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Technological Development of Laser Thrombolysis and its Business

Analysis Based on Design Thinking

Summary

This thesis describes the technological developments of a medical device for clinical appli-
cations and reviews the business strategies for commercialization of the device. These studies
were undertaken by the author, working in the field of optical device manufacturing.

Cerebral infarction is a type of stroke in which a blood vessel in the brain is clogged. Treat-
ment of acute cerebral infarction requires rapid removal of the thrombus while minimizing
side effects such as intracranial hemorrhage. The medical device described in this thesis uses
a 532 nm pulsed laser to remove a thrombus in the brain and treat cerebral infarction with
a bubble generated by laser irradiation (laser-induced bubble) and is thus called a ”laser
thrombolysis treatment system.” In this treatment, a catheter with a built-in optical fiber is
inserted into a cerebral blood vessel and delivered to the site of the thrombus, after which
direct laser irradiation removes the thrombus. Using the wavelength of 532 nm, which is a
high-absorbance wavelength for thrombi and a low-absorbance wavelength for the vessel wall,
small blood vessels can be treated without damaging the vessel wall.

This device development has a history of more than 20 years. The 2.5-year human trial
that began in the 16th year of the development revealed that it was not easy to confirm
whether the pulsed laser irradiation effectively hit the thrombus, which was possible in prior
animal experiments. Thus, the author realized the need for a catheter manipulation method
that keeps the distance between the pulsed laser and the thrombus within an effective range.
Therefore, the initial objective of this study was “to develop a method of maintaining the
532 nm laser pulse within an appropriate distance of the thrombus in the blood vessel.”

Meanwhile, turning to the clinical market, more than 20 years have passed since the start
of the development, and competing methods that did not exist at the beginning of the devel-
opment have emerged. These competitors have been steadily accumulating medical evidence
of therapeutic efficacy; thus, we faced the severe risk that the position of our device in the
thrombolytic therapy market might be in jeopardy. In addition, further development was
anticipated to take even longer if no measures were taken. To address this business issue,

the author focused on ”Biodesign,”

a medical device development method based on design
thinking, which has been attracting attention in recent years. Thus, the second objective of
this study was set, aiming ”to analyze the marketability of the medical device with prolonged
development using Biodesign, and to formulate business strategies for developing the medical

device.”
This thesis consists of the following four chapters.

In Chapter 1, as an introduction, the author describes laser thrombolysis and compares
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it with typical medical devices using intravascular laser irradiation, similar to laser throm-
bolysis. The purpose of this study and the organization of this thesis are described at the
end of this chapter. Current treatments for cerebral infarction are presented and compared
with laser thrombolysis. The author also mentions the challenges in developing new medical
devices in Japan and ’design thinking,” which has been attracting attention in recent years.
Japanese companies have a low global market share (~4 %) in the field of therapeutic de-
vices. Moreover, there is a need to promote collaboration between medicine and industries.
However, there are often failures due to the gap between market needs and products; thus,
incorporating design-thinking-based medical device development is necessary.

Chapter 2 focuses on the first aim of this study concerning the technological development,
that is, the development of a method for catheter positioning during 532 nm laser irradiation,
which is not feasible with existing catheter positioning methods. The method is necessary
for the clinical application of laser thrombolysis. First, past studies on laser-induced bub-
ble generation, a characteristic of the laser thrombolysis system, are outlined. Computer
simulation of light propagation confirmed that the distance between the tip of the optical
fiber and the thrombus surface must be appropriate. The author focused on the returned
light, the light traveling backward through the optical fiber, and clarified that the change
in the intensity of the returned light was caused by contact of the tip of the optical fiber
with some material. A ray-tracing computer simulation revealed that the returned light did
not originate from backscattering inside the bubble (j 0.04 %) but from Fresnel reflection.
Using a high-speed camera, the author observed the dynamics of the laser-induced bubbles
when a pseudo-thrombus was irradiated with a pulsed laser, demonstrating that the change
in the Fresnel-reflected light intensity came from the dynamics of the laser-induced bubbles.
Furthermore, to confirm whether the change in the Fresnel-reflected light intensity could be
used for catheter positioning, the author evaluated the change in the Fresnel-reflected inten-
sity with variation of the distance between the catheter tip and the pseudo-thrombus. The
degree of attenuation of the intensity of the Fresnel reflected light decreased as the catheter
tip approached the thrombus, indicating that the degree of attenuation could be used as an
indicator for catheter positioning. Monitoring the change in this indicator enabled identifi-
cation of the disappearance of the thrombus near the catheter tip under laser irradiation and
thus allowed proper positioning of the catheter during laser irradiation.

In Chapter 3, the author describes the analysis of the laser thrombolysis system over 20
years of development based on Biodesign. First, the development history and changes in the
external environment are summarized. The laws, regulations, and insurance related to the
medical device business are outlined. To analyze the feasibility of the development from the
business perspective, the author employed ”Need Statement,” which expresses the needs and
the direction of the solution, "understanding target diseases,” ”GAP analysis,” ”stakeholder
analysis,” and ”Need Criteria.” Profitability from the viewpoint of each stakeholder was also
considered.

Taken together, the results revealed that the initial concept for the developed system leads
to fewer complications compared with existing thrombolytic agents, but the developed system
has become less advantageous than recent mechanical thrombectomy in that the number of
patients is limited and there are cost issues arising from the delay in responding to changes



in the clinical environment due to the prolonged development process. Future development
strategies will require reinvestigating the current clinical environment, reformulating the need
statement and the need criteria, unveiling discrepancies with the laser thrombolysis system,
and ensuring that drastic revision of the concept is undertaken if necessary. It was concluded
that the development was prolonged because the system was positioned as ”diversification”
for the company and because R&D management was performed in a field of inexperience.
Therefore, the author concluded that to prevent further prolongation of the development, it
is important to introduce phased project management and to incorporate Biodesign, which
manages risks in the latter half of the development in its initial stage.

In Chapter 4, the author summarizes this thesis and discusses future prospects. At the time
of writing this thesis, there are no plans to investigate the market suitability of the developed
device or to make drastic improvements to the device. However, this study revealed that a
drastic cost reduction of the device is necessary, and that many of the patients who were
initially expected to be treated with the device were already being treated with mechanical
thrombectomy, for which medical evidence of safety and efficacy has been accumulated. Based
on the analyses in this study, a future strategy is formulated consisting of the following four
parts: (1) Observing medical practice to identify medical needs and patient segments that
are not being met by mechanical thrombectomy, (2) analyzing the observed data based pri-
marily on Biodesign, (3) delineating the requirements for achieving economic success, and (4)
utilizing the stage-gate process in each development step to prevent prolonged development.

The author finally describes the prospects regarding the use of design thinking for creating
photonics industries. In technology-driven development, once development starts, compa-
nies tend to spend a lot of time confronting technological issues and lose sight of the cus-
tomers/patients, as is the case in this study. For companies to respond flexibly to changes
in customers’ needs and markets without leaving customers/patients behind as technologi-
cal development proceeds, design thinking is a necessary tool that is always aware of cus-
tomers’ /patients’ perspectives. Moreover, addressing the diverse issues required for creating
photonics industries in today’s increasingly complex society is difficult as there is a bias to-
ward a single field of expertise. Cooperating with people having different specialties and
backgrounds and building a team of diverse experts is crucial. The author is convinced
that by working as a team, we can commercialize products and services that match cus-
tomers’ /patients’ needs by tackling the challenges while leveraging each other’s strengths,
rather than sticking solely to photonics technology.
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HECEFRND DD, BEETLOT7 T —F2RBL T2 74 VEEELZ NS OFHEICHED A
N3 LIEREETH 2 THMED D 2 L bbb iiTW3 [30], Hiffi (v —X) EicBWTid, it
DIRAEBIMCEREZYTTEBOHND 74 7708 % b L ICBEZHFET 225, #iide LT
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MERIEEBD LI TETOTENLERELZHZ TOIEBAT 2] 2WIFEZRESVTV S,
ZDWD, —HFD=—APLBEELEEB L TOWRVWATREER D Do TALDDDESTHH X
BN WS HEDEZD 5 5,

COEIBRERIMAT, THA VEELID ANLERERHEIHATERT 3 LToD
HRREROREDL D B, HHES VANV —HDZ VLA T 4 TREEERZHARIZDE X
BATHZL3HELVEBRRTED, 20T LA YA b—3 7% [Fail to First) 225 T
W3 32 TLA YA P=I VI TIIMEEORAERELLONELLD T2 e EREZAR
NED e pMHERI N2, HATOERMRIS L Vo ifto ABBGRE O LIZBRETIEK
R ERPHER o720, LRI T 2EALIPHER2 72D 35, F72. TFail to First]
i THEDNI VI BICRESKRLTRICBIF LS L WHIBZHTH 0, LDENBEARS
BRI I DBAICETTEZHDTIER Y, 2O XS RODHENAREE LTI ) ary L —
TR OHZOHEMEINALMIGEL TV S5, HATIEE O 2 2AODEEOHMR D75 < BHFE
DBEMRRBBER Lo TWVWETr—AbZ VLWV,

WA DEEA OB NZB W TR, HERANE 7 XY A ANDITEI R E — > DFAER % Weisz 5
W FEMER 2 > b a—)L (primary control) & BIZXJ 2 > + v —)L (secondary control) DELH D 5
HEMET LCTwa [33], EMEMNaY b — L2 i ZBHEEHTORAICEDE S L5 IALEES
e TCHMERAMLL, BIXMaY b TRREEEZIANS Z e TR ERALT 2 20
SEFEZT, 7AXAVANGFEHENaY br—%, HANIEXH2 Y Pa— L Z2ERT 2205,
FHEMNIY P —LOEIXAFHETOFL LT, 77XV INOHBEIETF LTV, HS
BAPIAFZT 2R EMHABFRIHNLTED EFRNT, REZHDLBLOEAFBEDICEZ LS L
TRMEAICHZ WS, BIXHaY br—1ofle LTHARDORMHEENEITFON TS, 51
2O E SO LTHRER L LRSSt e — MR E B 2HAMcH 2 0wH, 2D Xk57%
DIEEAOE WD, HRTT YA VEZEDOLSBBAEZ LD RVBDIEZTVI S L WHT
BANDREDPEICR > TOVWBARENEDY S %,
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1.6 ®HZEEHHEY

KRR OE—D BINE, BIEL —F MRIERAR S A 7 250 2 5 Bl 2 38 T 5 2 N
WBWTHE 532 nm >V A L —F 24120 UCHEHYIZEREN T L — RS L 2 72 0F
BOBMMBARTD 2, AHFROE 0BG, REHL L BB E 79 4 Y EE FrosA
T FHA FIROEEA TSR 98 LEIIE U 72 ERBS BRI R E RIS 2 R L TH 5,

B—OHMCNLT, 29, -V KIVEROBREZIHL2ICT 27012, T 741
Seis & AR & OO Z(LPMARICIINE N ZAXVLFZED XS AT 2D0%a Y
Pa—X>Ial—ya ik hifLi, ARFICBERFEOERNTO D 77— TN BEFHEFELY
e L. BEFOFETIEHNXMICTERWZ L 2L 2T LTz, Z LT, MARREMITICEE
LT 7 A NI L —F BN K > TRAET 2 L — ARSI EREEFHA L Th 7 —
T VAL E R 2 B3 - BEM L 72,

B_OHMCH L TR, $30MOMAL LTRAT 2.4 3 734 Y FRICOWTHEL
7eo ZL T N THA YFETHOLNZ DR Y v RICTREFEEHIZ 55 L. BRI
TG OWTREI Lzs ZL T, ZRoDMat 2@t T, RIUL L 2 ERBEERBHZFEDL S OB
FETHN MG R Lo Foo ARIIBIFBBRICRONEHETH 3 7 1 v EE R TR
HFIZHWS ZEDERHTH 2 Z2IZOWTERL, HEFBMICEHTH 2 Z 2220 L 7.
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1.7 FERXDIEM

RESNILL R OME TR XN S,

H—ETIE. Fime LTAMEO BN, A EHIAE D 2 HEFERTH 2 EESE ORI,
PORERE SRR OME, BIOOEEHZED TV IMERRY 7u—FTh s 7¥ 4 VEE
OFEIZ OV TR B,

BT, L—PIMRER ROV THEF L. RO — D BT H 2 HifiBFEIc O W
TR 2, BRIICIE, K7 7 A NEITHAET 2L —VAEKEOBEE 7 L AV REPERE
b LT Z 2 FIEEHRE L, BB, RETE KT 2HMNRNEX, B ERTOOEER
NEZEZATV D,

BEETIE, N A THA CFEEACTHON L, L —FIMRERISEES X7 2 2RI R
LU 7z BRI FE D FRDOEIKITOWTIER 2,

FBIUETIX, AHFEDOIRD IR D, ARFEOREHR. SHROEBLIZOWTHENS,
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E2E

NILAL—HREPRDOHT—TILIE
A T s D BRI F

2.1 FC®HIC

L —FIIEMAR S R 7 A3 @RI —ERB 2 EZ LB OBF I L THEHLTEBY., 2
DHTH 7 — T NVRIE LOREDERI> SIS iz, 20Ud. KIMEN WS BHRTERVER
BRICBWTOOLAL —=FRMBRICY THITZ XA T —T A ERET 22 e pEELD BN
HTHDLWIHTH S, BEREMATOBYERCIZ, VAL —F DA IR X Iz B
RET L —IHERIAREORBEBAECH T — T VERET 2 FILICEb 2 EHBIT K D %
WAL —FZMRICHHCTETVI2 2B LA T — T URMEDSEICTE L, Lo L. BEIC
BOWTINHDEEPNETH oD TH 5,

Z I THEFIIL —FIMRIBIRETIC UL R L —F & RIS TR 2 720 ORISR 217 5
7o ABHBAFEICHENT - T, FIBEEOMEFNIC TOL 220 RBMET STz, £OHT
RO NERAT 2 HEPEEOFBHBBICIREI Nz, FEEIREINFEEHMEL, H T —
TANMERAEEL LTHAT 22D, avPa—R>Ial—yaroEEREBIR -7,

3. T — TV R MARREE G AIE LT T8 O RERZBGEMO R A2 TR
AVEa—R -2l —Ya ilEVERTIMDEDD D, R, MR HRZINFE
FFEHARHB T D o 7279, BEFEOEBHREZHL2ICT 2MEFERHRPL 7 A Xk D15 5H
BOCICBL TONES I a L= a Y 2FEMT 5, 2 LT, AFEDH 7 — T V500 % &I iR
IPFIALE Lt TH < 72D OIEHE IR RTRED 1B L T OBBUMAR % V7 B E T 5,

BB, AEOTLIBPLXED —ERIZEH OIIZE [34] 2 HFFAI 2B TR L TV 5,
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211 EEFERATF—TFTILNLERBOBEAR

L —H MR 77 N2 R NCEIE S8 % 7B NI T 7 — 7 V5 & AR R E %k
DFBE2MT—TNVOMNBEZRELODT2REND 5, FITOEBRBRBGICB 27 —T
DIMEANTONMEIRX, SEXFREIMPHRELZHOTHESINS ZehZ v, I TR KK
FiEE WL O3,

ER
X HERERIMEND A 7 — T VOB ZAHLT 2 7-DIEHEN2 V) 7L R4 LD X
MEREAMTTH 5, X BN L TRBREREME A T —T A DFEME LTHWD, £
BZEMMPE XFTH L TERT 2D LT, ML TS FF 2 DERICH LT
RERBBEWMOMIZD T2k, XBH I THHATELZ XT3, 2h
&b, BEIEDEIGCTAT—TAZFBEL, BTN TE 2,

BE R

&

HWEGE A T =T VOMBEEZE=X Y V7T 5D ENS, FTVRT a—
P MIN 2 BER T -7 2 HNE T2 MEMMEDORFICH CTHERZRG L, K&
HEHE LMY 2 2 & CHEE ZBEIRL Y 5, IMRBIZGETHD, VT7LEA A
AT —TNVOMNEZMER L, BDEZFHERITS 2N TE S, — T, HARREERIE
LN DE D DIEFARL — X —DFEE IR E JRFET 2 500, BVEEOE G
HEL WAL RIS RIRSE DM R SIS O XIS R 1 72 2 0SERRE T B %

BRIFES—>ar
RRMENCEE U7z X-Y-Z PRI IGS 2 3 MO EM Sy F20 5 WUNRERZEHML, 2
NENDOEIETERNICHAZIN D T — T LOBEMOEEZRE LA T — T LD ERE R )
ET 2, LI, BEBICHELL 3 MY LoOMKIELEED S OEREE 7 — 7 L5k
IR o TEHIL. ZRHEOFE X D ZEMEBEEZRES 5, BEMEOMMDE
PR R O F 5 O FE N BE ORI DML EAHEE DR T ICRA 5 /. &R D& B ARE
PRENTTIR B R EDEREE LTEITF 65 [35],

& RIEHSKEZ BT
MENBEEL (IVUS) LT BEER (OCT) XMB WO SR EEEHGZREMt T2 2 h
T %, A7 —7 VIHEATFJEF 360 o E MR O W E 62 BUSTRET. IEFEMRE S
17z Centuity 0 HF-OCT 135E8 D ERED 1.8 Fr O R R/N2EHL TW3 [36], 2%
EDty b7y FRREFHENRS, HBEIROHHICEADPBETDH 2 JiRE e LT
FEiFoh s 37

I TCL—HIRRAEMRFRICBWTIE, 77— 7500 ke e OREERERS L2 L —3 ]
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S OHEZNT 2720, BRIFECESMBMEICH L TH T — T LOBREMEZFHEST 2D T
FIEHEHEICBOWTA T TH %, BERREIL, BEEIHEEE 2T 20 KIERE 2 A
HOEAZ LD FRECEBGILT 2 2 PRETH 2, 207D, KEZETHRE &2 MEHTEZ
BNEBTH2Z 2o, MERREOBEHIZE LW [38] [39], B L7 — a yLIMENEG
BWNE. BT — T ARIICBNOY R EMANE L 2D N ~ 2 mm BEOKMENT
L —HIMRTAERST RO 7 — 71 & OPFIEEE LW,

IR DHEED S, MiENELHEHWTISLZA L —FREHRDH 57— 7L & ik o
FEBGRIEYNCRINT VR e 2 Y 7R A ZHIB L, AT — T VR EX 2T
SRV YT RAT LADRAENRD LN T VDB EEZ S,

212 L—HYEFHERIDFH

T3, L—¥FEKEOMH E I T — T L OMEFEOBFREICOVWTER T 2, L—Y Mk
BIREANICBE L TIE 1.2 I TER L TWE 2, L —FMARERTRIE OV R L —3 % MR RS
Ll —HFRKIAZER UINRERET 27 L WO R E 0, IBEHICBWTIIRRISEDT 20
T — TV EDICAFAE S 5 532 nm 2SIV A L —HIRIET AR ATH S5, ik
PAZEEREAA] COBRED) 1 E NV — > h T — 7 U X D DlED SRAT 2 MR EEK L TEH., X5
W7 7 A N—KB S 7 — TV S I3A R ERKE & 3 2 IR R AN L Tn 3
ZD7®, Mtee A7 — 7 NSO MO RERKIC X b B XA, 532 nm LA L —HF DT
FVF RN T 2YREMED AL 725, 2FED, ZOFEFEPCBVWTL —YiFRSIENIFEAEL
TWbZlE, VAL —FZMARIZYETHNTVD NI ZETH 5,

—/ T, L—PHRZIAOBEICHE L TUIRBIALBI DL K, AL BRMABIITONT NS,
Wu 5 MEIRD HEREEFTOKIER A F I 7 ADEBRMHFE 21TV, HEER O MBIRD
SHEIZ KD L — YRR KO FRERIR R Y B2 2 R BN T Z & 7R L7z [40], Sugimoto &1
Ho:YAG L —H1IZ & o TEABEEACTL —FARSIEDOEBZ B L, K7 » A el & BEH
DFFHEICH > TRIEDOBE PR 2 Z ¥ Z/R LTz [41] [42], Sugimoto &I IFHLBE LI TO L —

PAESIL OB S M L T2 [43], 1513 8RR 2 ETHREL £50 2 D DREHNICH iz P 2e
MICTL—¥FARESIEEZED ., R LT 2.1 1R T &5 KA UE X OB THhIUIRIETAS
WFRMC 2 DICHHUBET 2 Z e B/R LT, —/7 TR 2 X OBEH D55 IS EEH I 9
ORIAPERENTHIEFIC AR, BE, FELLZ 2R, L —FFREKIAELOREH O
DFDIENT D KUIEA X — DB T 2 Z e 2L L7,
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Lapsed . . i s - Lapsed . Sonen
Tmet & & Sow Timet & % o
{ms) {ma)
) 0% % o Q0% 0.2s 5% [ ¥ .
000 3 30 v, 0% 000 0 M 0w 0.9%0
0.05 . 0.3 065 0.95 008 L ] » s 0.9%
0.10 ' 0.40 o . 1.00 0.10 ' )40 " 1.00
0is " ar 108 ois ’ s ar . 108
0.20 0.5%0 08 1.10 0.0 o 050 =F- L0
(a) Acrylic and siliconc rubber (AR) walls (b) Acrylic and siliconc rubber (AS5) walls
Lapsed

Temat 3" 30 Deformation

mm

() jof wall
).0% b “% oS
0,00 x [ 090
005 . 0 o8 09
0.10 040 » 1.0¢
01 L g 108
0.20 0.50 s 110

(¢) Acrylic and silicone rubber (A2) walls
E=10),d=02mm, T,.=296 K, =74 mg/L, f, = 100,000 fps
Fig.6 Bubblc behavior between two walls with different hardness

2.1 HEORLZEHETO L —FFESIEOZES). [43] X DFFA[ 213 T H

HUED X512, V—¥BEESIENEREINTHSHHERICE S T TOEIIEFHOYIKRDG S
. DEROEX R OMEICEIDZBIT B ePHLNCK > TS, XoT. [UADHES T
THALAKIEDZEEDFHIIC & > TH T — T A EFHOERNS AT TE Z0[REME 2D TS
25,
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2.2 {HRERPE D I AT

AT =TI EFBEORMFE L LT, EREOHMAFNIIEVTE, YL —FFEKia0
R - HAFFOEE % FBG (Fiber Bragg Grating: 77 AN« 75w 7« JL—74v27) [
WTHHT 2 HiEMET S Nz, FBG KT 7 4 NOa 7 RERICEHHE -2 (EE LR D o HHE
ZALE TS 2515 TH %, B FHED S DI L S DEHRSEMIERIC X D 151 [H5E
DET 2 LRV NDWE (77 v VIER) 2T 2HEOFHTH 5 [44], 2D FBG 2 FIH
L7V —HFEIEOBEOMINC X 2 ERBEEIKEESI X POHEZREOM b, SHRH I
h ol FBG OMGEHERICBWT, FBG A LR THRE Y EEFMT 2 2 & TRIADE
AR THRICED 2 ERAE LN, I XA MHTHHAAEARTH S VWS 2oz, 2 TFBG
EEDTICR D HEFHET 2 ER TV L 00N R FHEL TON D5, EEFEIEIC
Pt 8 iz,

B ERICBVTIZ. BonEEElL L —FAERIEOZDBR L TV 2 ATREEDL B
BV ZEEbhro TV, EBENNICHKRL. D X5 RZEMHAT 22 DFIEIH S 2212
RoTCWRRDP 0Tz, & I TEFEIRMBE LRI FEL T — T AMEREEE LTHAALT
{ 7= 8 D HETER 72 FAMi 21T - 720

221 RBR1: 587 74 /N\kin L MizDEERE L L —HHEZEMDRRF

FEOHPHFBL TETVE L —VMRBERAD 7T — T VDN T 7 4 N5EliE NA 0.22 DAY
ATF-oTED, K7 7 ANEHRPHHHFEEINE L —PRIEIENEINR WV, 2D, K774
NG AR B DR F T OMEANEX 2 B I VT RV FEEBNR T2 e RN THEIRS, L—
FIMARBFES R TIE. L —F DT IV FPRMERCTIN S MFERAT 2 Z 2 I X D KIEHHET 3
CLEMELTVWS, ZOLDIALFEEOK NI 2R ECHELRARIGELRVI L
T ZREDNDH D, TNETORFITBNTHT 7 £ Nl e MARRAOERIC X > Tz 1L
=D ED LS IZENT 2D0IFFHEINTET WA o/, ZZTHFEIIaLb—Ta
VITEDHT 7 A NG MARFRTE O BEEE N X 2 =L F OB ZEHR L 2.

YIal—Ya YEEIE 15 x 1.5 x 1.5 mm & L. L—¥RSAAEZ Z f#h RS AmIcEE
REZ XY SFHE Ulze F72, ZERMEFH A4 X5 pm OF AL L. KFEIE 12,000,000 f#
E L7 7 7ANDOLBBENTZL —FIE, NA 0.22 DR D AZ2FiE, BHEHIZ—HD L <
FA Y R THARICIRE S5 LARGE L7z, JElRIZFITE CEREE 100 pm, &KX 532 nm & L
7oo HARRE T X, BIHEIKONENEE Z RS, B o B RMONFIEE 2RO 2 BD
BWH-E D EF AL LTz, HiE, S MAeRE £ ToEME L&, 0, 100, 200, 300, 400, 500 pm
YLl e I 2L —vavid, ALITY - XFT4H - L—HF - 2V X—=DEH L TNBE
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YTINREERCEA =T —ADY T P TER=RL L, KTFRBREDY I 2L —
> a YEEMFIITER & DS [45] 2 5FE T LTz,

BUARRED Y 7 b7 7 TR — AEEHNIE L2 LATET, NA 022 TOEL—LDJAHRD
ZHHATEIENTERP oD, BE—L2DIEHNYD L REEEDMITH VY A0 % A[REIC T
DAY 7 F U7, EEPBMOBIEERMZ 72 KRS I 21— 3 VITH W 2 6%
ETNAT —XOMERICITEIREY 7 v 7 (MATLAB2019b, MathWorks Inc) % F\ 7z,

Yial—ya i iEon s X VFIRINE & ML X % 1bin NDK%Z 36 °C 225 1%
FETOKMPZULT 2IRETH 2 100 °C L THMEAT 27 DITUERBREDY 2 —)L J, NOZEHUI
Teeo#ED & L7,

Ja: 1bin DR x REZ(L x KD EEEA

A: oLy —EE cm™2 = J - cm ™3 + J.delivered !
1bin OAFE: 1.25 x 1016

IREZA: 64 °C

IKD LEE: 4.184 J + K—1

SR 30 mW

D3R U 5 Hz

bin & & DXALICHEZEARE Ja 1T 2R R, I NO@EY k5,

Ry = A x 1bin OKHE x SFHIH T x 8058 UEREC " x J, ! (2.1)

B 22 BEUK 23 1IN I 2L —>a VEIRZRT, M 223 XY FH TR DM %
—tke LG E. K233V RGME LEGETH 2, V—FIXEBDAZEE > TREEINAT
W37, IR MRRmOERI BN 213 X-Y FIICBE T 2 RAHEBIIIAL R 5, K 2.4
KK 2.5 ICHREEHTHLERZ X =0,Y = 0BT 2ES AR LSBT
5% Ra £ OBBRMEEZ TR T, HiFE MAERE L OEHNRE R ICoNTRULICHELREEE
22T ANERMWINEINZEZNIHED L. AV RAGHEOHEIIEL = 0 cm TR RE D &
0.014 cm DEXTH o7z, —H. L = 0.05 cm TRIMAREH 25 0.008 cn DIRXTH - 72,
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L =0cm
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-10 -5 0 5
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2.2 L —HHEER—ENHOBEEDIMRICH T AN I 2L —ay
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L =0cm

0.05§

z [em]

0.1

-0.05 0 0.05 -0.05 0 0.05
x [em] x [em]

-0.05 0 0.05 -0.05 0 0.05

0.05

z [em]
z [em]

-0.05 0 0.05

-10 -5 0 5
log . U(A) [J/cm®/J.delivered]

2.3 L—YEELH Y ZADMHEEEOMARIINTARINS I 2L —ay
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M 2.4 K 251" FT L1, L—HiIZLbIRicERons5fbicfbhn s = xrFid, M
BREH D & DS HEL KRB ICONTRIMICIFBICEY T 5, Lo T, L—¥FHEKaE
R KK FEAELHT 272011, KT 7 A D Jehn & MieRH & DEREEZ TE 27208 Rb
2 ZEDREETHLI PRI 2L —aryhoifEElidhng,

BB, AYIalb—a TR MEREZFHEREL, BEICL -2 L, EiED
ARN D MR DTRPERENITHHTIZR K [46] [47]. BARMETL 2T 2 Z itk s,
F 7o, MR RERTULT IV F E G BRENCKIEHRAET 5720, 2 2 KOIKUAD JE
HHRETL — R OLRBH LT X, 1 VA THROFEIRE TR T 2R D D |
CHBEFEMLESI 2L -2 aYORAL LTERTZLEDLD 5,

1 HIAR T DIEE
L=0
- —— — — =001 | A
" L=0.02
ﬂ' ———— 1=0.03 | |
e= L=0.04
o e L=0.05
T
oK
g
Sl
li\ﬁé
)
Ok
PN
J
=
B
T———— S ——
0.05 0.1 0.15 0.2 0.25
mgREHHDES [mm]
L ROIEK
1.2 Y T
\ \ —
\ \ L=0
® 115 F | ! —— — — =001 A
102 '\ \ L=0.02
k*_t il i \ ———— =003 | |
= \ \ L=0.04
o Ne \ \ L=0.05
#1105 \ \
oR \ \ \
‘ol \ \
S |]]||B|J 1 ‘.‘ \
',Qﬁ_;‘ i \
|]E 0951 \ \
o i \
P \ \
*F osf \ \
= \ \
S \ \
B o085t \ \
\ \
08 1 ‘I 1 \
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MigREHHDZRS [mm]
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222 RER2: BHGRETORD EDEERL

WHeri e 5B 2213 72 R D 2R T 2 TR oW, R D HOsREZ( Lo R % 5l L 72,
X 2.6 IHEERERT, HIFIX L —IHIE (LDI-785-FP-100-BR-18-SM05-FU, LASERSCOM,
NIN—=) ZEH L. BPSEMFIEEE 785 nm, @R, FHH 3 mW & Lz, 7 7 AN
. EBARY 7 I FBIIERD T — T VIS A L T =T AVIBIRTH %, NA 0.22 DHT 7 4 D
SIS S AL, M5 DN FC a7 22 flA LiFk, HEEd Lo CW L—¥E, 7+
k&4 F— R (S6801-01. IEksk b =2 2 &4t, AA) & A/D Z#8% (ATIO-160802GY-USB,
CONTEC., HA) ZHWTERESICEI Lz, A/D ZEOY TV v 724 a3 d4ps &L
Too AT —TNAGEEHIKANTIRT, b LIFEPIFHEL., A 7TV %mE~ A 7nRa—7
(VHX-5000, HiaittF —o > 2, HAR) S THE L.

785 nm laser
i

T

photodiode _
Optical
{ W O fiber
A/D
CcO n\if rter m
computer microscope
water

2.6 REDICOMHIEER

X 2.6 12 7 — T VG BT 7 4 N5 WKETR L, K7 7 A el HIKEFE LT
WL AT (K2.6 ) EAIFFICESNZRED HOBEE (K2.6 1) 2R3, K2.6 FORERHALK
2.6 NOEFHOBESS—HLTE D, HERA 126 FIECHHEE L T\ 5, BgkRT 11
BOTIENT 7 A NEIHBTHKIELTWVWD, ZIHBIRAIKPHEFEL. HERA 8 ITBL
THT 7 A NEDPETIWCBH L TETWE bbb, K 2.6 FOHFMRA 8 DIRMEIIKE
ZLEOBMATH D, FERADZER. TREDKTH %, ZORITB W TR D LHEE DRI A
L, I HIKDPHEFHE L TV IR E TR D CHREDEMNDEED H iz, gl 16 128\ T
AT 7 A NEHETHZELRCHH L TE D, B BREIZRKICK 5 72,
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BNT, AT =T VN ZKIIR LHE (K2.8) ORD HREOEVWEZR 2.9 1R, 7 —
TV R RSB L E. T — TV R KA EE UL T 7 4 e R I e
AT S ETREE, RUKHICHB LT 7 A NESIKICEL TV 2 HEOR D LRETH 5,
ZEHCEHE L 72BROR D HRES R D E . RICKIBOMNED D 25ET. mOE D KA/
Do TDBNT 7 A NFEHRDIKITHE L TV EHBAETH o7z M2.TITRLIHMREZHER S L.
I E R E XL T 7 4 AEREEPKIEFOELUEL TV TIER L, #
SNSRI L TV 2 e AR E N %,

hT—T IR

I
)
.3 |

KIT7AIN

Kep S a5 Y Keb(SiaftE L L)

2.8 W7 7 A NEIHDIKR
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1.25
1.2

1.15

By 1.1

piil

33 1.05

()

K 1
0.95
0.9
0.85

0.8

T ITy T 7 A NFEIRICB U 2 KIAOF M E G L 72 AT D 5, KA & [48][49] 130k
77 ANa7 KM - WHOBITRDZIZ L 2T 7 4 NEHHTD 7 L AV RGHER O ZA( % 7
fliL. X7 7 A NEIICRIEPHRENIHE L TVE Z e 2R LT\, EELOEBRERS
NoDFATHIFERICIHES DD THD, AAXTHIRL TWREBIILT 7 A NEHTD 7 L %

-

Zoch

KepSTiaftEH?

KpSaRERL

2.9 T 7 ANIRDIRDL L B D TR DN

WG 2 HIZ LA 5 TH % LfibamlS I 72,
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23 ZLRIEREEFALEAT—TIIERREDRRE
231 ZLRIRSOFAELRE

TV ARFHEOW TR T 2, 7 L AV & SRR O R 2 B 2 il L T 2 B
WKHAEAG 2 L —HONBRHF SN IBHRTHZ, K20, AHA. Wt 220
DK DEITRDZIMKET 5, ZOHHRUI, 1823 FICT7 7 VY ADYHEFR A —F 2 2K -
Py Y 7L R0 THIDTE RSN, BIE. RENCHT 23060 K & EHFEARN D X
FXERPHED S DRPDMAEDELE LTOMTEL I 2R L, 7L AAHRERZ. K
Wz ¥ BB OIRIE % 1 2 RCOBIR Y LTEET 2 2 e 2WHRCT 2 [50] [51] [52] [53].

2ODFEEMRP DD T 5, FEAKLE, FERLIELEFER 2 BOTHEENR 1 255EE
T2 L THBIAFT T 2D T3, ZOR. iFER 1 OEITE L, FAEK 2 DEITER 2, A
B¢ E;. Eld B, KD E.. A 0,0 K& 0, #ERA 0, &35 (X 2.10).

FER]

S BI42 Ey
2,10 AHPE. REPE. BEEEoBtk
JEFEITIT NS UCHEER SNBSS R L TH D, M L THEE (orthogonal) 7275

M COHREN & FAT (parallel) BRIREN & 23 THE R 5, FRBIHITESHOIRE TN L TER
LTEY., E, OWERD % B;,. E, DB D% B,. E; OGN % B, £ 358,

Bih = BZ COS 01 (22)
Biv = Bz sin (91

r7:% (K 2.11),
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2.11 WS IT DR

<7 A7 VR HE AN BEREM Y UTE, BREIC BT R B RT & 50 %E
MTH2NENRD D, BRHEICEERBREER D L HREERTIEGTH 20BN D 5729,
2 DDFEMRENICEB VT,

Epi = Eps (2.4)
Bp1 = Bpe
b, ZLTETEENRS LI E2EZTARGEICIE,
E,+FE.=FE, (2.6)
B, cos; — B, cosf, = By cosb;

Z&b\

1
B=Ex-=Ex" (2.8)
v C

LT E S, B, vITHEE, n IZETE, clPEETH B, 20D,

n1E;cosb; —ni1E, cos b, = noEy cos 0, (2.9)

L35, AR FAE—HL 0, BXU 0, ZFER LD

0; =0, =0, (2.10)
El. 0 3FER212HD7-0
0, = s (2.11)
LR LE LB EIC,
niB; cos0; — ni E, cos0; = noEy cos Oy (2.12)
B~ ot ot 213
E; _ 2n, cos 01 (2.14)

E; njcosfy + nycosby
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Y7 %, [ERRIC parallel DD EEZ % &

Eih = El COS (91 (215)
AR
En = Epo (2.17)
Bhi = Ba (2.18)
Thdlzd, WHErEHBTELZN,
B; + B, = B, (2.19)
FE;cosl; — E, cosf, = E; cosb, (2.20)

L%, MR LT,

Tg cos 01 — ny cos by

2.21
n1 cos 0 + ng cos 61 ( )

2 0
_ 11 COS Uy (222)
n1 cos b + ng cos by

| |

LR TE S,

HEIHL

HEl2

212 7L AR (REAHFOLE)

2 2. RENCH L CEREI AL LSS (K 2.12) 1K1

0; =06, =6, =0 (2.23)
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YD, 7L REHE LTOMRE (amplitude) OZ{LIZRORTEHEIN S Z 212k %,

E, ny —ng

= = 2.24
FE; ni + ne9 ( )
Et 27’L1
== 2.95
E; n1 + no ( )
RIS 1, ©B@ERE I, 13,
E
I. = (=5)? 2.2
(E) (2.26)
0 E
I, = 12O (T2 (2.27)

n1 cos 0; E;
riddEhs, 22T, R n BNT 7 A ANQEITR 1.46, ny ZKOWIRICE T 2 BT
#1333 LAWRZEROENRR 1.0 0BEEEZ 2, bdLERicchsofizfRAL, 77
ANDBZERANDKFTHE 1F ((1.46 — 1)/(1.46 + 1)) = 3.50 %y 7 7 4 N2 HIKAD KGRI
((1.46 —1.33)/(1.46 +1.33))2 = 0.22 % £ 7% 3%, ZD XD KEMRDOENKZWVIZY, ZHVNX
WIHEEHRZLDHDBRE-TL 22 ehbh b,
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232 TJLRIREEZRW =tV

TV ARG ERHLEEGFEO Y > v e EHEDTRICOWTHE T 5, KT 7 A4 NEHT
D7V ANVREEMBLEEY Y Y 7RI FIFREINTE D, —KBAHle LT, UTFD
EORBbOND 5,

B>y
M7 7 A NOFEHRERENROBEFICEL &, WHOEITROZLEMHTE 5, K7 7
AN L TORMENEDZ L. 7 7 ANEHTO 7 LAV RKERE IS B 5
25, REIHOBEREE=X) Y7 T2 T, BITKROZEWET 2 TE, 2
IR O OIRER . W ciamticH s T,
BEEVIVY
7 7 A NGl BUD B REOIREZE, WEOEITREZE(LZE, 77 4 NEliD 7
VANV E R G2 5, CORMOZENEE=RY 7 THIET, K774 kY
FiE, TETOLRPBREE=X ) Y I7REMHEHATZ2 I TES 54,
oy
ERIEBADHITH T 7 4 "D EL 2T, EIfFROZ(LEHRHE L TEHOELEE
SRV TFTDHIENTEDS [65, Ziud, MERERDERH S 7 — 7 LR >
AT LBREDHBRICEHT® %,

Eht

INBHDTF—ZATRVITIND, TJLANAKPOZIZ K o TRENS 7 7 4 NIz BT 5
B OBE  ONXOHEMERD, BAIXNZREED T X — 2 ZHE T 2 AIEES T — XICEH]T
= 2 HMEBIFARE T H 2, FEEDHRNINT 7 4 NEHTOWRM - KAHDEITHREcHE DL
BEETHA2Z e oEITRL Yy Y Z7OICHEHTHZ VR B,
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233 EER3: [APROBRABENDOAFIal—>3Y

222 ITTHAH L7 HHERIZ, T 7 A NFIRNERD © T 7 A NINCIED 56D 7 L IV K
ZIHMEL LS T 25D THoTee LLARDS, K7 7 A FHNTHIT 6, ST SIE-HK
RS CTREL - AT L 72 EhT BN 7 7 A NGNS EZE LR SN 2 BEE2Z R T 208N D
LyEZ, FEHINY I aL—TaryEEMLE,

L —¥iFESIENONAEH DY 2 2L —2 a VRERUROED TH B, L—FFRKIED
RIS DHREZBNED, AP I 2l —>arTRY I 2l —Y a YEUFOREILD D
WCIRTEIR 2 IRE LTz (K 2.13)s 22Ty R(A,0) IR DO A ZTE L. R2(B, 0) ik
FEROBRFARDOREZIZRET . ADKE LRIV, WHIFR - 7BIRICHR D, ¥ IaL—
> a VRN & [ UHER T X — R EFOMBRTHiZ S T3 RE L. EITER 1.369, Hi
J7 AL & 25 BUEL D AR & 2 Hil{Hl 5 Henyey-Greenstein f# (g 8)0.9. @3 0.767206. WIR
B pg 0.265 mm 1 BELGREL s 141.3 mm 1, SFHEBTE (MFP) 0.007077 mm & L7z, 24
LONFRMEMEIFEHA L I 21 —2ay Y 7 bOv=a 7V ERICERE Lz, KidDNERE
ZERX Tz N TWVWD ERE LTz, HRRENE 5000 & L. ERHERRNCIE LIGHT TOOLS(Version
2022.3, Synopsys Inc, U.S.A.) ZfEH L 7z,

1
R(A,0) = AsTg—i—l (2.28)
(2.29)
R(B,0) =B R(4,6) (2.30)

R(A,0) + R(A, 1)
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L Length of long axis direction J

2.13 FEET 2AIENTOR D DA

B 214 1IEHGERF S I 2 L= a YORRO 2 RT, KA K512, —HEHE
SIADIMT T, KIEONARMRONECHEL L. SR TH 5067 7 4 NFEIRICR S8 o7z W
2. Kl e MARDBRRE TS 288 H o7z K 2.15 &, S T 3L X ORERRE »
HIFICRZ L —FOREZZRL TS, KUAHRFAANC 0.5 mm L EDOHE, RoTL 2
D 0.005 % IR TH - 7=,

— /T, KIEOKRZZIIHFEOEZRLFE LK 0.1 mm OHEIX. £ 0.035 % OHDVE - T
BZeDbhol, BT, TINLILINKEBRI 27-DEBITHT 7 4 AHITED
Photodiode-A THHE N Z NHEIIE NS R EFR D, [oT, SHEERLAZY T XA
LEZRY VI VAT ATE. SUANECTORFEE BT 2MEN RN EZ S, LirL, f
DIFETIE. L—F —BBATILOIRIEE T 7 4 A=l F O & - THREEICZELT 5 2
AR E TV [41][56].
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2.14 KT Iar—va voOfERo—f

0.035

F+0
> > >
o
Lo P —+

0.025

0.02

0.015

Relative intensity [%]

oo

0.005 P+ 0

+ 0O O o

1 1 1 * 1 1 i 1 L I 1
0 01 0.2 0.3 04 05 06 07 0.8 0.9 1
Length of long axis direction [mm]

X 2.15 KRR 2 L —F D% #RAE

T/, RIEDH A4 X% X 5I1INE L LA, Mie BELP Rayleigh Bl % & $ 2 HEH
AU 2 AREEDE £ 5, Mie BUELIN FREDE L FIRRE OBE. Rayleigh BELEIN FH 4 X
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DEEED D/NIWBEDOHEIRTH 2 [57), J#& LI1cF ) X = FL¥ 4 XOKIE»sHE—H L
UL RICIGRDIERETHEBUC T 2 £ LTH, Mie BELOGEIIIBELORIFICEFT T2 2k
bH DD, KT A RITHRKRT 2RFBELOMIBRIIMD TN VWD TIEFRVNLEFEZ S, L
2L L —FARLIADER - HROBIRIIRBIHLTDHZ VD, SEOMNFETH L LW
Z%. ¥ RIEABRICBOTHIAY I 2L — a VIFBEMREHERZRELTE D, FRW
W & D B TR ST S 2 LB D B
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234 FEE 4 7L RIS ZRAW:L—YFEES/EENRESTM

7 U IVIRET DFREZE L L — VAR KIE OENRE & DXHGZ Ml L 7z & 532 nm DL R
L—HZMRREDLDDHIFEL LTWBDT, ZhediloR 785 nm %AWV, & 785
nm 1Z7K xS B IUREAME < MR OANE 2 B E > OfEEL-CBEEELIRE I & 3 R
DRIREL 2 T RT 72D TH 5 58], K 2.16 IT/RTHFARICTTINS 2O L —F 2 G RICHE
L. L—¥FEKIaEEr 7 L 2 OVREHEELE RS Lz,

785 nm laser 532 nm pulsed laser

ft

photodiode-A
\J

Nd:YAG

A

crystal

W d>

E —?O optical fiber
) A

€ -=-

photodiode-B high speed
// camera
A/D 4E>F
converter
| target
computer

X 2.16 L —¥AEELKIEHERD 7 L oV EEHEEER

MARREREEE LT OV A L =3k (BD1071, ik b =27 ARt HAR) 2HEHL
720 PRSI ZRMFIZIE 532 nm, »SV AR 100 ps, »SVAL— bk 3 Hz, T AF 6ml] & L7, 7
LAV ¢ LT L —¥%E (LDI-785-FP-100-BR-18-SM05-FU, LASERSCOM, ~ 5
N—3) B L. TRESBHIE 785 nm, ERFIR, FEHE 3 mW & Lz,

PNVAL—HFE CW L —FREE# LICEBDOE — 22T ) v X LY XZNALTIAFE-F
HT 7 4N (F78318, BB T, HA) WCEK Lz, KT 7 4 NE H7 7 4 NEREIRD L 1
BARY 7 I FEREA T =T VEH AL T =T ABIRD 2 B2 W, Y7 7 4 D5k
Uild NA 0.22 THE L. 5 osfeid FC ax 7 X &ffla LT, CW L—FIEKT 7 4 N0k
BT LAV RENT E DHIECED . 74 F &4 F— F A(S6801-01, kA b =2 2kt
HA) & A/D Z#8s (AIO-160802GY-USB., CONTEC, HA) ZHWTEXRESICERL 2.
A/D EHHEDY > TV 7R A M dps & L. BV AL —FRERERD S 1500 @Y > 7L
BRI LIz LA L—Fho0%NE, 7+ XA F— F B(S6801, ki b =27 Ak,
HA) X DEBIGF L. EEEH X FH (FASTCAM SA5, Photron, HA) ¥ 7+ b &4 4 —F
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ADEELYFRIT2DICHH LT, BEEIRXFD 7L —241L— M& 100,000 fps & L7z,
SRS I3k, BEUMIE, Ui 2/ Uz BEUMR I 0.18 wt% D3k (Direct Red
81 Dye content 50 %, Sigma-Aldrich, USA) £ /KZEAE L7 DEH L7z [8], HAlUmFRIE, #E
BURI 3 U TRAEE 5 wth &% 2 X 5¥ 7 F > (G2500, Sigma-Aldrich, USA) ZiE& LT
TEE L7, BER. €7 F UMPRERCIBIZ2REETHIML, F2—7ICRELTHHER (23 ~
26 °C) T 1 L EGE U CHEL X 27z, R DIEEICH 72 o Tid Yamashita 5 DL [3]
BBEIW LTz,

TR SRIZS VU a > N8 (SR1554, B4 H—ZKY ~—, HAK) & L&A 7 2 (83-0536.
A=/, HA) OF 2 —7 (N%E:2.0 mm) IZFEIH L7z, Yamashita 5 D5 [3] Tld. H7
BN THRALUMAR IS VR L — 2 (S UMARTARRE 2 37l L T\ ey, L —FfiESino g
BRIEEERT B EFRRIC L > TELT 2 2 e o TED [43]. Bk 2 KI0Z8 % HfF L
THEEOMEDTF 2 — 7RV,

Optical fiber Catheter
@ /G
Position
- - Y
-4 R
— - -4 L —=- 0

- -]
-__+21}
1.0mm

I_I_I I_I_I I_I_I 5 0mm

[ Pseudo-blood  EZZAPseudo-clot  EEEE Water

Slicone rubber

11
11
Slicone rubber
\
N

2.17 BRSPS

F 2 — 7 NOELUAR D EFFEAUME. L dKEREL ZElEL Lk, ZEMEE»H
U AE-F UM DB EITIIN T 7 4 NHKRZ F 2 — TN A L. K- 05 EIEh 7 —
TNUMEREF 2 —TCHA LT (K 2.17)s 7 74N (BT —7)L) RO EREFRE
1.0 mm 3 2oZLEE, FMNEIZBWT 532 nm »SLAL —F2HRE L. FIFIZ 785 nm D 7 L %
VRN ZEIG Uize RIFOAIE-2, -1, 0. +1. +2 DIEICERM L, FAETS5 ~ 10 LR ZH]
BU. FHEICIERRSBHAA D & 5 UL R 53 F Wz,
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A In the silicone rubber tube

T T

:';-; 14 Representative signal -
S~ Y Average signal
3 g . Standard deviation
= 0,3 A4
w' \J
= .l
§»<
SRS
= 08 1
Nt

06 | | |

0 100 500 1000 2000
Time [us]

X 2.18 > VaryFa— 7 HNTHELMARICIRETIRFD 7 L x L KEHEZE(L ¥ K[iaEhzE
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B In the glass tube

T T
2 14 - Representative signal -
g — B Average signal
9 g Standard deviation
o 12 §
4+ 00
=3
= o i
E ~
O g
2>~ 08 =
o
0-6 1 | |
0 100 500 1000 2000
Time [ps]

B1 B2 B3 B4 Bb5
(2.19 %5 AEATRMMIIEIEO 7 L 3 VRIDZ L KB

L —HFESIADOERE Y 7 L 1V RKGHOEZEL D BRI 2 57§ 5 72 D12 73 2 BRI X 2 7
Biiofee K218V ay I -8 X219 1H 7 RABOF 2 — 7 ICFE L LUK T
532 nm LA L —F R B LD 7 L AV REER OZ L A U 72 @ X T B R R
¥, BHEABEIRWTADAE 0 THD, 532 nm LA L —FOFIRERE 0s L EHET 5, FE
BRKRT 2 —¥. BRI, EERIEERETDH 5,

T, 2V aryIN—"HF 2 -THNO T LIV REPERZAN (M 2.18, A) &, SV AL—HF
RIKTHEBRTH 2 120 ps 1T 7 A NEHTL —FFRKIELFEELTBED . 7 LR REHE
X Ops OXEICH L TEMEZ /R LU (K 2.18, Al), 7 LAV EDBREINAR T L 72 396
us FETIEHN 7 7 4 NFEICIEERATRER R & X TOSIFIER L Tz (X 2.18, A2), JlE{EN
WZH o727 LR IVREEREDHEINCEE CIA® 72 512 ps RERLIREMAAICHL UiAD 72 1000 ps FEZ D
W7 7 A NI EEE S X T THERER K E XOKINIFEL TWiRD o7z, (K 2.18, A3
BIU A4),

—HAFZAF2a—=TNTE, ¥V aAYIN—HF 1 -—TNTOELFRIZ, (LA —HF
RETEEZTH S 120 ps W7 7 4 NEHTL —FFESIENRELTED., 7 L RIUREHE
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B30 ps OXBIIHLTEMERLE (K 2.19, Bl), 20k, ¥V ayIinN—8F a1 —FHT
DAL L FEZ D, 380 ps MHETRIEDME L 7 LA A REDEROBES R S (K 2.19, B2),
430 ps EIZKIEOBERE L 7 L AV REDER OB A S N7 (K 2.19, B3), Zhlld. K
DEFLE LR BIOT7 VANV REDERDHFEAER AR <7 (K 2.19, B4 B XU B5).

BB, EEEA X G (K 2.18 BXUX 2.19, Al-Ad, B2-B3) IR BN T 7 A NG
SUASEHH T ORI, N TR LI S IS 51 2R 785 nm OBELETH 2, X 2.18
BXUOK 219 IRENMERPHIE, Fa2—TOMEPELRZ Z 2 ICL2KEHEB LS 7L 2
VRN EDENDEZEDBHO N R oTee RERD S, T 7 4 NEHHTOD 7 L XIVRSHEE
DED L —FHELILOBEE KL TEB D, RKAHRI LR L —FREHD S 7 — T AL E
AEEE LT D S ZATREME 2157,
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235 ZEES5 JLRIRSOEEZELE D T—TILOMUEDERFR

HIHE TIZBWT, JE7 7 A Nl & MR & ORREEAH < & &L E LRI
BWGEDD D Z . KT 7 A NG S M ATEN T RATRE G HELIC K D BEDET 7 4 N
PICEE T 200 G 2 IR TERWZ &, BEOT7 LAVRSPDEED L — 3k
SILDENREZ L E KL TWd 2L 2R L7z,

INSOEBERBL T, L—PHESIEPHAT 2 $ TORMEZFHMES 2 2 2T, K7 7 4 N5
(B 7 —7VAe) & MR RENL S IS B X BHiT 2 2 e DATREICR 2 D TIZ RV L E X 2,
L —PAESIEOHERE 7 VAV RAERDMNICEZIRZ 2 2B TE LD, 7 LAV
HOWME L B E LT, 7 LAVRKSERDOHE 7 — X 2 LUR O IETHEEYE tn ~\ 2 AT
52t L7, B n oW Z t. 7VAAVRGDEEEZ I(t) £ L. ETREDRBNTORA
i M - FHEME A 2EHHT 5,

M; Mazx(I(t)), 7272 L 160 < t < 6000
A; Average(I(t)), 7272 L 5800 < t < 6000

iz, PRz Tt 2EIC ty 3 5,

I(tn) = (M — A) x 0.1+ A (2.31)

ZLTRADOnZ N L. ty 2H6MEL T 5,
tn; Max(n) = N

NS O EAMEE & HEHENT IS Mathworks # O BUEfEHT Y 7 + 7 =7 Matlab(N— =2
>:2022b) 2 L7z, REHIE 2 & OFEIRE ¢t vy DHBIIZRE M EZ KT & LT—RK ¥/
B X OZEBWEZIT o720 —HFTEDHT TR IR TORBETD ¢y OTFIFHRHNTE
LWEWSIRERGE, D e d =007 — i 1382 2 2 v S R ARFTIC LT
BOE L7, ZEHHBMETIEZ, CORHFMNEORTICAERELDH D, EDORTHZ S THROVHRPIC
BILTME L WIS HEEKEIZ0.05 & Lz,
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A 14 The opt‘ical fiber alone in‘ the silicone rubber tube 5000 -
— 1
£ Position -2 . $k |
w 1.3F — = —Position -1 - *
< 17 1, Position 0 4000 *ﬁﬁ
<2l N . Position+1 | > . 2t .
= Position +2 C 3000
= <]
2 11 2 B
g 2 2000 =
ot = +
;E’; Y R R N 1000
® 0gl— : : 0
0 300 1000 2000 4000 -2 -1 0 +1 +2
Time [us] Position
C 14 Th? catheter in the ‘silicone rubber tube D 4000 -
E Position -2 l *k I
o = = = Position -1 | . !
% .......... iosition 01 3000 x
_____ osition + d . 1
z Position 2| |+~ l = 1 T
K e _
> £ 2000 I E
2 13)
8 ©
E £ —
w ¥ H
2 +
3 o s e == —<
" 0 300 1000 2000 4000 -2 -1 0 +1 +2
Time [us] Position

2.20 KT 7 AND LA T — TS e FPlike D iR 2L S HED 7 L AV
GPenZ b, B B XU D IIEHHE ty DZA{L

B 2.20 ® EBEAIS Y a Y I N—HF 2 — TN THET 7 4 NBUR & FULFE % T D BEEEZ 21k
SR TL—FZME LD 7 LAV EROREIZ(L (K 2.20, A) 2 IEEHEOZ{L (K 2.20,
B) Th s, FEPNT 7 A NEDT—T ARSI TOlEMEZ{bxETL—9
I L72BE 0 7 L oL aHEE o2 (K 2.20, C) aEEOZ1L (K 2.20, D) TH %,
L —VHREHCB T 2 M ESCRARREIEN 2.20-A BLU B K 2.17-(2) 2. K 2.20-CBXUD
D 2.17-(3) ITHIET %, BIHIBZNZNT 5 AR OFT — X 2R L, B2
% (K 2.20, A RO C) 3 HIEETH %, 0 ps i, 532 nm DOV A L —3 O RS BHAAIFZIT &
5, TNRTOMESRMFT, 0ps 2258100 ps FTESDOLS B3 ) HFER S iz, BN
2 6 BN 7R UIIE 22 0 LK T OB TH 2 [fIE-2] & ME-1] $IZEFR CHIRERT A,
LUK TH 5 [fE 0], HFLUMRNICDH 2 Ml +1] B X (il +2] TELH EAi-ES
DIRFEEHIR & ITKER DT BB - 72,

FESAIE Z & OFEEHE ¢ty OHHEMERZ RS (M 2.20, BB XU D). L —HFREHNLE LM
AT U Tl 0 LR A U 7 BR OB RME ¢y IR W LK D tN XD B EWn 2 & 3T
RENTee RS BT — T ABROGEFHELUIR LT 2> & NEICR AT 2 120 o THREUE A
W3 2@ A SN (K 2.20, B), F7468UA ¢ v IS EZ KT 2 LT—RFoEDH
AT o TAGR. ST 7 A NBUROBHEITIE p [l 3.5007e-12. 47— T VIR DEGEICIE p D
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5.4243e-06 £ 72D tN DG EICKR > THRL e d—DoDREGHED e FREICE L > T
Too Floy BEMIEFRTO ty OFEEICOVWTEELEER B IR o MR, 7 7 4 NEEDS
B, [MIiE-2]- [l 0], [M7iE-2]-[(ii +1]. [(iiE-2]-[hii +2]. [hi@E-1])-[(i# 0], [hriE-1]-[fk
B 1], [AIE-1]-[fE +2]. [AIiE O-[fifE +1] KBV THEEMNRED SN (K 2.20, B), &
7 — T VBROEGE X (WE-2)- (01 +1]). [(rE-2]-[(i# +2]. [(ZE-1]-[(i@E +1]. [(E-1]-[f1
B 2], [MIfE 0]-[hifE +2] ITBWTHEADRD 57 (K 2.20, C),

IHHDX 220 WWRENTMMERL S, 7V R IUREFHRBOELIINT 7 4 "B H T —F
WIRDHK 7 7 4 AN Febi e U DFBIC X > THEIT 2 Z e AL R otz T K
7 7 AN S LI A 7 — T A MARRENICED K IEFE 7 LAV REDERIZEEL O 56 <
2D, ZOMEMENIIEEE ty L CRERTE 2 Z 2 AL TR o 7z,
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23.6 FEBR6: NILAL—HEGBREPDIEIEE ty DE(L

Bty ZRHWTOOVRA L =S 2R L7255 7 — 7L & R S U R & o FEREZE
ZAL S B EFRRE TR T, HFAREIIZETHOTETV AR 2.16 ITRT H DD 5 EEE A X
RVl o vz, BRI, KD EEREOMROHIEIED T 272D, KL= 1TV
a—) (777 =N, VIANTE), RUI (194-01415, FDEMZETH), K. X4 L7 bL vy K
81(195251, sigma-aldrich) 2z, RV =L 7L a—L%& Hn 7 U miEIED b
L=V e LTHERINTVWS, &4 L2 MLy R 81KAK (B 17.25 mg/mL) ¥R v
WKVATR (R 0.083 g/mL) Z/ER L. PVA, &4 L2 bL v K 81 KA. KUK 2:1:2 D
HERTESL, 90 °C L ETIR LA SEERM L2, BEWIES Y ayF a—7 (NHHE:2
mm X 4 mm, SR1554, XA H—ZAKRV) =) 1Z0FEHR. BRI TR 3 R EFHE LB
Bl ETEBICHEHLE, 2V ayFa—T7RNE7 UL L 7280 L KO " JEihE L 725,

AT =T NBRIEL LTE KT 7 AN T —TAZKDEPSFHEAL., SAVAL—H%
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