 W TidgMEETo
T _TOHPAICZE AN bz,
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44.23. zal—iaviER

L= =M ART—% 7,10 W, 77 A/ =D G HEZ 1.0 mm/s L7258 OFFIREESMIZR
T DIREE DRFZEA LA Fig. 4-24 1R 3, 13 7 W AIZBWTESD - 0 DIRFO il F7
DE—7HT 100CEBZ T2, =, M 10 W TIET R TOEIIZBWTCHE O —27 8T
100°CEHB R T2,

443, EE

FRARO W IR 5 BEARTOFRIRBEDJE ST 7 Mc ko T, Ff @I L > ThH i
720, ELITHEA% OFFIREEDIE X T DTN THHN, /NS DZEN DI >T, ZDT0 | JEED
EAbEZBEL TOROGHRES 2L —a Al BEEA R — L7 SR o beili %, %
YPEFHM O FKHEL L TUIARPAR TH D, 22T, BEARTOEIDIXLDEEBEL ., 77 A3 —
FKHENOEEX ETOERE, T70bbEREEDIESZ u- 0, u+ o D2 DOFMFITHELE I I
L—alZT0, BHENZ 2 DOREE SR OFREM A b & EBRIC I > TRAS V2 IR L DO REfE
FALZ T 52T alb —ar O Y AT L7, Fig. 4-20 ISR UIZ X EVE XF DR
DIFFZIL 2 SO —2%FF5 720 2 [AI H OV —ZIRED FAvE<, 2L e — MR H L
Z 65 ThHolLWIRT, ol —iar IRk AR LTS, P ab—ar TR
T A — 7R IR FH FEER CRRIL - BAVE X O & B — VIR E OBIfR% Fig. 4-25 IT7”7, L
— =DM T W OFF, EBREIL 2 2Dl —a fEDESEE B LR EFIE NI
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Conel Cone2

Fig. 4-2 Photomicrographs of the tip of the ELVeS Radial 2ring™ fiber.
The red light is the guide laser at a wavelength of 635 nm.
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Fig. 4-3 Photographs of the thermocouple.
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Fig. 4-4 Schematic of the discretization of the two-dimensional unsteady heat conductivity equation

and of numerical analysis in order to calculate the two dimensional temperature distribution.
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w is the beam diameter at which the incident Area B = m(w/2)?
light intensity was 1/e2 of the maximum value - W

Fig. 4-5 Schematic of calculation of laser power used as input for the Monte Carlo simulation of light

propagation (left and center) and the tissue model used in the simulation (right).
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Fig. 4-6 Schematic of the computer simulation model to estimate the temperature distribution by
solving the heat transfer equation.

66



Time=10s

Depth [mm]
) Temperature [°C]

9 10 11 12 13 14 15 16 17 18
Width [mm] Time=30s

Depth [mm]
Temperature [°C]

9 10 11 12 13 5 16 17 18 19 20
Width [mm] Time=5.0s

e | | | [ ] ][] ]
----II-II====IIIII

| Temperature [°C]

g8 9 10 11 12
Width [mm]

A
e el [ [ [ [ [[[]]
B | | | | [ [ ] ]|

}llllllql

8§ 9 10 11 12 13 14 15 16 17
Width [mm] - Time=9.0s

Depth [mm]
| Temperature [°C]

Depth [mm]
) Temperature [°C]

8 9 10 11 12 13 14 15 16 17
Width [mm]

Fig. 4-7 Temporal variation of temperature distribution in simulation model of EVLA using the Radial

2ring Fiber.
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Fig. 4-8 Schematic of optical setup for the measurement of the distribution of laser power in the major

axis of optical fiber (left), and photograph of experimental setup (right).
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Fig. 4-9 Schematic of optical setup for the measurement of the distribution of laser power in the minor

axis of optical fiber (left), and photograph of experimental setup (right).
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Fig. 4-10 Schematic of the power meter slit for (a) major axis and (b) minor axis.
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Fig. 4-11 Schematic for the measurement of the emission ratio of light emitted by each cone, and

photograph of experimental setup (right).
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Fig. 4-12 Profiles of the laser power density on the surface of the fiber along the central axis, measured

by scanning the slit in front of the power meter.
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Fig. 4-13 Profiles of the laser power density on the surface of the fiber along the minor axis, measured

by scanning the slit in front of the power meter.
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Fig. 4-14 Output ratio of the light emitted by a fiber.
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Fig. 4-15 Ray tracing at the Cone2 in optical fiber (left), and the projection of guide light (635 nm)

irradiated from a fiber.
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Fig. 4-16 The stereo microscopic images of fibers.
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Fig. 4-17 Schematic of the ex vivo experimental setup for measuring the temperature of the porcine

vein.
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Fig. 4-18 Photomicrograph of HE stained cross section of normal porcine vein. Thickness of normal
veins and ones after irradiation at 7 W and 10 W was calculated by measuring thickness at fifteen

positions and averaging them.
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Fig. 4-19 Schematic of the computer simulation model to estimate the temperature distribution by

solving the heat transfer equation.
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Fig. 4-20 Temporal variation of temperature at the measuring point by the thermocouple set at the

outer surface of the porcine vein at the irradiation powers of 7 W and 10 W.
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Fig. 4-21 Peak temperatures measured with the thermocouple at output powers of 7 and 10 W.
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Fig. 4-22 Variation of thickness of porcine vein wall before and after laser irradiation.
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Fig. 4-23 Histological changes in porcine venous wall after laser irradiation. “Sticking” refers to

cases in which the shrunken vein stuck to the optical fiber.

76



160 3 —
140§ —d=p

120 1 d=po
100
80
60

Temerature [°C]

40 1

20 -

Temerature [°C]

—d=p
d=pto

20 Fretr—
0 5 10 15
Time [s]

(b) 10 W

Fig. 4-24 Time courses in temperature on the outer surface of the venous wall at output power of (a)
7 W and (b) 10 W. Measurement points were set to the thickness of normal venous wall, d=u + o

(mean =+ standard deviation).
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Fig. 4-25 Relationships between calculated and measured peak temperatures for Conel and Cone?2 at

output powers of (a) 7 W and (b) 10 W.
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Table 4-1 Specifications of the laser diode used in this reserch.

Specs Values
Wavelength 147030, 635=%+10 nm (Aiming beam)
Power range 2-15W
Wave form Continuous wave
Dimension 370(Width) x 85(Depth) x 275(Height) mm
Weight 8.5 kg
Laser class Class 4

Table 4-2 Specifications of the thermocouple.

Specs Values
Thermocouple type K
Material Positiye Chromel
Negative Alumel
Measurement accuracy +£1.5% (-40<T <350°C)
(T: temperature) +0.004|T|% ( 350 < T < 1000°C )
Time constant 14 ms
Temperature range -40-1000°C

Table 4-3 Optical properties at a wavelength of 1470 nm and thermal properties used in the simulation,

taking account of light and heat propagation.

Physical term Symbol Blood Venous wall Reference

Refractive index n [ 1.38 1.38 [4-6]
Absorption coefficient U, [cm 18.3 18.2 [7]
Scattering coefficient Ms [cm™] 176 151 [7]

Anisotropy factor g [ 0.9 0.9 [4, 5]
Density P [kg/m? 1050 1050 (7]
Thermal conductivity A [W/(m-K)] 0.56 0.56 [7]
Specific heat C, [I(kg-K)] 3820 3780 [7]
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Table 4-4 Beam diameter of each irradiation point at the surface of fiber.

Beam diameter [mm]
Cornl Corn2 Edge
0.450 0.542 0.806

Table 4-5 Power of each irradiation point of a fiber, and total power was distributed to each

irradiation point in proportion to the measured emitting ratio.

Power [W]
Total Conel Cone2 Edge
7.0 3.65 3.23 0.12
(52.1%) (46.2%) (1.7%)
10.0 5.21 4.62 0.17

80



235 3CHk

(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

Oregon Medical Laser Center: Monte Carlo simulations (Accessed Oct 23, 2018),
https://omlc.org/software/mc/mcml/index.html

L. Wang, S. L. Jacques, L. Zheng: MCML — Monte Carlo modeling of light transport in multi-
layered tissues. Comput. Methods Programs Biomed, 47: 131-146, 1995.

L. Wang, S. L. Jacques, L. Zheng: CONV — convolution for responses to a finite diameter photon
beam incident on multi-layered tissues. Comput. Methods Programs Biomed, 54, 141-150, 1997.
R. J. Hinchliffe, J. Ubhi, A. Beech, J. Ellison, B. D. Braithwaite: A prospective randomized
controlled trial of VNUS closure versus surgery for the treatment of recurrent long saphenous
varicose veins. Eur. J. Vasc. Endovasc. Surg., 31, 212-218, 2006.

T. Rautio, A. Ohinmaa, J. Perdld, P. Ohtonen, T. Heikkinen, H. Wiik, P. Karjalainen, K. Haukipuro,
T. Juvonen: Endovenous obliteration versus convention al stripping operation in the treatment of
primary varicose veins: a randomized controlled trial with comparison of the costs. J. Vasc. Surg.,
35, 958-965, 2002.

F. Lurie, D. Creton, B. Eklof, L. S. Kabnick, R. L. Kistner, O. Pichot, S. Schuller-Petrovic, C.
Sessa: Prospective randomized study of endovenous radiofrequency obliteration (closure
procedure) versus ligation and stripping in a selected patient population (EVOLVeS Study). J.
Vasc. Surg., 38, 207-214, 2003.

F. Lurie, D. Creton, B. Eklof, L. S. Kabnick, R. L. Kistner, O. Pichot, C. Sessa, S. Schuller-
Petrovic: Prospective randomized study of endovenous radiofrequency obliteration (closure)
versus ligation and vein stripping (EVOLVeS): two-year follow-up. Eur. J. Vasc. Endovasc. Surg.,
29, 67-73, 2005 F AR 2, BIRELTF, @B —, MIBLEZ: b—h7 ANEOHIELEEE
25 3 il FLE, 2010.

V. V. Tuchin, “1.6.2 Refractive-index variations of tissue,” in Tissue Optics: Light Scattering
Methods and Instruments for Medical Diagnosis (second edition), 104-106, SPIE, Bellingham,
Washington, USA, 2007.

V. V. Tuchin, “1.8.2 Concepts of phantom construction,” in Tissue Optics: Light Scattering
Methods and Instruments for Medical Diagnosis (second edition), 132-137, SPIE, Bellingham,
Washington, USA, 2007.

[10] 7 ~ etk At A 2 a7 01 FIRKR, B329, 2014.
[11] Suhas V. Patankar J735. K&K, & HIER LR arEa— X ZL0BEE) LD

TEfRAT, RS, 1999

[12] Welch, Ashley J., van Gemert, Martin JC, “13. Thermal Damage and Rate Processes in Biologic

Tissues,” in Optical-Thermal Response of Laser-Irradiated Tissue, 496-499, Springer, 2011.

[13] M. E. Vuylsteke, S. R. Mordon: Endovenous laser ablation: a review of mechanisms of action.

Ann. Vasc. Surg., 26: 424-433, 2012.

81



[14] Moritz AR, Henriques FC: Studies of Thermal Injury: II. The Relative Importance of Time and
Surface Temperature in the Causation of Cutaneous Burns. Am J Pathol; 23: 695-720, 1947.

[15] Yamamoto T, Sakata M: Influence of fibers and wavelengths on the mechanism of action of
endovenous laser ablation. J. Vasc. Surg Venous and Lymphatic Disorders., 2, 61-69, 2014

[16] C-M Fan, R Rox-Anderson: Endovenous laser ablation: mechanism of action. Phlebology; 23:
206-213, 2008.

[17] M.E. Vuylsteke, Th. Martinelli, J. Van Dorpe, J. Roelens, S. Mordon, 1. Fourneau: Endovenous
Laser Ablation: The Role of Intraluminal Blood. Eur. J. Vasc. Endovasc. Surg., 03: 017, 2011.

82



a

2

&

#
BAS

ARHFFED HEIE, EFHEREL I SN T, MERN L —F—IGR LM 752 L TH Y,
A ICHESE U2 FERR PR IR R 2 AWV T R Th 5 TRGERIRE ISR 9~ 2 &N L
— I —IRIEOAINEE ZEMEICOVWTERMICFHE L, MENL —F—1FEO L 2T b
U —H A T AR ST,

52 BT, AN TOXDOWI-CHELO R 2 E ERICIEE T 5 72912, WFEER
HFFREANT, U TNV OIS R L ERE T AREL, WiEr T hrnikzH
WTC, BIAR S e, B BEL RS s, AR SR LTz, & MERIROIR 1470 nm (235
T D, PE980nm LV 7TEREDSTZEWHIFERNS, HE 1470 nm O F 3T F v
X =0 L < FIRERRICRINEN D B2 b, AEEOLV—F—2EHT2Z & Tih
PEDA N B E D ATREMEA R S 4L7c, IR 1470 nm (281 D a3, & 980 nm @ 5 43
DLIREL/NESL, EDHICE MFIROEZA 0.8mm L D H/NE Wbz, JE gk~ B
PEDFEEN 980nm LV /NS <A HNDEBZ HALD, UL EXK D K 1470 nm D F5 5% 980
nm £V bR F—DRENEL, BEMEORBZRF X, IBROREMENF LT
2 RIREME DN R S AL72,

053 BT, ERARRER A B L7 IEERRRBR A 1T S 2 & T L— VBT - L oiE
WIZ KD HIME, RO MO AT > 72, 980 nm 2 TN 1470 nm D 2 RO L—H—4k
BEL, ERONET 7 AN—=THLXT 77 A43— (BF), M CTHEHENTWL T P77
74 3= (RF), kX2 U 2777 A3— (2RF) D 3 FEIZBWTHRKNERZIT-7-, A
(TS U7 JERE IR FR AT SR 2 A4 L T ex vivo IRISEBRZ 1TV, L —HF— L A {RHHRE & DR A
TERMOE B2 Z1T > 72, £ ORER. E 1470 nm O 573, 5K 980 nm K D /NS
P R0 — g fE R ONEH) ) )L F—F B CUNHE & L T & 72, & 512, IR 1470 nm D 5743,
BILDORE DR TR NX—BENRKE o7, £o, WlEE & b/ SV L —5
JECTRFERIBF 21T o 72 503, B2 2 ST E FHd T & 7o, Wi, KOWH Ao
BN L DN, KOO BN % | B SR CIIaHn < & 72w ak & 525 L
RIS T DEWIC K 2 Z ORI 21T > 72, £ OFER. 980 nm + BF 2 EFKIZIHWTHE
FLREFI SR ITHK E LT, AL ZEMERENL T 2 B SR &0 D 2 &3
HMIT72 o572, 1470 nm + RF TiX, AIER OLRMENESNLT 5 MESRERRE SN -
B, BHEEOBENEE THD Z ENH LI -T2, 1470 nm +2RF |%, A%t L 24
PEMTINLS 5 BT 2 A L, BRI OPAZEICAZI T, 220D Y 227 235 L,
LRMEDNE N E RS E Aoz, F7-. EVLA ORI 2 i T . 2R 0 BV RS
FECThLZ Enmaiiz, U EORERENS, HE 1470 nm L—HF—K D2 V7774
NI G DR bR L AMER RO ATREE RIE S,

%4 mTE, MEPREAHEE T 5 72 DI AR I HE SN T L — Y — RS P o1
WIS AHET DB I 2L — a VEFALFME L, Y32l — g F

83



FIMEEIZ L0 | I CEEN D OFHMEO SV A FTREL 25, £, T 7 A X—
NHHEEND L—F =D — LR, KOFMECTRE IS L—F— Dz 3L F—
DIRTA—=Z o —LT7 077 A VAEER, KOKHNEEREZIT O 2 LIk IS
Lo WIT, BIRELIG « BMEHE S S 2 b —3 a VBT AL TG+ 5 7201, HE
1470 nm OMSERL —F—L FF 4TV 2 U777 A4 N—%flGbEmEN L —
—BEXIING O B PR BR R & A5 U 7o FERR R FRES R & I TR IRBESMAIR i DR E A3 L, ~
Sal—Ya U RLHKT AL Ty I ab—a VORSMEAFE LTS, DR R,
100°C A2 2R CTIIBEAOEBIZILI YV I 2 b —va VTR KIS TLE I D
D, 100CEBRZRVEIRTIEY R 2 b— g FFHIEICIEFIC L —8 L-, 5%I1I%
BN L Ty al—yarOEZED TN 2 & THZRBHAT 7 A4 A= L —H
—JIRDOFRF, & L CHIR COBRFEREICBN T, KVFHARLDICRD EEZ LN,

R P p e 2R AT ek 2 R IR FEBR oD B

R ER ORI ORI BT B & K& < B B 0, EEFRHSER I3 E o6 AR5
DFEWPIEFDRICRKESEETLLEVWH) 22 THDH, EVLA ICBWT, #HE 980 nm L —
P—%MEH L= 6 ., RO T HIMARAET DRI, 11~100% & &I k> TRE E
HU3 PR 980 nm O L—H— KOMEK /ST —11~12W & 1 FIEFR UL TRE L3
ATH, EVLA OIMFHERIT, 88~100%4 1L X5 >& N o7o, ZD7-, K THEAL
TBRICERORAR AR A LI 35E . £ OBEALOFHERIE 72 D), Hga/e0n B MEIC2 5 2
EWD D, WH ORBRIMAT L W IERRIRRER 72 51X, RADOAERZ TRIFETH Y | IS
WAL EFBBROFRZHETE S 2 & bR TH D, AU T, FlRHRZ A RIC
EEL, 77 A NN—05| &EEELra L bu—T—THIFEIL TV D720, EBREOTHIC
K L2V RTHD LV x5, BH LTI ROERIL, EE, KOT 7 A /S—DFE
DHDFERA R L TND, D78, BRI X 72 EROEEOHWEE L LTHRICHWS
ZELHEETHD, BT, ME A DK 980nm L—H— RUNRT 7 7 A R—DFBE
DEEZMEHL, 9 WIZTEVLA Z1To7c56. +oRilEHEEZG NPT L IRET
Do SEIOFERNOHELZRT S L SIS HEHE | mm/s TIX, 40%FEEE D +43 72 INHE =R 0315
DN, Gl EHEHE 2 mm/s TIE 30% & NUHERDOER/NEWT=D, IiE A D7 7 A /83—
DOFEHEHENET N —HELTEZLND, -, iiFH B IIRBREE T, |1
mm/s TOF|EHZITEN TV D LRET H, WE 1470nm L—HF— L FT LT 7 (8 —
AL, NU—IWIZTHRRIZITo 7D, ks 77 A =D EPEZY, 5 ELFIE
W FTehr oz, ZOHEIE, MR FBRIC TN ENBIE SN0l 2 Vv I 7 7 A N —%
T2 LT, MERS, FORMBRONMEFRECE B2 6ND, Fiz, ITEAAN
b —EDT—=2 T H—TPLETHY, N—=2 T HHEOMNLNEE Th AU, BK
AR LT REREZEMO L —= JMEE L LTHEMT 2 2 & T ImROBEEZ —EIC
XL EBWIFCE D, EEE UTERDPEHELWEAICIE, v Iab—F —2{ElT5 2

84



EWEBEZLNDN, EBEOIBENOHELN DA E CEFHT 2ITITEAR»NE Z LR
METH D, DI, RERT — & Rl ICHFH FRLEET 2 HIFCa XA RABE L 2D,
BRI THER LTV R 2 b—a Y7 b EICHER LTS DU, 1R T OIS NiE
EOHHREDI-DIFERTHZ L b —RThH D,

ARFZETIE, BEMEOFHBIZ BV T, RO ZRILOMRZH I Lz, 347D EVLA T,
169 O FHGHAR O 22 FLITSRE T DAV &0 9 BRER 38R, ZRFL A L TR D L —
ICCHREEITH & BEBUROHERNEL R2BEOMENRH 7272 TH D, @mNTRLF
— CHFZITO 2 & TN O K THIMLERA 726 L, %#D@E%Tfé#%k@o
T, ARIOFERETIE, HE 980nm & X7 7 7 A4 N—DflAEbE M LZHA, M
RROUHE 2 fe e U, Bl & P& 1 mny/s, RES ST —11.8 W IS THRET 5 & pf?m 80%
DOHERTEZ O, Aok REMENmN Ly, £72, K 1470nm, X O\T V7LV 7 7 A
N—ZfER L, BE ST —89, 11.8 WIZTHE L72HE . Mik~Df &1L 40, 60%DHEF
TERIDAN, 2 Vo777 A NRN—IERBIEIN o T, MBE~OMEDEE THD
FINEEDETIIREE 12s T D Z EREEIOWERBROME RN OHE LN, HMikoR
—IEALIC 12 s RS2 Z IR IR E e, MEDELZ LT EIEE AR
W, — BATE T D & RO R — AL = kL F— 5, EVLA I RD b D Dl
2JH, BRICOEDHMBOZEETH D720, OB ITEZ T RETRY, LEXY, h
DY A7 ZIFRRRBROFER NG TS HZ LN TET,

AWFFE T, IR ERZITH 2 & T IR CHEAT 212l 2 BEKFO#IEZ ED 5
ZENRTE, AIRO X ST, HE 980 nm, KOVRT 7 7 A N—DIA . BoWEE ek
WX SET D ISR 7202 & R 1470 nm, K OVT U T VT 7 A N—DF A A DR T
INGUNRESNDZE 2V T 77 AN—%ERT D & 51 & EHE 2mm/s TiE,
FRE XD —4.8 W LU R TIFAMER A SV E W o EilBRIZ S 523, Bl & EHE 1
mm/s THEMT2BICITAENE, ROREERHEE S, Zhud, o7 uiie Mg
BWTHY, BREEE LT oo Z e —RE LTHET oD, 7272, FEERERZ o
L— I8 LRI ZAT 2 12X, Rt o Az fgo b L5425, T
JUDSKE R IR C & TV, AR L 91, S ROEWI L —F—2@E K7 7
ANR—DFENIHDH EBEZDH T ENAIRRIZIR D, Lo T, JFH, MBI AR R LT
P TR L — P IR O TR R T T2, — % ’JFE%T“%iﬁﬁﬁf‘i XL LT
bt b O AE T 5 2 L2, Y T VRSB 2 B BIE A AR CTRERRY 2R
%ﬁ%ﬁémfﬁb\ﬁ%ﬁ%f%&<&éﬂ%@#mmoit\kgﬁﬁ/7wﬁ#%%
LB, TOREEE LT, AR T 7 o NAFEORBRLEL D, $-, TOY
> T VORHE B ARRIC Lo TE S, EVLA 056, kO~ ——& LT, ko IuE
HETTNDLTO, EREE T 7 F L% HE1T WD H 27 7 o b L EAFRT S
WENHDHEZEZ HID, BVLA XL —F—MRE ORI, FRARE P BREE DIEANZIT 9,
ZOMPEY | HIROBENFBESND Z L TERINNEL oD, 2, FEHES E— b

85



U OEE R LT A~ OBGEE A S 0, FERRIREER TIR, 2 O FREE
DINRERFT D 2 E0MBOKIBEIE S Z LI TE R, AEHEE Lt%%%%+:‘
W, A E I 37°C %ﬂ“ (ZREED U7 AR K A 72 Lo CIRET 24T 20X, i E pE
DEREZ LVERICESTHZ N TELEBEZLND, ZTNHDZ &b, AEFZEIZET
Dl T, FIREL AR ﬂLTT@@*#T%%Ltﬁ%T%D TBREZDORERO 2R L
-bDTH D,

m*@io . EEBERRFEOBROT A AT IR E o T D, —RE LT, B
B Téﬂ%@ﬁV%:7rxJ-&4i/xﬁﬁﬂLéMTw%M\ ENRFET LN, K
ﬁnfj:%% FERIZEB W T, ERERO A IE, KO RMEOFN AT Z &R TE T,
B3, EA, KOKRT 7 EORisk M OB RBGE, ©F 0 K & EPE O & AR O
FWVEENBITo TN 2T IR LISHEREED TN ZENTELEEZOND, £
DOERIZIE, 1R, K OVEBREOHRKRICB W THREL SNDHT —XIZHOWTERE, KOEMNG
®E7J/7%ﬁ9_&ﬂk$f&é AR TIZ, I RAMEGLT 2 BRSO | BRIRFPRER

BRECBIS 2 Wl We, FREHNRI—T 4 72T B o iERICONWTT
4xw//a/%ﬁw EEBOE 2 130 o 7o, AFFEORERO—EIL, BIRRBRZ1T 5 Al
FERGRFEBR T — & L LC PMDA [ZiEH S N7z, T LV, BKIICRERER A~ D7
MY HARD EVLA RN REEO— a5 Z LN TE 72, METH EVLA 12X 59
ERR BRI T O T D, Feti 7 FRET St A 2R 6D 2 72 IR D IR B 572 Bt L 7o iy
M02 4 980 nm, M UMRT 7 7 A N—DfAEDEEER L, 77 A4 =05 S &
EAEBRE LUTRNEREZIT T @ENRH 5, 1%, BK THEH S5 BLRNC Tz
DTIERL | BRTIKE o721, BRICBWTELNL LI2ix R Fia £ L O LMESITD
WX TH D, £7o. EVLA HICH LW T 7 A4 =03 2 LBRFE STV D08, BHIE L7
WZOWTERMICEE SN TWDEDHRTH D, DD, HrLWT 7 A N—=RRHBENDHTZD
V2t 72 BRI Stk 2 2R 6D 2 DI E Th D ERTI T TV D, HARIZEBWT | ERAIEER
IREBRZAToCND, ZIHDZ &b, FEHRFERITBAFERE DITo T RELELE
2 HId, FERKRERO T—/L & LTE, BRMEOHENE —-ThH 5, BKRBRTIIITS
EMTERWVHTERBR 21T 2 5 Z & BIEHIRRBR OB A TH 5, ARMEOMFHIE LT
B ZAT> THORO RV G | R HAE TE2TFHI L, HDFREOHP £ THRITSE
WERDDHZEDNRDOLND, ZOBEND, ARITLEEORGFHIIT I Z B TE T,
BRPEOKFHIE L CIE, Sl EEEHE 1l mm/s IS8T 5 2 U 77 7 A4 N—DHaN 7 Rt
SGAEIZOWT, ERICHERIRER AT o CTH 5 9 2 & T, S bl Z2 RS 22 0 AT
EMTEREEBEZOND,

EVLA O7ZOIZHF SNnTo b —V —2E K OT 7 A S —% F - B R 500 2 FEERIR
FEBRIZLVED D Z T, L—F— [ OBR D O IEMMER T 2 £ TOMMIZFE
TLHRETHLrEMN, KOAGHVEDOHRA 2@l FHl T = 72,

86



235 3CHK

(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

C. K. Oh, D. S. Jung, H. S. Jang, K. S. Kwon: Endovenous laser surgery of the incompetent
greater saphenous vein with a 980-nm diode laser. Dermatol. Surg., 29: 1135-1140, 2003.

L. H. Rasmussen, L. Bjoern, M. Lawaetz, A. Blemings, B. Lawaetz, B. Eklof: Randomized trial
comparing endovenous laser ablation of the great saphenous vein with high ligation and stripping
in patients with varicose veins: short-term results. J. Vasc. Surg., 46: 308-315, 2007.

J. Desmyttére, C. Grard, B. Wassmer, S. Mordon: Endovenous 980-nm laser treatment of
saphenous veins in a series of 500 patients. J. Vasc. Surg., 46: 1242-1247, 2007.

F. Pannier, E. Rabe: Mid-term results following endovenous laser ablation (EVLA) of saphenous
veins with a 980 nm diode laser. Int. Angiol., 27: 475-481, 2008.

E. A. Prince, S. H. Ahn, G. J. Dubel, G. M. Soares: An investigation of the relationship between
energy density and endovenous laser ablation success: does energy density matter? J. Vasc. Interv.
Radiol., 19: 1449-1453, 2008.

H. S. Kim, J. N. Ikechi, H. Kelvin, P. S. J. McElgunn: Lower energy endovenous laser ablation
of the great saphenous vein with 980 nm diode laser in continuous mode. Cardiovasc. Intervent.
Radiol., 29: 64—69, 2006.

JR)WHEZ, SRR © I IRIEIZ )32 980nm L —H—Z W 7o AR MER I N L —
F—¥R¥E. Jpn. J. Vasc. Surg. 21: 583588, 2012.

P. E. Timperman, M. Sichlau, R. K. Ryu: Greater energy delivery improves treatment success of
endovenous laser treatment of incompetent saphenous vein. Journal of vascular and international
radiology, 15: 1061-1063, 2004.

T. M. Vuylsteke, S. R. Mordon: Endovenous laser ablation: a review of mechanisms of action.

Ann. Vasc. Surg., 26, 424433, 2012.

[10] J. A. Fernandez, R. Posso: A mathematical analysis using 1470nm and radical emitting fiber.

Endovenous Laser Ablation of Varicose Veins 10 years after: Past, Present & Future, [UA World
Congress, 18-25, 2010.

[11] S. Kaspar, J. Siller, Z. Cervinkova, T. Danek: Standardisation of parameters during endovenous

laser therapy of truncal varicose veins-experimental ex-vivo study. Eur. J. Vasc. Endovasc. Surg.,

34, 224-228, 2007.

87



E3
E i & R FRSC

1.

2.

WIS W04, A% WK, A e, SEE RS, TREIEIC AT 2 mERN L ——1a
FRIZB T 5P E 980 nm B LN 1470 nm L —V —DOF IR X OL MO R EE
(ZHEDW b, AR L —Y—[EFEEE, 33(1), p. 7-14, 2012.

WIS W04, A% WK, A e, SEE RS, TRGEIE O MAE N L— Y —BEa i
X9 2R 980 nm 3 L TN 1470 nm L— W —Z& I T2 FRERIR SEBRIC L D R IR S
OfEFEE, BAR L —H—[EF5EE, 34(4), p. 372-381, 2013.

Saki Nozoe, Takashi Matsui, Kyozo Tsujikawa, Masaaki Taruno, Hirokazu Kubota, Masaharu
Ohashi, and Kazuhide Nakajima, Variable Mode Excitation Ratio Method for Measuring
Attenuation Coefficients of LP Mode Groups, J. Lightwave Technol., 36, p. 2387-2393, 2018.
Saki Nozoe, Hisanao Hazama, Kunio Awazu, Development of a Computer Simulation Model of
Intravascular Laser—Tissue Thermal Interaction for Endovenous Laser Ablation, Journal of Japan

Society for Laser Surgery and Medicine (in press).

EEESRE (&)

1.

Saki Nozoe, Norihiro Honda, Katsunori Ishii, Kunio Awazu, Quantitative analysis of endovenous
laser treatment based on human vein optical properties, Proceedings Volume 8092, Medical Laser
Applications and Laser-Tissue Interactions V; 80921J, 2011.

N. Honda, S. Nozoe, K. Awazu: Monitoring of tissue coagulation during laser therapy using
aiming laser during photo therapy, Conference on Laser Surgery and Medicine, 2012.

S. Nozoe, R. Fukumoto, T. Sakamoto, T. Matsui, Y. Amma, K. Takenaga, K. Tsujikawa, S. Aozasa,
K. Aikawa, and K. Nakajima, Low Crosstalk 125 pm-Cladding Multi-Core Fiber with Limited
Air-Holes Fabricated with Over-Cladding Bundled Rods Technique, in Optical Fiber
Communication Conference, paper Th1H.6, 2017.

S. Nozoe, T. Matsui, K. Tsujikawa, K. Nakajima, M. Taruno, H. Kubota and M. Ohashi, Fiber
attenuation coefficient and bending loss measurement of few-mode fibers by utiling variable
mode power ratio, Opto-Electronics and Communications Conference, 2017.

S. Nozoe, T. Sakamoto, T. Matsui, Y. Amma, K. Takenaga, Y. Abe, K. Tsujikawa, S. Aozasa, K.
Aikawa and K. Nakajima, 125 pm-cladding 2L.P-mode and 4-core multi-core fibre with air-hole

structure for low crosstalk in C+L band, European Conference on Optical Communication, 2017.

EERFESREFE (EiikL)

1.

S. Nozoe, N. Honda, K. Ishii, K. Awazu, Wavelength dependency of endovenous laser ablation
at 980 nm and 1470 nm based on tissue optics, Proceedings of Conference on Laser Surgery and

Medicine 2012, CLSM4-2, 2012.

88



ERNEFHEER (iR l) EHOL

1.

10.

11.

12.

13.

14.

15.

WA, RZHIK, A, FEE, b MERIROLFRMEICE SV 2 AN L
— IR O E BT, 32 R AARL -V —[EFSHRE, 2011

BIRiOAr, AL, A, SEEHRE, FEERIE L — a0 R - ek
Rlicmi e EERA OB -, ERTFRUIESEEL 0QD-11-030, 2011.

S. Nozoe, N. Honda, K. Ishii, K. Awazu, Quantitative analysis of endovenous laser treatment
based on human vein optical properties, 5 50 [0 H A4 (KR T2 K2y, 2011,

BIRivAr, AL, A, SEEHRE, FEERIE L — 18R ORI - ek
Rz 7 EERE RO -, BERUTRZEREE, 0QD-11-030, 2011.
BRivar, AZMIE, A, SEEFE, FEERIELE N L — P —IaRIC BT 5 F
W ST A — 2 5Et, H25 AR L —F—EFRBEfE#T 2, 2012

B, m HEN, R, A, SEEE, TEEIEOMEN L —F—h
WK D IEERIR SRR £ 2 B BH R OMGE, L —V —FRREHAE 33 4
WK%z, 2013,

PPN #0A, I ER, I 8=, IR 3UZ, Few-mode 7 7 A /O KER /3HTIC
B4 5kat, B-13-35, 2014 ‘FEFIHEHRBETS Y =T 1 K, 2014

PIEOAr, e ER, I 28, WK 3UZ, Few-mode 7 7 A /XD @EIRE— RIZEBIT
DERERGHT, (E7HH, 114(269), 45-49, 2014.

PR, B B, I 282, IR S, Few-mode 7 7 A /N ORI EK 43 4T O HI
TEREEE R FICBI9 DMt B-13-19, 2015 45 (I HEE 2R A KRS, 2015.
PR, RBER, RS, BB, R, PERE, 28— R7 7 A N2B
F 27 7 AN 2 — A iRk, (55780, 115(360), 39-43, 2015.

A, g EE, DI 8=, WK 3UZ, Few-mode 7 7 A /N2 5 LP11 E—
R OHELER SIS 542, B-13-22, 2015 B HFHREEFE Y V=T 1 K2,
2015.

PR, WAZRE, IR =, PEME, SAFAICES LPILE— RO/ 2R h—
7 Al OmEE, B-13-38, 2016 F8HE HHIBE Tk G R, 2016.

BIREO A, AR, SIS =, RERITS, 1 v OV RIREEERWTERE— AT 7 A
ANOERMELE, B-13-14, 2016 FEFIHFRBETFE Y T 1 K, 2016.
Bk, AadkRE, NS =, mERH, ARETERM, KFEIER, TEME, 1300
ZREEZ AW Few-mode 7 7 A4 23D LP B— K2 & OEFKAITEE, 59,
116(413), 2017.

B, WARY, SWARSE, MHME, ZHiE, kB z, SIii=, FHEE—,
E)FE, wEME, 77y N EEaiEE Wiz 4 JUEED 125 um YK 7 7 2 h—
I NF AT 7y AN, B-1324, 2017 FFEIEHRBEFSRAKRS, 2017

89



16.

17.

PPUSKOA, BN, RARME, ZRRGE, YokWEZ, PTREEE, HIEE S, HiEE—,
F)FE, PEmF, EAMEEZ2AT K722 h—2 125um 7 7 v R 2LP £— K
4 3T 7743, B-10-5, 2017 FEAIFHREBETE Y T 1 Rex, 2017.

PPUSEOA, SO, RARME, ZRRGE, YokWEZ, PR, HIEE S, HiEE—,
F)FE, PEmF, EAMEE2AT K782 h—2 125um 7 7 v R 2LP £— K
437 77 AN, R, 117(323), 45-49, 2017.

BPIRAO AT, AR, I, DR=E, PEMB~ LT aT 77 A 3~ a7 H2E
I X B a 7 EILROMFL, B-13-23, 2018 B EHEBEFRERA KRS, 2018.
BiRiOAr, I, IS =, PTERS, ZAMNERAT v T A Ty 7 AR 125 um 7
Z v REE2LP B — R~/ F a7 7 7 A /3, B-10-5, 2018 FEBEFIHEWMBEFHE Y =T
4 K%, 2018.

BFHBIESS FIHE (018)

90



ABFFEIL, RIRKF LFEEREE - =L F — LR EF T 3L F— LR EE B — A0
MBI W T TN E Lic, ZOMROZITICHIZY | KRB 5 THRiE, JHikE
20 £ LSRR BRI OB 2R LET,

AL ORIEZ Y L T2 Z & £ LIERBRRFERF B LR BREE « =% —
THHY EFROSLFE AHEEEICIE, B 2Bl b AR 2 OO R3S
HEZTWERZE, DEVIEHE L ETET,

IR A D DITER L, BRI DT A, A2 THE £ Lo, BEROKMLESNFZ U
= 7RO RIEHOEZ R L LT,

TEGF RS MLE N L — IR EE 2 S5 L T2 W ek St A 7 7 7 AR
itk D I E - EG. PARERET R OBIR B RIS 0 K0 G L £

Flo, REFERLDEEEZIHY £ LCHAERERRR., A, KEMILK, A4
RaetEDHIZHI> T LARWIHAETHES £ LEERERRICEREHBELET, 7
AT XA TV & £ LICERGFiE, TR, FAESIR BBV LET,

BT, RERBMRL & HITFRAEEE XA TWEE E L2mglic D X0 #ELH Lk
FET,

91



