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Abstract

The purpose of this study is to develop photoacoustic imaging technologies that is
safety and effectiveness for medical clinical use, and to demonstrate these technologies
visualizing human in-vivo real-time functional imaging. Photoacoustic imaging
technology using LED (Light Emitting Diode) as an excitation light was developed.
Furthermore, after evaluating the system's frequency response characteristics and SNR
(Signal to Noise Ratio), in-vivo real-time functional imaging of human lymphatic
vessels were visuallized. Photoacoustic imaging with non-invasive and functional
diagnosis features is expected to be introduced into medical practice. At present,
solid-state laser is the mainstream as excitation light source, but it is large and complex,
so it is difficult to meet the requirements. On the other hand, LED is small and safe, and
it can meet the requirements, but its power is extremely weak compared to solid-state
lasers, and its SNR is correspondingly low, so it is important to developed "LED light
source photoacoustic imaging technologies”.

In this study, the LED light source photoacoustic imaging technologies were
developed (Chapter 2), frequency response characteristics were evaluate by phantom
(Chapter 3), SNR were evaluated in biological sample (Chapter 4), and real-time
functional imaging of human lymph was achieved (Chapter 5), then LED-based
photoacoustic imaging technologies are establishe and they are connected to medical
device development.

In Chapter 1, photoacoustic imaging and the development of excitation light
sources were explained, and the purpose and configuration of this study were described.

In Chapter 2, the development of photoacoustic imaging technologies that meets
the requirements for medical practice were described, and then the performances of the
LED array light source were evaluated.

In Chapter 3, the frequency response of the photoacoustic imaging system was
evaluated using a point source phantom. The frequency response of the ultrasonic probe
and the obtained photoacoustic signal was analyzed by changing the light pulse width,
and their relationship was clarified.

In Chapter 4, the SNR of the photoacoustic imaging system was analyzed
quantitatively using a biological sample. At that time, the influence of the amplifiier
gain on the SNR was clarified quantitatively by experiment.

In Chapter 5, using the developed two-wavelength LED array light source, in-vivo
real-time functional imaging of human lymphatic vessels in distinction from blood
vessels was achieved, and demonstrated the LED photoacoustic imaging technologies.

In chapter 6, the total conclutsion of this study was described.
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1.1.
1.1.1.

FE

REBAA—DVYT

RERA A— SV T ORBEER
KEBA A=V 7 DL, XRWThH D HBRII A 125 & 20K

DRI ENTREGMPBIZIEZ R Z LERERAETHHRE TICLTWD. &
DOIE LI FERE TH4 72 Bell 73 1880 A2 il {E D FERHITARIRIC Z DB % ¥ HL

L2 Enn
Z RN

a.

g.

1880 4 :

1938 4 :

1961 4 :

WMED. MEEA A -V 70 MIESZEHA IS £ TORER
ICEEDD.

Bell 1%, KBYEOTRE 2250 L C 213 m BEn7=35mcdh 587
RNT7IT7—7T, e —Thb Se ITHEZ K L IlIE DIEFE
%%%Liikbfwtm%@%$*;ﬂ%ﬁAﬁfw%Tﬁ,
EREINTNEZTDHEFRERAET L EEONAIE. 20O
Bi5 % Photophone & 4311 7-[1]. 1 4F%&ITIE, ED X9 7kt
TRAFXF—TH, TOZRAXT—ZWIN L= b ONEWKERE
9% Z & & EIX LT Radiophony ® H3E % L 72[2].
Veingerov 7%, FiisH ADOMHEIZ Z OFFEZF 72, HHE L
TERBEHEEZFEH L, BRI AF D COy IR DOHIE AR
%A L, Optico-acoustic spectroscopy & 4172 [3].
Michaels 75, KFHD A/ N—27 THAEIETZ 50 us DIV A Y%
T =T LBEIZYTT, 91O COEFEMMEE 2y HETT
M L 7= [4].

1964 4F : Amar 573, PO TAENR (ST YFOIRK) THFER 2

1987 4 :

1993 4 :

Bl E—L—HF—ZH\T, 1ps T50ml 2L 2% 400
us BEIIRAEIHE, FHUBAY U LAROEEE U — TRl

L7z[5].
Cross HNXFIDTE M &2 XRIT ex-vivo DIRE FHAE T E 2N %
R L 7216].

Chen 523D Tk MDD in-vivo D% A-mode A%+  CE 5%
B L72[7].

1994 4 : Oraevsky & 234J)8 T Soft tissue @ 2 D H{% 2 1ERKL L 72[8].

alnrb gll

BWT, fEHIN-HRE, a BEXOb X, "Thermoacoustic"lZ, ¢

PAF& X "Photoacoustic"iZ &, 2 2O HFRITHFEIN 5.



Fig.1- 1 {Z"Thermoacoustic" D JREL A2 795 . Wike I FH S 7= i3y
RIZ 7% &, SERIUT KD IREE LR &, BUERIT £ 2 A8 0 B S S,
TORE, IREEFICLDHEEE, BENC L A2IHMEIC X0 Brser 7235 AR A+
L. HALEEY 720 OX R X —1HE<, BETHEREO BRI LD N
s chb.

Modulated Simultaneously
0 light beam ® ‘ 3 @
/ l \
= [ ] = [ — —
] ] /1 /1
| — | — T —
— — — —
Sound receiver Thermal waves Acoustic waves Thermal and

Acoustic waves

Fig.1-1"Thermoacoustic": (D Modulated light beam irradiate the object. @Thermal
waves propagate into the object. (3) Thermal waves change into Acoustic waves

simultaneously with 2. @ Sound receiver detect Acoustic waves.

LL, BEME (d; d=/4Dt, Z 2T, D:EMERUEL, &6 UL AE) 28
RBMORES LD /NS NG, BULHT 2 FEXICEWENEZ Y, BETDHH
BEW 2N T 5. 208G %, "Photoacoustic" & VN 9. Fig.1-2 T
"Photoacoustic"DJRFLZ AT 5. m= RV X —H LV A D SN R XY 7=
Bl RRPIZ LD BREE EANEE S, BMERIC X 2mANE X DS
SR RIRE BRI K0 WrB RS R A U, [RIRFISE S BB N ET 5. N
VAR TEINTZDIZ,  ZAUTKHS LTz @ W AR O BB AT 5.



Pulsed light
@ beam ® 3 @

1P
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Ultrasound Acoustic waves
sensor

Fig.1-2 "Photoacoustic": (D Pulsed light beam irradiate the object. @ Acoustic
waves directly generated by adiabatic expansion. (3) Acoustic waves

propagate inside the object. @ Ultrasound sensor detect Acoustic waves.

"Thermoacoustic"(%, Spectroscopy & L CH A pHr7e ElZfEH S Tunb. — 7,
"Photoacoustic"iX, L —H—DRRIZ LV G R/ X —DF /L ASEPRHFEELT
LXK, AT LNEERPEEROEIRICH Y ERHT
i S D2 OEERGEA 7 & OMMERR W b, AR~OmEH A
TW5.

AL TlE, NHBFEA A — 2 7 % "Photoacoutic" F KD ERA A —2 0 7 h
HEELTNEDIT LU D.

1.1.2. AEBEBA AT OBBEBRICOGENAIHARHE

HEBARA—T TR, HEBROKREZEN LA A=V TFETHS.

EREHADOKA A= 7T, ROKREEME, AT MR ZFRIH L7

REIE MO ISG TR e, SO BB T 2 NS, LKA EmME L
X«&bwkﬁ%ﬂﬁbttb$&774—,t®$@$%ﬂ%bt(ﬂt i
TN DA A= TR ERD D.

LoL, ERNTIEIEORKEL & RN K E <, NHESESC OCT 7 & CRIZ TS
WNAERER (0~1 mm) THIUXEWIREED T DAL D D3, t%f&774—%
WA A= 7O X DITEERNT (~10mm) Thivx, /SRR T
THELD.



—J, BEEA A=V 7T, HERRICREEETH 528, Stickt L TE
BN TOBESRED 2 ~ 3H/hS <, IHREICHENATWD Z Enn, BEHK
PhriEE S LT, BE—F, RTI9—72EDA A=V 7 HERER LS TH
5. BICHHEShA2@BERE P —7F o0 —70od LRSS T T, 1 om BRE
DEVNEEE T 50 pum F2E OB EREZ S D END, 20 cmDFEWEE T 1
mm FREDIRSREEZF AR EE TOMRAWVRENAETHDH. LinL, AW
ICIEHEA = ADEERH L THBIL L TSI, RICET 2
HRESDONET, HRERERZEDLOITE L.

INHEDA A= T HRUTK L THEEA A=V 70, tERERORE
BEERHY, 27 MUVEERAFIATE S, FILhEX S XA A=Y 7 DR
EMCERET Y, £ CRATLIEBRLZBERA A —Y 0 7 L REDITIE
ICEVEAS L, BBIERFTRRIC/R S, REHILORERI TRED, ofiFaE
(FEBE B ONRMETRE S.

EDD, A A= T RBERA A=V ZIZX LT, A A—
VYT REBETE SRR R E, BERILE & BICLITICHAT 5.

1) I (~NEZutvy), ng

e PHLEE CBLES ATRE T 2 M IRIEAE DS 1 mm LAF.
BEW : P77 —ETHRIEWRETH DD NEEA A -V 71X LT
fRRENNA D .

A ORHR RO EEMEICHES, AFEZE~OICH? —FEH I
Photoacoustic Mammoscope DHFE3 D 541 TV 5. Manohar H1%, 2004
FIINAYAG L= —Z N2 5D 7 L— h THLEEFRLIADR T TG
——NE XXy L THERK L, b 95— TH.LEEEE 1| MHz T 590
#+1 O PVDF BEWNT 77 X —TCHRillT57a & A4 7 %1ED[9],
PVA(PolyVinyl Alchohol)7 /VHIZEAFRECT VD ANSTZT 7 b AEflio
THEBL MR LT, 2007 FEICIX X B~ ®7 T 7 ¢ — L BEF 2 M
& CHEMEEE N DL D 5 AD B |Zx L T Photoacoustic Mammoscope
HEZATV, 4 NCTHAZERT 2 Mg omIREE, 2 N CTEMES DI
% I ORI B AL S 72 [10].

U a—~vFIZREINDIEHORKOZK (R A, 1REREHE)
ZAT 7RV HA S 2SN TND. RIEE & BITIENENEZ D, 15K
B & & HITHAEMEDER L T Z G, mEDOEBICEY, 7
W L ONAERSROMBICHEA T 5 EHIfF S LD. 2012 12 Xu



1% Nd:YAG+OPO C 740 nm O L AYH 18 KD T 7 A N"—%@ LT, R
TUT 4 T OFROFE—-BEICHE L, 5~10 MHz O/ RNig & o3
7' —7 EAif 2 7o AR ORI 2 A O AR A gL L 72 [11]. 2017 4R
(2, van den Berg 513, 1B D 10 A B & fEHEAN 7 A% ik L, 805 nm
DYER L —HF—ZHHE R T 0 —T DN Ryl RESITHIGA AT
TR AT NCTHEBALEIT, RIEZEZ LTV D 10 A 4 AT, i
BAfE D Z LI D RIEDOHIRED B35 2 & 2R LTZ[12].

2) NHRH (ICG, AF Vv TN—, FIX—=F 4 I7kY)
it WA A= 7 TICG DR FTRETEDS, TREEDY 1 em 8% 5
EPREEN KR EL TS,
A . RS, X5 @ JE OfGRLEE & KBRS0 T R TE 2w,

ICG 1ZT CICHRTERINTEY HEFEA A —T 2 7 TOIEHNY
FEXL5. 2010 F£I2 Kim H1%, Nd:YAG (A L — Y —D % /ET 5 668 nm
W% RS AR-PAM HEE &2V, <7 2D SLN (B F /LU L o3Hi)
KON g gl U=, O CEMGREEEZ B A A—Y 7 Lt
U2, 2mm~8 mm DIEIITEBWT, ®HEA A=V 7 TIEY R
EIOEBORKE KN HEETRKELS HD 10 mm~20 mm & {45 DI
RKLT, BFEA A= 7 TIRFE3Imm NS HOo—EIchb 2 L
Zoas L7Z[13]. & Mxf L TiE, miROZEEZMEH L, ICG Zffivy, 20 A
DR & DS fu BB KT L CTHRB OIRPLUZ DWW T2 4E S, SLN D 5 cm LA
TOEEET RI 29 Hike 100 %O —H%E Rl EMELTWH[14]. 4
D3 A DERFEIZ B L TiE, RI and/or A T L > 7 /L—7H SLN OfgHIZFE i
TV 5. 2015 4F|Z Garcia-Uribe 5 1%, Nd:YAG AL —F —ZHH L, &
AP D 1064 nm & OPO THEHINT= 665 nm D 2 RO &M, H57-
2WEDONFBEENDEEREDOEHEHEZITH)>ZLITLD, KAND
SLN OALENRFERRETH D Z & Zox L72[15]. 2009 42 Song 51, 735
nm (\ZWIN D E— 7 ZFo—0039 50 nm D&F ) r—Thk~ T RS
L, SLN Z#&H L7-[16].

3) MmEDEBFEEME
DI FF VA — X TERMOBEFEATE 2R T 523, (LEHEH
SV ARAJTAN
AEWE B TE R0,



MR DEEEEFIE DO RAMEREHRE & HIHD 2 L1E, BADZKI
ETRECHARERIC/ZRY 9 5. 2002 412 Oraevsky H1%, Nd:YAG [
KL —H# =D 1064 nm &7 LFH L KT A b L—HF—D 757 nm O 2 K
ZRERL, BEAMEOENEZET LT, & NOAFEOMEOEMEE L O
FEREZ 7R L72[17]. 2006 -2 Wang B 1%, Nd:YAG it oaE L —H—%
fiivy, HbO, (Mfb~FEZ b)) & Hb (B ~EZRrEY) OEENK
x< 2% 580~600 nm PIEEIZHEH L, 584nm & 600 nm D 2 SO R %

i~ TZ > b ORMBE OISR EIFIINEE 2 5L L 72[18].

4) ANTH &, 3T7—FTNrDER~—I—RY)

it %@ﬁT—TWV— —IRHTE 50N, MEMOERIN 1 cm

PLEDLGAENS D BN CAFEH TE 220,

%%ﬁ:ﬁ@#ﬁif%éﬁ B & DB VB — L ADENK
, AEENRA L CELOGERROTEEA K T, £

%@ﬁT~TW7— — IR T E .

&%%ﬁ%—%wm%%ﬁbﬁéhﬁﬁk W IEHAPHIRF ST D
2010 12 Su 5% Nd:YAG [E{K L —H— ®mMnm®&ﬁ®t%ﬁ%L
m$kém%mﬁbtt7%/77/bAf,MG@QE%%@%ﬁﬁ_
ZORER, BE
WCIX 10 EAEZ 5 EAREINC /R D03, BT, 30 EF CREFICH

0 225 30 BEHIT C, BEE IR &OCE B O WG 4 BT L.

Bibc& 7= LA L72[19].

PLED X DITHFTEA AV T3/ eX )7 40— & LTHR ST

2.

1.1.3. RBEANA-—DVH5FEONE
1.1.3.1. RBEIZLBvA4ORaF—

WEEEA A= TICBWNTI, SDREEZIRD D H DO BAIHNNC

a) OR-PAM (DGR 72T K 0 3 fiRREAN IR £ 2% 057 :0)
b) AR-PAM (F N REEZE R 2% 5

D 2 FDBH 5[20].

OR-PAM (22T Fig.1-3 TitlAd 5.

£,
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Fig.1-3 OR-PAM: Excitation light focused by lens to micro meter order beam
is mechanically scanned to cover all objects. Photoacoustic waves are

detected by plane Ultrasound detector.

FIVAIEIE L v R TR B TERKN TIUR Sh, *IRWh 5528 RNt
T5. ZORBTEREERINCEE LZBERT T 7 4 —CTHRIETHZ L1
XV, BEEEs. MEWE L XEHEMWICBEI S ETAXF Yy 35, 20O
FHUZE, Maslov 512 &> T, 2008 FFICHE 4172 [21]. 75 MHz HLJE A O
HFT 47 72— H, 3.7 um IZKRONTERNEMICHE LT, v~V RAE
DX JF1A) 0.2 mm LA F OFPHIZBW T, #NE TR F B ERE S pm, S
SIRRE 15 pm O EE (G 2 15 7.

A2 AR-PAM 12O\ C Fig.1-4 Tt 5.
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Fig.1-4 AR-PAM: Excitation light is focused by lens to some tenth micro meter or
larger beam. Photoacoustic waves are detected by concave Ultrasound detector.

The light and ultrasound detector are mechanically scanned to cover all objects.

PNV AINT L A TREDITK G IVERNICHE S, 80 5 E 2
INFEET D, ZOREBW EAFIMNCEE LI DORE 2R OB SR T 7 7 ¥
—THHT52LI12kY, BEEEBED. B EBTRT T 7 % —Z2AA%H
ICBEI S TAXT Y35, ZOHKUE Maslov 512X - T 2005 FFIHE SN
72[22]. ML o R 50 MHz FL BB OB E R T « 7 7 #—Z2 W, ik
O RS IE 2 B E B OINFME L ZTELEH LT, 7y FOEEIZBNT
RS 3mm Ll ET, KEFBSHREE 45 um, % S 5 FRE 15 pm D ILE O 3D
DI E R A 1372

1.1.3.2. REEIZKSYY/DRaE—

LR, BELUOXEFERALZ2VWEDE, v/ nRXat—Ltny, v/
Zav—L, BMHFEPEORE/L D Fabli-pero T2 R L7z R [23]1%2 < &,
REE A 72 AR-PAM FREZ KL T 5. 2D % Fig1-5 THT 5. i
L & IR FAPHIZ FRST L, AR-PAM ORI %2 & SBE W T « 7 7 X — &b T,
T LU—IROBERT 47 7 X — &M, BRI E R LT, eEEf



A=V EED T

Pulsed light
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Fig.1-5 PACT: Excitation light is wide and broad, and cover all the object.
Photoacoustic waves are detected by array Ultrasound detector. Each object is

detected and distinguished from the other objects by analyzing all the signals.

eI 2 Wikas & [FEED 2D B 2155 b0 &, 3D B A5 ONIF(ET
5. EbbicLTharta—F—20KEBREZES &V BT, PACT &
FEXID. b FOBKIDEIZEW L, AHFEEGORIFICEN T 2850 T
AT 7=, BEEZHEECHERSNIBENRT 77 % —LRkLON
iz b2 ent, VT NVEALAOBBIGEZEHIZY AT AOWFEERRE I ED
STV 5[24].

B, BRESOmfgLZ2 TREIZ T D 72012, HOERDOEIZHY I 2 700nm 7>
5 1100nm OHEFH ORI —XITITH OB S.

3D EiBESELHEDOLE LTE, 2D ~ N v ARBEWNT 7 7 X —%&flio
7= Planar view[25], Y 7 AROEEWT «+ 7 7 ¥ — % fifi 5 7= Cylindrical-view[26],
R DBEW T 4 T 7 X — % A{#i > 7= Spherical view[27]D 3 H 5.

Zivn 3 5D H B Spherical view DT, Brecht & 13 64 {E OSRE E I 7T ¢
T B =, IR E LT 1064 nm & 755 nm D 2 RO EH, <
A DD TEERD 3D HF B R 21TV TS M4 © 3D Mg % Bufs L 7-[28].



1.2. RBFEAA—DPUITEBOERRAB~NOEAEHK

HARCIXE I IRV ERE DS KIS Y, EE U TEEE 23 25
VEIZELNTWD., LIeh > CHERFEERZMEL VT 0 — & LT,
ZWRRICHIG T A B CEiEmes, BIERmRE, EHEH, 2 AHES)
TN TEDZENEFLIROBN TS, X-CT X° MRI 1%, LTI TE 2
VN 3D OFHEHERRIE NG DAL, MEEZWNZ SR L mWZWiRE L Fo72 0,
BHODNAERHOHRERCTOEHNARETHD. Lo LEFEA A -V T,
BIfED & Z A X-CT X° MRI O L 95 7eizlWr A /37 M&Filz72\\. ZDTeHizl
RRICXIGT DB HZRBRT 72012, KEBA A —T 0 TR O R 2 (KAl
TEETIHILENDY, £-XTOERICH->TE, Xy R A RTHLEHT
XH LWV BT WZWEEE D L ) REE SN ROOND.

HEEA A=V T VAT DOBEWT 14 77— GLBIERIL, eEE
ENHEETH THDLZ EnD, [FEALEBEREZWEERE LR UHBRIZRD. Lo
THERZWIEE ~OMIEIE L LT EEA A —V v TREZMEAARL,
TR dual BRREE S L CHKICEATIONKETHD. TOHED
FHEELDDHEUTOLIITRD.

/NRIT AR & 5

Lt # Iy (N YA R THEHTE D)
BE 2 IETEERE & A TE D
AfRE TAF LT

B~ w N o=

JEEE/ S dual BEERE S LTS, BE RS E IR 2 A 09
LIBRBIZIR D DT, WEEA A=V U TITWIH L& 72 D bl el 2 /N, 224l H.
OIEPRITKE U T OB B A L EE & LW iREE N OHGELR P E 2 & 7o 2 D
b5

1.3. mEXROER

“Photoacoutic’|Z 31T D NHFEA X — 0 T O EIEO BB IZ DWW THT 5.
JhEYERIZRD BN D Z &L, HALVA (B 1usBA ), B=RLXF—Tho 2
EDD, 1960 D L—HF—DFHLIFE, L —F—tEOLHR L. 7
F v a7 N Nd:YAG E{R L ——Tlx, FEARBEED 1064 nm & TR b
2D TEBRDOBEBENE L, FiZiX 10ns & FEIDE SV ANFBETE L2 &0
5, HERONEEEA A= FIIIMAED L DITR Y, %< OFERIZB W
TIZIONRFEMERH SN WD, BIZE, BEAEZLNDBFE L —F—NIFE
L, $£721064 nm Y0 2 ¥k, 3 WEFHFE TH S 532 nm LT 355 nm & OPO & D
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MABRDOET, JKWEHOERDOEEL Z LN TEDD, ZEE -7
BERERFZC 1A oL 7.

2000 FEIZANY, EEHAOHBZZE 2 T-"\ R~V R0 —7 %4 2 7=/ oD
WEFEA RV T VAT K B LR MTON S T, Bk —
Y=k, "V AKOZFAF =T+ FICRENL OO, HEEN KA, HHEH S
EAlC, 2V AR IR LAY 10~20 B/ EIRNE NI REDRH D, 2 b DR
ZILART 2 EO BN -T2, ZOWRRT T, E9EER L —5—ofiH
DIFRA BT,

B K L —H—(F 1962 4EIZ GE « IBM + MIT OH:FEIFFZEICL > T, 1ZUHT
RISV AFRIRD MR S, £ DO%, Fix OB DRI CD DY vy 77T v 7T
RSN T L, FIZIIMIHE~OHHIC L Y A T — bR 5T &
2. ZOXHRIRBLE T, 2006 I Allen B3, HFEA A -V T O JHE
L CTHIHT 905 nm O ER L —HF—ZHEH L, 65ns 7NV AT 24 1] DT R/LF
—&RAESE, AEAXY T, A7V Yy NRhO@aFEEWMIELET 2 —
TEBH L. T RX =235 20T 5,000 [B] O THL7Z[29].

v A7 B A —~OmHIZE L TiE, 2014 412 Wang 523 130 W E— 2 X
7 —@ 905 nm O F-EIRK L —HF—ZfFH L, 124 ns 7L AN T ex-vivo D~ 7 AD
EZmgb L. 2oL X3 128 B RTTH7-[30].

SRR AE D 7= DIITE IR — AR DN R~ v K7 e — T LR ETH
%575, 2014 4F Daoudi 513 805 nm DK L —H —%& 7 10— 7T —{RICHZRIA
FOANTE N RV R e —7 2 8UEL, 130 ns 2V AT 0.56 mJ O R/LF
— %/ T, BA VI &M LT 2a—T T 7 FAICKILT, A7
v KT 15 mm OIEZEE #157-[31]. 72k, AL CTIE, Figl-6 ([ Xk
912 9 — w1 v N T"Low-cost portable multi wavelength combined PA and US
(ultrasound) system. " ~OFEITE B & L72"FULLPHASE” &\ 9 22>/ —
T APELNY TS A LEBRIENERINTEY, BICEKRIEEN TS
NTWD. ZEE~OREDEZLNTED, — OO EK L —HF —5 805 nm
25 980 nm DD 4 EDOHEFAEIE DL ONREE STV 5H[32].
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LASER WP3

Multi-Wavelength

Diode Laser

Fig.1-6 "FULLPHASE" Project: Multi-wavelength diode lasers inside the probe.
Quate from https://fullphase-fp7.eu/

—05, BhENITAERERT CIEBELT A 2 b, HRE L TEL—F—D
KXoae—L v —%2208LE LW LED EHROBRHANE 2 HND.

LED (Z2W T, 1962 4EIZ, =v 7 - Au =7 v 72X BHI N TLUK,
BEON)Z— g VEECL, NU—% BT80S Tz, 1993 4
(ZHEALFAZ I E TO LED O ) 2 KIEIZ 1A% GaN /InGaN = 7 (4
LED OBRZIZEI L, R THD THA LED Z ik L7z, FIZ 1996 Fi2 2
DOFH LED & ¥ YAG:Ce #EARIZ X 5 FI LED 3BT S 4L, K dh/ SR /L D
v 7 T4 MRESCHIASIEICHE DG -, i & 5)3F 2 LED Offi &N
FRREEAIIZEE 2 CRARBIHEOHRENIERIZ /R, FITENADL LI R E TOHRE
T B AMED 54U LED O/ — IRk < i L L7-.

ZOE DRI T, 2011 442 Hansen 51X, 1A T250 mW /7D LED %
VY 60 ns DL ABET 40 A OEJZTH LT, XE L2 X TKY 3em OEEE
YIF U TOREGBETF 2 L. BHICE L 200 Hz BEE) T 250 BT T
50,000 [E] D203 T 01 72[33]. 2016 412 Allen © 7% 623 nm @ LED % fifivy 200
ns O/NVAMET 9u) O R VX —%FB L, MiREmZLIZTFa—7% 12 b
Ty RBETHEE S mm 225 15 mm O\ E THEEESZmH LA A—
Z4537=. 500 Hz BFET 10 B2 T T 5,000 [BIO L EIT> TnD . Fi2, ik
kD72 121%, 460 nm, 530 nm, 590 nm, 620 nm @ 4 FE¥ED LED 2 L
TUWA[34]. 2017 4E1Z Dai 1%, 405 nm @ LED Z{#\>, 200 ns OV AR T,
40 kHz O ViR L CT12 W O N EFEBL, invivo T =T AT —T %~ 7=
AFX oy =2 728D 3mmx3 mm OfEEkE 8.5 53T T~ U AHO N HEm G A&
BTCWD. £FT— X BT 2,000 [BOFEEIEEFT - TV H[35].
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https://fullphase-fp7.eu/index.php?id=1123

PLED XSz, HEEA A —T T ORhERRIE, /NGRS O SR — K5
DN RV R a—T ORAEZREOBEL LTHERED N TE .
BRL—HF—TIX, V7 NAZA LAEBIERER SN, L—F—%2FH LT
WAHDT, BHEKEANEL TS, —J7, LED XL, Ot Tae—1L v
— N7 EHRRAESLE L LRV, T —ER L —F—izxf L TEHE LL
IMEL, EBEASICFRERISNECTh - 7.

1.4. XHARDEM

KX T, ETEFRIG~OEANE:TH L8 - AOMEEZRHZT720
D, HEEBA A=V THMNERE L, RIZENDL O ZFEIET 5729012,
ZDEG OB REPE L SNR 23l L C, BiZk N Tin-vivo U 7 /L2 A LFEHEH
Bt %175

WBEEA A —D o FHEBOBFICHOWTIE, LED Fv 7427 L—{k L TaEs
J—@ LED 7 L—HIREZHRE L, Tz AW EEE S dual A A—
TUAT LEFRETH. FRICEER L — =0 SNR ZEBLT 572912, 561
T HEREFOMEREND, NEETHHEBELZHONILT, [E5HiIER
BCENEEHTS.

WAZFmIC W T, — RIS S 2 T 25Tl C £ S 5 55 & [FAED,
JEREHURZE & SNR &9 2 ORI CTEMT 5. HEFBA A -V T VAT A
DFEEBISEIZONTIE, REWREEBI L7 7 FAZHWT, BEE T2
—TDEI AT 2= —HEFTHRESINDESFZHTT22 LT, ROM
Frip BB A 25 9%, SNR 122\ T, 4olfiik s v FDFEDmE % H
W, BB RIS B2 E 2 E 50D SNR B & HEIR 28 &

KB, ZIEZMEH LTz invivo U 7 V2 A SMEREMIBAL 2175 Z L1k v,
BRFE S AT Hiffr & B3 5 2RERE 2 fERE8 L C, LED e EA A —V U 7
& SERET 5.

1.5. KX DAL

2 ETIE, ERBIG~OE A A 2729 LED HHFLEEA A - 7y
AT ADRFEIZOWTIRAR D, A #7239 L TEZ /e LED 7 L — KR4 B
L, TOMREZFMET 5. HICEE L —F =0 SNR 2 FEBT 572012, HE
& F DHENREE &SV RMRO EBIEE A B H ST 5. LT Ih S B2 250
L CBA%E L7- LED HIFHEEA A —2 0 72 2T K ORI OBIEIZ SOV Tk
~ND.

53 E T, EEBUCERMEA T T D, BSOS A o OLE B O
TR A SCIRIC LT, B 7 0 — 7S TR O e B R H & TRl L7 B
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T, WEXEO SNV RAREEEIET, VR, BERE e —7, LELRTZ
HEBF 5D 3 OO W EISE DN 21TV, ROJEEEBISE REE I 5 MZ
T 5.

4TI, SNR OFHIC LY, VT Z A AEEICLEEZ: SNR E & HEhE
EEHL/NIT D, K7 7 babte SORME & OBEBIZBWT, HEiE
EREZ T, VT NEA LB LA EBT 2 DI E 7 SNR & HEIEE 23 5 /)
29 5%.

FSETIE, & bDinvivo V 7 VH A AEREBIBIL 2 RZH LT, HEEA A
— VT EMAFEIET S, 820nm & 940nm O LED F v A —{KIZ Lz B
X —3 a2 LED 7 L—HEEZHWT, IREDEL S ICG AR & & Mk & o
WEEE SRS E ENOOMELZR L, ZNEEZEICLTe DU
VONE MR E XL TY T IVZ A LEBET 5.

%6 ETI, KRHIZENOELNIRG@mIC OV TS,
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2. LED KRABEAA—S I RT LD

2.1. LED 7 L—%iEH K UEBEBRDEFR

LED v 7O 731X, 100 ns 2LV ZMEEEZFHE L T Fig.2-1 (2R 37744
MiED LED (1mm AF v ) TiX, #EEEHZIT TE— 278U —(30.35W
ThO,FEERL—F—D 108 LT TEHELI/INZINWEDTH 7. 22 TIDLED
DRT F v T TELETEBEICLRT, RU—T v 7 &I BEE T
— 7 OWANZE D 1 6D X5 IZ/N{E L7z LED 7 L—Jtlii &2 B L 7-.

& 2
0(0 Q.

Fig. 2-1 LED chip 1.0 mmx1.0 mm square. Peak power is 400 mW at 1 A current.

7T L— b D HFRIL, MEBGROBWT LI RIS, Ty E 48], KA 36
{AESCTHF 144=36xHENRT, F50mm (FEE) x7mm () O7 L—k
e L, 7 U— & D —%, Fig2-2 [IxRT.

0.40mm

\I:I‘I.Omm

chip

Fig. 2-2 Partial view of LED array. Implementation of LED chips on Aluminum base.

1.4 mm pitch and 1.75 mm seperation.

B mES -0 O D ZHMEE 572912, 1 mmx] mm @ LED F v 7%,
T THRRAR—AEH/NRICLT, F14mm By FCRE L TEEERT L
—HPFEET L=, F v TRBROBE E, Ty 7 OWRRLDMNT 553, Z
DM O B fe/MRIZ LT, Fig2-2 12733 X 95124 %|D LED 27 L—iRIZHE 7
mm OIZELE L7z, i, SEHHEEHS OB FnitE BIbT 5720177 2F
v 78D — 2D TND . 77— ANEROME % Fig.2-3 [T~
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Fig. 2-3 Internal structure of an LED array light source. Consisting of LED chips on

Aluminum base, heat sink, and case.

TR ORI DT 7L RHANE, BBV — R &I LT — AN D ik
BT 4 NCAE R L CHARZEH SN S, LED O/ L ZBRENRIEE 5 ORR D5
XIABIT 2 EREIC L CmelikeE Lz, =707 7 7V FRRKRK
4032mm CTHHDIZX LT, BEEINKS0mm 72D T, Zx b —L7=Ek
T ue—7 DY A RiZoFohdEkE > TS,
BT L SN LED F v I, 4 7FNENT36 DT v
DNERHIIE p@uoﬁﬁh,;ﬂuﬂwxﬁ@ﬁﬁr%ﬁié*kﬁ‘EDV
IV ZNRDOKEFZT LT, EREO/ VAN 25 TWAS, LED 132 EE T
1%, Fig2-4 [T X OICHA A — N EEBUESEG S VMBI L 70 5.
BE OBEEFE (BREIE<2 A)TIiE, ¥ A 4 — FRpES FICE N 2 Bi/EHE
Lo TWD., oL, 1058 EOKRER (FI20A) 12705 &, Fig2-51238
WG, B OBMEEIO a)ONE TIZES, b)OMNETOEEL 72D, Tk
ﬁ@% Téﬁ U ST DFFPEDS EITR N D EMEEIRIC 2 5. 2 OFLASY
X o CTERENVEEICRHST 2 ET 2 EBER T AET 270D, FE8REEG O
57/(7\]“‘— REFEDIZH D ERC, XA 4 — NEEA OIRERMENEMEEIRIC S 2 5
WS, B IS, ZORMEICER LT, O LED I v 7 & BN EE L
T, WEESNNVAZNTTERZ, X620V VNV AREREIT Z &N
T&ET.
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Diode ¥A’

Internal R %

Fig. 2-4 Equivalent circuit of an LED, consisting of diode and internal resistor (R).

A Forward current vs Forward voltage
100
b)
10
1
0 2 10 12
0.1

Fig. 2-5 Forward current (Ampere) vs Forward voltage (Volt) of an LED.
a) is mainly diode operating point and b) is mainly resistant operating point.

EIEDA A 71, Fig2-6 ICBEEX 2777 & 5 1T A U 4KHT MOSFET 12 & -
TITH. ZOFEE, 7L ZAHT-0 K 2kW O S 51571~
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36 series

T

TR D

MOSFET

Fig. 2-6 Circuit design of ON-OFF for LEDs. High voltage(300~400V) is apllied to 36
series of LED chips. High speed ON-OFF is done by MOSFET.

HIZLED 7 L—¢IRIE, 7V 2 BRI LED F v 7 &2 W72 Bl TV b
D, WREORRLZTF v T7E#EETH LI - T, ZHEEME~DOXILE
AREE L7e. Bz, 450955, B1FEEIFNEKEL, FH25E8 4 5%
BR2OF vy 7E2ZNENFEEL, FHE1 LR 2 Z2RBICRNEIETLEE
Bl 52 LIk 0, BEEAAFE oM (FE 1=850 nm, &£ 2=750 nm)
2, ICG 72 E DA & ~F 7 v o o] (R 1=820 nm, % 2=940 nm)
REDYTNEA LSRRI 2 REE LTz,

2.2. LED 7 L—XRD1ERE

LED 7 L —JtIE, PATFICEBRAFHMEMERRIC L Y, ERHONFEA A —
VT UAT AOERIC iz LTS (1.

1) A RDE—7 T —

WK 72 OPO+[E AR L — — (f5l 21X INDI-40-20-HG, VersaScan/120/MB:
Spectra-Physics, USA) CTlE, 7L AME 3.5 ns IZBWTE—27 /"U—860kW TH 5
DIZXF LT, LED 7 L—3JRTIE, 7 —70IETH 5 38mm DA ZNFERKIZE
WT2L AR T0ns DT 215 kW OB — 27 RXT — % 457-.

2) NNV RIE EBERDOREEM
FE L —F—I2BWTIL, 7L AEIZ 10ns LTRSS SN - BEA2EDL, 7]
BIHZEITHLW. £, BETIHHANNVAZ L ITHENEETD &0 FF
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BaFE-> TS, X LT, LED 7 L—XE T, HIEDORKER, /L AlE
% 30 ns~150 ns OME TEXE AJHE T, Fig.2-7 (I~ 9{KFEM7230ns, 70ns, 110 ns
DH SNV A BIZETLEOETH Y, FLERMOKEBEEN R LZETH
HZEMbhhol.

Light waveform (30ns) Light waveform(70ns) Light waveform(110ns)
0.5 6 7
6
E 04 £S5 H
2 2
c 03 Fal 4
g g s
- =
§ 0.2 E 2 _E N
< 01 <, <,
0 0 0
S50 0 51 ]100 150 200 250 300 50 0 50 100 150 200 250 300 50 0 50[ 1?0 150 200 250 300
ns ns ns

Fig. 2-7 Waveform of LED light power output at 30 ns, 70 ns and 110 ns.

3) XHHDOREE

S ST DEEREL, ZEEOMEIEIC L > TELN-EGEEOEE LTS £
WEAFTEA A -V T TEMOTEETHS. —HICEERL—F—T1E,
IWANEG D=0, HEROTZ V72 E ST TE Y, MEOFBMEILES,
10 %FEE D RU — L824 T 5. FIZ OPO 25 % TlE, WELAH 1k A
BIR L7=A8 S b0, BNy — A TIEEEHN 30 %lbed. ZH0/RT—
EENIIZ T, Hr VAT EEND B OEE R H Y, BRHROE R
FRMEIZ X0 NT —Z8E 0 b RBEFICEBNEZS. 20X H Iy —
FENRREL, HOoZDBEEHK D b EHT 5720, FEMEEZLTHING
DOEEZ SERICMHIE BrE) 7562 LFEE L.

LED 7 L —¥JF % 1 kHz O 0 I LT 70 ns 7NV A6 2 difgi I R A S - &
XN — 7 HIIOENE Fig2-8 I, BE—ZHEDOZE#EIE, 05~10 4T,
S5 NRRETH LD, LKL, 300 FET-12 %ELELTWD. £, 1047
WD HLOEED 1 0HOEEHNT 03 %L T TH Y, EmWELEMNZ D gHA
BPED BIRENTEA A=V T TE DMRETH 5.
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Optical power stability

10 15 20 25 30
Time[min]

Fig. 2-8 Optical power stability of LED array light source. Pulse duration is 70 ns and
pulse repetition rate is 1 kHz.

4) HRORHE AR

BERL—HF—TlE, 7993 a2F7 0 TOHEMNZEDT- DDA o Z—\)L %
WD, —f%IZ 1000 FEFFREEN 7 o 7 AZHizm & STV 5.

LED 7 L —RJFIZHOWT, 1 kHz OV 2D IR USRS, Fv FIREN
100 ‘CZE#BZ 5 4 kHz DV K LEMT 1000 B O F ekl 217 > 725 %
Fig.2-9 |Z7~9. LED JEJRTIE, 1000 FFf] TITIE & A E/XT —DREED 721N, 1000
IRefEl O FFaniE, 1 B 30 /DM, FRIBME 250 A 28 E Lz & X1, 8 FITHH
HL, —MROEFREIFROMEEERFMTHD 6 FLY HEV.

120%
100%
80%
60%
40%
20%
0%

Optical power output

Life time test

e ——— e — e e e

~8-1kHz —-—4kHz

240h

360h  720h 1000h
Runnning time

Fig.2-9 Life time test of LED array light source in pulse repetition rate of 1 kHz

and 4 kHz.
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5) BHNDHX~DOEEHBHE

R L —H— T, — %2 1000 W LL_ LW EES T, EHENITH1IWTH Y,
ﬂ@,;@M%kﬁé.

LED 7 L—JR TlE, KD/ /L ZFEMEDS 100 ns ORI, 1 75V 2AH72D O
FeH L, SR TOREDORER, 1 F v 7H720 14W T, 36 EHFIx4 5l|=144
F o TDR—=HFILTIE, $I2 kW E72o7=. HAEINN ’ﬁ@émzwﬁxm‘:
DEANES & 2EHT) 5, LEDI F v 7H7= b OFtHE

1) A © 400 Vx20 Ax100 ns/36=22.2 uW
2) HHIT 14 Wx100 ns=1.4 pyW

BB ENDNRIL, 1.4/222=625 %L pot=. EEL—F—DRhR
0.1 %FEE & Eifid 5 & LED 7 L—NIEDO D, BAfEhRNE .

—J7, 93.75 %(=100 %-6.25 %)NEUE D DD, WET « > OIREN EF-
T 5. 687 LOSMETIZ 1 kHz D70 20 IR LEETIE, 15 COME F5,
4 kHz TliE, 50 CORE EFENBR SN, b MIEfT 2 Of IRIEE X
41 CThHDOT, HRBESG TCOFAIZEEL TIX, 4 kHz UL EOEHBREE T3,
BREIZEN E 213K E LT, 41 CUTIZTAHENDS.

3. AEEESORLEIREE

BA%E L7= LED 7 L —¢J§ & VT Fig.2-10 O ¥R 9835 % {4 220~
0 RYATUAT ARV ERIZ I MERME BRI 2B 50T 5.

Prototype system

ADC Photoacoustic Image
20MHz

Ultrasound Probe X 64ch direction
LSB:250uV

Center Freq. 5MHz

Metal needle}

Depth
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i
|
I
]
|
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! Gach Signal Amplifier 12bits 1V —
|
1
1
|
|
|
|

Digital
oscilloscope

LSB: 40pV
External Amplifier

Fig.2-10 Prototype system block diagram (upper) and external amplifier. (lower).
Signal amplifier gain is 100. External amplifier gain is 200 and connected to
Ch32 of signal amplifier output to clarify the gain needed for photoacoustic

signal generated by LED array light source excitation
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A 100X

IV

50uV/d

500ns/div 500ns/div

Fig.2-11 Waveform of photoacousitc signal at amplifier gain of 100 (A in Fig.2-10) and
20,000 (B in Fig.2-10). The amplifier gain of 20,000 must be needed.
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THIENRMATHAS. 22T, #7720 M2 ENLOREFEEFITH LT,
Fig.2-12 {279 X 512, 100 dB DR &, 52 dB OHIREELD 2 DDREMET,
P E 64 [0 6 768 [BIE TEX T, HEEEHD SNR ZiHMiL7=. D
FEE, 100dB © & x121E, FEHEE DL — T A XHMER S FL SNR 30
THZEERM L. —J 52dB Ci, SNR HER 100dB KfL D40, HOW
LR DV — b TIEEME T, EEHRIC L D /A PR D e 2 &R
oMz s 7 [2].

SNR vs Averaging Count

100

/SNR at 100dB

+— | SNR at 52dB

SNR

1

10 100 ) 1000 10000
Averaging Count

Fig.2-12 SNR vs Averaging Count at total gain of 100 dB and 52 dB. At 100 dB, SNR is
the same as a blue dotted line that is fitted to root mean square of Averaging
Count. At 52 dB, SNR is less than at 100 dB and is not the same as another
red dotted line.

2.5. BE@&RL—Y—RRIZETIABTEESRHEOX

WEHEA A= ZICHO BN T a—7 OO EREEIL, % MHz Th 5.
WEBEA A=V 72BN TE LAV R DB D EEEE Z I3t v
AMEERRLTRY, ZOREEENKTIEL, 0Hz O /(LA £TL
%, —F, =7 TRIETE2HEEIZIRONTEY, ZhIZE VKRR
MWAELSD., 22T, EIRL—P—HJHE LED HIRIZBWT, MHn R % LiggT
L7z, BR7 7> b ANICHEINZEBRHO AT DA EBESOMRE L,
HIENFET HE—7 "U—L ORFE T, Me X% e L 72/ R %
Fig.2-13 |Z/R" 7.
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Photoacoustic

Light pulse ! : :
signal intensity
860kW 1000mVp-p -
- Pulse width ”\ |
Solid 2
state o - — AL 200mV/div
Laser R l! k [[ /
TN
1
L l
125ns/div
25mVp-p -
Pulse width |
LED | 0.54kW \ _
PR ~ 100ns TR 5mV/div
U
125ns/div

Fig.2-13 Light pulse and obtained photoacoustic signal intensity by metal needle in an

arger phantom. In Solid State Laser, peak power is 860 kW, pulse width is 3.5
ns, and obtained signal intensity is 1000 mV. While in LED, peak power is 0.54
kW, pulse width is 100 ns, and obtained signal intensity is 25 mV. The ratio of
peak power of Solid State Laser to LED is 1600, but the ratio of obtained
photoacousitc signal of Solid State Laser to LED is 40.

ZOXIZH D X O, FIEL—F—D v — 273U — %, LED 2T, £ 1,600
(860/0.54)f5 T 5. L ULIEEZIREIT 1,600 5 & 72 53, LRI IXEA L —
#—:1000 mVp-p & LED:25 mVp-p T, FHEELLIZ 405 & 720, LED I LT
B L — P — DR RN 140 L2 Do AT T D 2 &b 72[3].
LI TrADFRZ, LTO LD IHEE L.

R L2 EE I 7 v — 7 OB EISEREIL, Fig2-14 O L5172 ->THY,
%10 MHz LA ED P E 3 131F & A ERRIHTE 220, Fig2-15@)Iorm 7 L 9 1Z,
LED O34 5 N EBUE 5 D AT E AL 10 MHz L FTH D & T4

Sho.

—J7, Fig2-15(b)ZrT L 91, ERL—F—2nRBAET 5N EEEZO

JEW SR 1E, £9300 MHz £ CTH D & FPAEZILSA, 10 MHz 225 300 MHz @
BB E B ICHEGET, Mille 22> TLEH. ZOFE, EikL—5
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—IZ LED IZx%f L TN KIFIZE B 5D, —J7 LED O/VV AR, Ta—7 0
BEONEREICH L TRV RER LD E > TNDHEEZD.

Ultrasound Probe Gain
Frequency

Response(%)
100 +

80 4
60 4
a0 4
20 4

0+

Fig.2-14 Frequency response of Ultrasound probe. Center frequency is 5 MHz.

LED Solid State Laser
! Efficiency Ratio !
' 1 : 1/40 |
e e e e = ]---------- I
3 3
@ m more than 10MHz
Z z useless
1)) 0
S o
Q =
£ E Freq.
Frequency Frequency

Fig.2-15 Estimated frequency components of photoacoustic signal (red line) in LED(a)
and Solid State Laser(b) exitation. More than 10 MHz component (blue
oblique line area) of photoacoustic signal in Solid State Laser is useless for
Ultrasound probe detection. Then the efficiency ration of Solid State Laser to

LED became 1/40.
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LED WFENHEEA A — 0 V27 A TlE, LLTFO 3 0O HHEIFIc LY
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1) BEBENA %Y —LED 7 U —3R Kk K EFEEE)
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3) NMBEEF OB L D /) A KR
Thbd. ZNHDOFEIZOWT, Fig2-16,17,18 # W CHHAT 5.

1) EBEENA 73U —LED 7 L —3R Kk K EFREREE)

LED 7 L —JROEFTHFRIL, 7r—71E0 38 mm (Zxf L Tl DY/ 3T —
P E SRV E DI 50 mm DIEE 72> TWD. HFRESE RIZED ST — & Fo
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D7 L—IC IV =7 " U =% 110f5I2T& 5. £L T, 21HTHBALEZR
BIEZMT N7 A TEIEIZE O RN —%28) 14 55T 52 LT L. HIZ,
2 &% THEIE(Double Stack)® LED OHHIZ LY, 45D/ U —m L& K- 7-.

Z DFER Fig2-16 IZ- T X 912, YHIEIR L —HF—D " — 27 /3T —73 860W T
LED v 7/ 035W &, DO — 27 /8T —[1)82,285,000:1 THH7=0, ZiLh
ETORIZED, LED OE—7 3T —[F, 6160(=110X14X4)f% T, 2.15kW & 72
D, B—Z7 80—k 400:1 & RIEIZHEAD Lz,

860kw 860kW
2,285,000 400
LED Peak Power
5 0.35W to 2.15kW 5
g » » g
o (DLED Array 110x a
E :/& 2 2 @)High Current Drive 14x E :/& 2
o 0.35W Double Stack LED 4x a 2 15kW
1 1
— —l
Solid LED Solid LED
State State
Laser Laser

Fig.2-16 Peak power of Solid Sate Laser is 860 kW and that of LED is 0.35 W. Peak
power of LED was increased by (DLED array, @High current drive, and @
Double stack LED to 2.15 kW. The contributions of increaseing power are
110x, 14x, and 4x respectively.
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ERAICEH SN D 7' e —7 OREEISEFEIL, £ OFLEEE D MHz
210l EE L —H—d 3.5ns &V IRV L ABEO IR LTI, 250 T
AL Lo e 224 U, 2% 03 LED (2% L CHXFIIZ 1/40 1272 % . LED
T, 70— 7 OFEEHISEREICAE DT, KV REEBIR T 572912,
Fig.2-17 lIZR" T X 9128 — 27 XU —3 400:1 TH o772 H 00N, BHEE B DI,
10:1 L7225

860kW
400
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Detection loss of Solid State .
5 Laser by using ultrasound - 10
2 » probe makes conversion » g
K efficiency of peak power to §
= ﬁ 2 ) signal ntensity by 1/40 time 1=
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Fig.2-17 Detection loss of Solid State Laser makes conversion efficiency of peak power
to signal intensity by 1/40 times. Signal intensity ratio of Solid State Laser to
LED becomes 10:1.

3) NXEEEFOEEEFEEMIZ L D /4 XK
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PlE)yT25Z M TE5. 24HIZR LT L 512, 100dB OFEHENE DS TIX, /
A KX BRI DOV — N THOTZ ENTE, 100 BOFHETHE )4 X%
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X 10:1 TH - 7228, 100 [ OFEEMIZ LD LED @ J A X3 11012725 Z & h
5, 545 SNR fEIE, BERL —H—D 1012% LT, LED T% 10 £ 720, LED
TEA L —H— & A% D SNR & EHL L 7-.
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Fig.2-18 Noise of LED was decreased by averaging 100 times to 1/10. Then SNRs(a.u.)
of Solid State Laser and LED are the same.

2.7. LED ABRAETEA A=V T VAT LOEKIER L B1E

LED 7 L —JtJE & 20,000 £ % 8 % 5 IR 2 8L U 7o B IR/ FEER RAFZE H o A
7 L& LT, Fig2-19 1IZ77 7 LED U EEA XA — 0 7 v 27 I (Acoustic X)
ZBHA LT,

Fig. 2-19 LED-based photoacoustic imaging system (Acoutic X). Consisting of two

LED arrays, ultrasound probe, data aquisition housing and PC.
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Fig.2-20 Entire configuration of photoacoustic imaging system. Photoacoustic wave is
detected by a probe(A), amplified by two amplifiers(C,D), and analog to digital
converted by ADC(D). Digitized data is converted to RF data image and
averaged during 16ms by FPGAS(E,F) . PC averages and reconstructs the image,
and the reconstructed image is processed and displayed. Pulse signal from
FPGAO(F) is fed to MOSFETs(J) that drive LED arrays(K). About ultrasound,
TX is generated by switching =30 V(L), after each photoacoustic detection.
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3.1. RBARBEERFEFEOEER
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7+ &ML TS 100 MHz BL EOREEE O IRAgME 2 845 Z L L <,
EREMBEHE 252N D, ZOLIRERICR-TmEEZD.

LED JtFOEEEA A= 0 7 TlX, 7V A DME % 30 ns~110 ns OFIFHIZT
HZET, ZOXDRMENDRL, X0 BRI BUSERE O RN 23 A EE
W22 5.

3.2 REBREZEALELFMAZELATR

FBRR R ORERC A Fig3-1 I~ 3. Bi%E L7z LED L EEA A —V v 7Y
AT LTl L=, RFEESORHEO-O OB ABEE 7 o —7 L0 E
He%5 9.5 MHz, Ak 80 %, B> 03mm, 128ch Db D&M L7=.

) ‘ 12.8 ch 97dB signal 128ch| ADC Frame
R w— amplifier —» 14 bits .| Averaging
Ultrasound Sampling 64 to 2560
b 40M
Water prooe 7Y
{ Pulse Voltage T USB3.0
——| LED Driver [, Timing P Controller
controller |+ pC
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=

Fig.3-1 Experimental setup. Mechanical pencil lead is set in water perpendicular to

Photoacoustic
signal

base of water tank. Processing of detected photoacoustic signal and method for

driving LED arrays are described in section 2.7..
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Ultrasound probe
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et

W
Sidelobe
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angle
8° ~30°
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Pencil lead
(b)

Fig.3-2 (a) Carbon needle: the diameter is 0.3mm. (b) Tip of the needle is regarded as
a point sound source. Elevation angle from transducer is very small (0.86
degree) compared to half sensitivity angle (8 to 30 degrees).

RO EME LTIE, 7a—700 R XIS H»OOEFHRIE 72
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S5 ETiX, METHD.
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37



W7 — % O—fi| Z 759", Fig.3-3()DEAETDT A 707 7 A V&R
wé;kf,ﬁyewmiaumaﬁ K5 HEEYE SIS E W S T &
5.

1024
Example of signal waveform
= - oo ﬂ
S e A
Q .
& =
- (b)

Fig.3-3 (a) Digitized RF image data. (b) Waveform from lead at yellow line in (a).
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L 2 L 4 O

Fig.3-4 Circuit for detecting the light waveforms.

—77, NIV ABIE R OOV ZEICEE LTI, LED ([Zift B e 4 47 &
9% MOSFET ~®D A J)7 )V A% 30 ns, 50 ns, 70 ns, 110 ns ® 4 DD L
L, Fig.3-4 OEIEKIRT KL DT, | GHz OMERTE R % > PIN 7 + M & A 4
— R S5973-01 (Hamamatsu Photonics; Shizuoka, Japan)iZ 9 V D SA 7 X % />
7, 51 Q OREEIEILZE > THEL, 7Y ¥4 r 2 a—7 MDO3054
(Tektronixs; OR, USA)CTT % A XL, FEULL T/ A X&EPS L TH/ILR
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3.3. RN RERLBOIAE-ATEES
Fig.3-5(a)(b)(c)(d)IZ IV 2 {E 5 AT (&) 3EZE4 30ns, 50ns, 70 ns, 110 ns
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Fig.3-5 Light pulse waveforms (a) at £,=30 ns, (b) at ,=50 ns, (c) at £,=70 ns, and (d) at

=110 ns.

tp 73 70ns AR DRIIZBNTHSVARIBIZT 4 v TBRRENDD, ZHELR
TA 7RI OME OINEREIC L D DT, WELEOMBIZ/ZRD Z &7,
ENENDOREITK LT, FER SN IV ZDOEN (1) 1%, Table3-1 O X
91227.1ns, 42.6ns, 68.1ns, 117ns & 72-7-. LD T/ AME % X5
THLEEE, b DETRTZEICT D, BIRLE 4 DOKEEL, ¢ DN
42.6/27.1=1.57, 68.1/42.6=1.60, 117/68.1=1.72 CAfREZELLTH Y, FHMiKHEL L
THYTHS.

Table3-1 Pulse duration of signal input to LED driver circuit (%), full width half
maximum of LED light pulse (#) and time interval of generating
photoacoustic signal(#ph).

ty t, ton
30ns 27.1ns 32bns
50ns 42.6ns 350ns
70ns 68.1ns 350ns
110ns 117ns 520ns
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Fig.3-6 Photoacoustic signal waveforms (a) at #,=30 ns, (b) at £,=50 ns, (c) at #,=70 ns,
and (d) at £,=110 ns.
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Fig.3-7 Frequency responses of excitation light (a) at £,=30 ns, (b) at #,=50 ns, (c) at
=70 ns, and (d) at ,=110 ns.
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Ultrasound Probe Gain
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Fig.3-8 Frequency response of the ultrasound linear array probe.
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Fig.3-9 Frequency responses of photoacousic signals (a) at ,=30ns, (b) at #=50ns,
(c) at t,=70ns, and (d) at £,=110ns.
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Fig.3-10 Effect of pulse width on photoacoustic signal frequency response

characteristics. Columnl1=30 ns pulse width, Column 2=50 ns pulse width,

Column3=70 ns pulse width, and Column 4=110 ns pulse width. Row(a) is

frequency response of light pulse. Raw(b) is frequency response of ultrasound

probe. Raw(c) is multification of (a) and (b). Raw(d) is frequency response of

photoacoustic signal. Raw(d) is similar to Raw(c).
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4.1. SNRICEEETHER
SNR &1, [55(0)E, /A AN)DERT. HFEEA A= 72BN T
SNR (BT L HKAZ F LD & Figd-1 &b,

1) Light ‘ 2) Light 3) Light ‘ 4) Lightto 5) Sound 6) Detector
intensity distribution absorption sound » absorption sensitivity
of object conversion in tissue
(a) Signal Flow B Light #» sound
1) Light 2)Detector 3) External 4) Amplifier 5) ADC
power thermal noise noise quantization
fluctuation noise noise

(b) Noise Sources

Fig.4-1 (a) Signal flow and relevant factors. (b) Noise sources.
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Transducer 128ch | 40~100dB [128ch| ADC Frame

g t:lzdﬁ':h o —5—»  Signal |—» 14bits Averaging
epth direction, amplifier Sampling .
Ultrasound 384 times
. probe 40Mm
Intralipos r'y
0.7% LPulsthJltage I UsB3.0

|

LED Driver |, Timing " Controller
controller pC

4kHz

Fig.4-2 Experimental setup. Bovine blood inside micro test tube is set in Intralipos

Photoacoustic
Wave

0.7 % and 21 mm deep from probe transducers. Signals from probe are
amplified from 40dB to 100 dB in 10 dB step. Processing of detected
photoacoustic signal and method for driving LED arrays are described in
section 2.7..

Fig.4-3 (a) LED arrays and ultrasound probe.
(b) Setting example of the probe with LED arrays to human fingers as an object.
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128ch D N7 VAT a—Hh—2FOBEK 71— 7 Thill SIVEXE 5 I EH#]
ST, HEIE#R T 40~100 dB H#HiE 4 5. 128 ch DIF 5 %[RRI FIIZ HE iR 3

48



572 D% ch #ilgEgs (Z Z Tl 8ch) IC I, AFARER B D & LTI KR
JEA 50 ABFRETH D Z L5, 100 dB OEIEE 2 4 57212 2 By (Al
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Probe
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(49 © @

Fig.4-4 Circuit of ampllifiers and model for SNR simulation. Photoacoustic signal from

peobe is added N noise, amplified 4 times, added N> noise, amplified A4
times, added N3 noise and then AD converted.
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38.4mm (128ch direction)

0mm

Noise Evaluated
Area

depth

Photoacoutic
Signal

‘ (a) 38.4 mm

Fig.4-5 Bovine blood and detected signals. (a) Bovine blood in micro test tube and
scan direction (red solid line). (b) Photoacoustic signal and noise evaluated

area. Signal is 21mm under the probe transducers.
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Table 4-1 Signal, Noise and calculated SNR of bovine blood in total gain of
from 40 dB to 100 dB. SNR increases to 9.78 in response to total gain.

Total Gain(dB) | Signal (digit) Noise(digit) SNR
40 1.06 3.00 0.35
50 3.54 4.14 0.85
60 15.30 7.04 2.17
70 54.50 13.60 4.01
80 189.16 29.10 6.50
90 631.19 67.64 9.33
100 1622.70 165.91 9.78

Table4-1 £V, BEWEEE 40 dB T SNR=0.35 TH YV, ZDdH & THEIIEEL 10 dB
TO DD T &I SNRITHEIN L TITX, B 90 dB Ti% SNR=9.33 [Z# L,
HIEE 100 dB Tl SNR=9.78 & fafn4 DA H 5. Figd-7(a)~ (IR ST
W5 TS OFRFRICEBWTIE, HEEE 40 dB TiX, Figd-7()IlRd X H1Z, 4]

SNR SNR vs Toatal Gain

12.00
10.00 —_
8.00 /
6.00 /

4.00 /

/
_

0.00 \ \ )
0 50 100 150
Total Gain(dB)
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Fig.4-6 SNR vs Total Gain in using bovine blood.
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(a)40dB  (b)50dB  (c) 60dB  (d) 70dB (e) 80dB  (f) 90dB (g) 100dB

Fig.4-7 Photoacoustic signal image of bovine blood in total gain of 40 dB, 50 dB, 60 dB,
70 dB, 80 dB, 90 dB, and100 dB.
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KL EZONEEME L TWDDY, FTF2~-3mm FIZIZERH Y, A o v—
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WZIWZT7T—F 777 RELEEN TS, 2O OOEBEORHI 2L & BE
£RIX, Fig4d-8(b)DT — & ZREAIZEWL L 7- 1T, Fig4-8(c)L HEiabH Z & T,
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Noise Evaluated
Blood Vessel Area

Mainly Veins Skin of Finger

Signal Evaluated
Line

Fig.4-8 Human finger and detected signals : (a) Human fingers and scan direction (red
solid line). (b) Photoacoustic image data of human finger (grayscale). (c)
Ultrasound image data of human finger (grayscale). (d) Photoacoustic (red) and
ultrasound (grayscale) image data of human finger. (e) Photoacoustic signal
evaluated line (yellow) and noise evaluated area (red).
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% Fig.4-11(a)~ ()T~ 7.
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Table4-2 Signal, Noise and calculated SNR of human finger blood in total gain of

from 40 dB to 100 dB. SNR increases to 7.61 in response to total gain.

Total Gain(dB) | Signal (digit) Noise(digit) SNR
40 1.24 2.89 0.43
50 3.02 4.96 0.61
60 14.84 10.67 1.39
70 55.18 19.13 2.88
80 172.28 38.92 4.43
90 672.90 102.00 6.60
100 1817.40 238.90 7.61

Table4-2 X ¥, FEIESE 40 dB T SNR=0.43 TH Y, T Db & THIMEE . 10dB
TOENRSH T &I SNR IIHEINIL TYT7%, 100 dB Tl SNR=7.61 ([ZET 5.
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AT LI, A RITHENTWAD, BIRE S0dB 12725 &, 7249 LT L
BRZTWD., ZOHBIT ) A ZAPED LTTE, RIS TY LT imE o
OYATIRRESEERRIZ 72 0, BEIRFE 80 dB 1272 % LB OEALN V72 2D, S BIC
HEE 2 B D & S ST ODEEN R A T B8, FOEITKRE R0,

SNR vs Total Gain

8.00
7.00

6.00 /
5.00 /
4.00

3.00 /

2.00 /

1.00 /

0.00 ‘ ‘ )
0 50 100 150
Total Gain(dB)

Fig.4-9 SNR vs Total Gain in using human finger blood.
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Image Quality
Evaluated Area

Fig.4-10 Photoacoustic image data area (yellow) for image quality evaluation.

(e) 80dB (f) 90dB (g) 100dB
Fig.4-11 Photoacoustic signal image of finger blood in total gain of 40 dB, 50 dB, 60 dB,
70 dB, 80 dB, 90 dB, and 100 dB.

4.5. SNRIZRIZTIBBEEOREICHT IER

HEHEA A=V TV DIFFRBICENT, BFE T B—T DT AT 2—
B—HDEBEZT T, HIFHIC L AER XL O%BEEO 2 BEORIEZ1T,
TOWESNIAEE%Z AD BT HEIKICBITBER L /4 X220 T,
Figd-4 \ZRLEERET AV CHIATES. BEK TS0 —T ORI VAT 2—H
—HBIE LIS B (s)IE, BRI X 0 RTBEA ) & BB DB RHAxAE T
FHESND. —F /A XTHOWTE, 55 L RERICHTRMU %) & %BMA 5D
BRHADBEIZTIEESND 2 A4 X (N), LHBBEUABTOAMIESND /A X
(N2), HIZARHEEINRWEERNR ) A X (N3) PHEYLD. Ziubo )/
A 2%, flé U THIEME 40 dB DD ) A R&FHE L= 7D A R F T A
(Fig.4-12(a) & Wit (Fig4-120b) &Rk 1, 1RFT o FLEBEZTEL, F5
kT2 7 A AREX SOFHMIICE L TiE, O LX—" (/A XD 2 FIH
U 5) TORLADENTHETHS.
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Fig.4-12 Histogram(a) and image(b) of noise evaluated area at 40dB gain. Noises are

totaly randam.
ZOZEMNL, ZORTDOSNRIE, UTORXTERIND.
SXAXA
SNR =

\/(Nl X A X A)2 + (N, x A)2+N;>

Figd-6 DA —T% L I LRI D —T 7 4 v T 40 7% LIZRER,
Ni~Ns D ) A X% s DfEFFETHRT &, Ni=0.0935xs, N>=10.5xs, N3=300xs & 72
S72. Figd-6 D SNR &7 4 v T 4 7 SNi= 1 —7 % Figd-6 OFERE LR T
Xic#d &, Figd-13 DEHIRD. ZOT7 4 v T 47k 0BEbni N~
Ny % ERUTRAT D &, SNR(A—0)=s/N1=1/0.0935=10.70 & 72V, FIZHHIEE %
RESLTHSNR L, BEK T —T70O N7 VAT 2 —H—DHNEREDE S
(s)& /A A(N)DE TR E Y, SNR=10.70 TaFfI§ 5 Z N TFHEIND.

SN SNR vs Total Gain
12.00
10.00 - .
8.00 Fitting\ //
\&/
6.00 y
/
4.00 /
2.00 /
0.00 T T )

0 50 100 150
Total Gain(dB)

Fig.4-13 Curve fitting for SNR of bovine blood experiment. Fitting curve is red dotted

line.

R L — =R 2 L TS A= 7 AT AT, LED HJEIC
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WHLTEHELRERE I RU—2FHESDOT, HoNDREBESNKLS, H
IR OS2 WS TE < HWH TS 40 dB Bt OEEIEE %2 6> 1 Bt D1
IEERS — I SN TV D, ZOEAIZIE, Figd-4 [RTEIEET LITBWD
T, BBEOHEEGE? 72 AEOHEEGR O 2R LIZBRET VICRD. Z0
6D SNRIZLLTFOXE 2 5.

SXA

\/(Nl X A)2+N;?

HEWEEZY 40 AB O FE Y 100 fFORHIZDEE A &L, EHICT 4T 47
AR THE O N, Ns OfiE Aivd L, SNR BRTPHETE 5. TOREIT,
SNR=0.33 72V, Fig4-7(a), Figd-11(Qf4 D@ E 720, F &b 72
Ba255Z LN TER.

B b OFEDOHRIMO SNR (2O T, Tabled-2 & Figd-9 12”9 K 9 ICHIIEAL
OHME & HITHEM LU TAT<E Iz H 0, HEIEE 100 dB (23517 5 SNR 1T 7.94
oI (SNR=9.78) LV ARV, iImWEUEIZZ2 > TW D O Tl % Helg L
MmN FEE TH H. Figd-11(a)~(g)n 5, IR 70 dB TILMEK O £ 72
JARXNZVHIRE 525, L)L, HWIREN 80dB 2 x5 &, MK O miG~
DA RXDEBNLIRL 0D, HEIEE 100 dB 12725 £ T OO BALN A
oD L OO, HEIEHE 80 dB Ll EdH L, EEEG L L THEXDLLT
Hb. ZOFO SNR %443 THHoT-.

—7J7 Fig.4-7(a)~ (I~ T D IMHEH 77 DG SR L E L THRA D £ 91272
B OIIHEIEE 70dB TH Y, Z DOFFO SNR (% Tabled-1 75 4.01 TH 5. ol
MBI hoMENLZE L THRAZS SNRIZ4FREL ETHY, WHFIC—HEN
RoNb. DF0, SNRAB 4L EICRUE, ERNR eS8 mg L7 5.

SNR =

4.6. H#Ww

LED HFEHFEA A=V 7IZBWT, #iiks LT bz V 7 A4
A LEBAET D120, HEIEE 80 dB OEIEAE S MLE T, SNRIT 4 DL L& FEHLT
LUENDH D, I OIS ORAIMEZ B 572 0121E, HEIRE 100 dB A% O
HEENRH D ELEE LW ERNbrolz. BI¥ L7- LED JEFEEEA A=V 7
VAT A TIHHEIEE %2 97 dB ICRRE L TR Y, 7V H A LB VIS5 7o
REZ 52 &N L TE 7.

Fo, ROBEERL—F—HFEAEES A - TV AT ATHO LA TWY
% PEIEFE 40 dB Bift ORI O F £ TIiX, JIRE LTLED & WA,
HAPEFE DS KRR R T D721, VT XA LAEBERERETH D .
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5. ERYIIRRD in—vivo) PILE A LESEEE{R1L

5.1. ICG ZAL\/-#eeEHR{ILD B

HEEA A =T 7T, ZEEORNENIRZ - C, Mk OiaFEefE 1],
BLOICG RAF LT N—[1212H LIt FxL ) U ORI & v o
T BEHERZ I D72 M DWFE DM TV TV 5.

—7J5, LED ClE, 1 mmADF v 7T, Eitl1AHS7=0 03 W~1.4 W DL
IR & 7230 =3, JED 405 nm~980 nm DO#iFH T HAL[3], HEOEIROIE
DRV, BA%E L7= LED MRS EA A —2 0 F U AT LTI, 2ED LED #
F& 1ODT7 L= RISV, Pa B x—3 g U LED"MER ATRETH BH[2] .
FIZZINHD 25O EDUIN R 2@ TZ 57201, B h~DIsHIZE
WTHREIOFBEZZITIZ WENWIRERD 5.

BRI OBBEIED —D>ThHh D U U NFEIE, BFEDOQOL AKX FEEs. U
NADEMBALITIEE LT, Yo F 7T A, BEK, MRIL ICG #IGERENH D,
ENENEFEFTZ AT 50, HRETY L NEOKREE Y TV X A LZHEE
ET252401F, MOTHEHETHDL. NEEA AV TEZEH LY V35RO
FHIZES L CiE, ICG X° Gold nano cage i >727 v N COHRE[3,4]103H 5 73,
T =X BN LRARE TORICEL 10 0235, F£72, [F LT LED YAk
L7z 850 nm T ICG DT —Z13H H[5]H DD, H—iEE TIELICG % 1M
e XBIT 22 LINTER0,

Z 2T, MR OIERIVRFEDS 950 nm BL N O R CIXIZIEE DL L 2wy, —F
T, ICG OYEWILFFEDS, 810~820 nm {18 T DO E— 212721, 900 nm LA
ECIEENERN A AE TR B Z EICER LT, 820nm & 940 nm D = B R
—¥ =3 LED ERZFET 5. ZoNFEEHWT, ICG E FEHIZEYE FD
U/ TVE A LEEEEBIL TE D Z L &R L, BHFE L7z LED A H
BA A= T A& FRET 5.

5.2. 2ERAEICKBEESE (Isonm/Is200m)DH AR

BANZ, 820 nm & 940 nm T? ICG B LVt hEFIRIML (ERiOFED E & T
BRIl L 72) O Y6E2EE B & | E L 7=, ICG 1, Diagnogreen 0.25 % ( Daiichi Sankyo
Pharmatical, Tokyo, Japan)Zfif H L C, 3.2 mmol/L ® ik % {ERk L7z £ C, KIZ,
ZKEIKC 10 fi%, 100 i, 1000 f%, 10000 {547 fR% L C, 0.32 mmol/L, 32 umol/L,
3.2 umol/L, 0.32 umol/L DiE%1EY, Zhz~A 7 aT A M Fa—TIBE LT
(Fig.5-1(a)) . FRURIM & [FF = —7128E LT, HEICH L 72 (Fig.5-1(b)).
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3.2mmol/L 32pmol/L 0.32umol/L Venous blood
0.32mmol/L 3.2umol/L

»

—

(a) (b)

Fig.5-1 ICG(a) and venous blood(b) samples in micro test tubes.

HEEE BB Lo BEER 7 e —71F, 08 %k 7 MHz, -6 dB
Ik 70 %, T AT 22—V —iE 4032 mm T, FF 0.315mm v F x4 mm £
S, 128ch DYV =T H AT T 4T 72 —0b7%. LED 7 L—RKFIE, Fig.5-2
IR T LT 26 BHNDFE T, 45V, % 15H L 35H 820 nm, %2 51
HE% 45HA 940 nm @ LED F v 7AREEINTWS. MnEEsNL LT
U 70E, 7mmx40 mm & 725 TV A, D30 AR LR E F-EIE T 70ns TH Y,
4 kHz D7~V A0 K LB BT S 5. 1 7SV A H T2 0 O3 L F—(3,
820nm : 64 uJ, 940nm : 57 uJ ThHo7-.

Fig.5-2 LED array: First and third lines are for 820 nm LEDs. Second and forth
lines are for 940 nm LEDs.

COLED 7 VR 2%, THTHX—%N L CBEN T v —7 Ok
EL. BER T —7 000N EEEFEEIL, 97dB O7 7 & L CTHEIE S 4L,
AD BHGRIZ LD T U X L&, mBeIins.

ICG AR L BARMDO AN ST-~A 70T A NFa—T 1%, FRENBEWE S
72— 25 23 mm B2 KIS T, BEK Y e — 7 Om X (kL
FENZ 725 L 9 ICHEE L2 RAE T, 820 nm Y THbEE L 72D EEE(E 5 L, 940
nm Y TR U720 FEYE 5%, 4 kHz 7V A K UEREKT, Thb%
640 [BI DT> TAF ¥ VB EESR L, Toa—TNbONEBEZOT Y
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Z Ve %572, (Fig.5-3)

o

[y

w

.
:

:

:
3
:

},

:

:
-
:

:

.

:
3
:

:

},,

:
3

S

Fig. 5-3 Example of scanned photoacoustic image. Photoacoustic signal is 23mm deep

under the probe transducers.

820 nm Y. THELITAAEFIRE (saonm) DT ¥ X UAE L, 940 nm e TH LT
fE 53R (Iosonm) DT VX NMEB LI OZFDOTH D Iosonm / Isoonm % Table.5-1 12
N

Table5-1 Photoacoustic signal intensities of ICG and venous blood at 820nm, 940 nm

and their ratios (£940nm / 1820nm).

ICG consentration Ig20mm Loaonm L40nm/Is20nm
3.2mmol/L 11337 336 0.03
0.32mmol/L 2970 1030 0.35
32umol/L 2006 887 0.44
3.2umol/L 863 27 0.03
0.32umol/L 60 less than noise -

Ig20mm Loaonm L40nm/Is20nm
venous blood 1156 1506 1.30

Z DOFKTIE 940 nm YT H L7215 598 (arbitrary)i3, 820 nmLED Jilii & 940
nmLED JJHEDO =R/ F—DEFENEZZE LT, iEIA TS, 820 nm JEIZH IS
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% 1CG DOYFEME 558 1E, 3.2 mmol/L T 11337 & A KT, 0.32 mmol/L LA F T
1, RE ORISR, 230 T, 171000 #=EEO 3.2 pmol/L TH
863 (3.2 mmol/L B 1/13) &\ HEZF5- 7-.

—7J7, 940 nm YIZE T 5 ICG DIEHEEE S IX, 3.2 mmol/L T 336 7273,
Z X0 EE DK 0.32 mmol/L T 1030, 32 umol/L T 887 & —H EHL, £o
# 3.2 pmol/L THO27 LIK T L7z, BIZZ D TH D Iosonm / Isoonm 1E, ICG D
BEIZCEIVESTEY,32mmol/L & 3.2 umol/L T,0.03 &/h& <, 0.32 mmol/L,
32 umol/L TliX, ZiE410.35, 044 L K& 72o7-.

ICG T, B 3.2 umol/L~3.2 mmol/L DT, Ioaonm / Is20nm 73, 0.03~0.44
Lol FRIMIX, Todonm / Igoonm DY, 1.3 72272 L35, 2D Iogonm / Ig2onm P
RZEBLT 52 LI2L D ICG LR TE DL Z L ZERLTWVD

—77, ICG ORFEZIL L 820 nm JEIZEIT D HEHEYE FIRE & OBIRIZ DN T
X, BEAICN U S EBE BHREOB LTRSS TV, REEES
SREEVE, RGOSR EL & 2 F AT 2R ERER L TR Y, ICG
DIREZACAZIR UG BREN LT 5 Z L1 o7z, —H& LT, Fig54
®”ICG molar extinction coefficient of ICG in water”[6]IZ& 5 & 912, 820 nm Tl
ICG DIRFENHEL 72D EURBENKEL DM THDL Z ERNHITF b 5.

12 %105 ' - . L

ICGin Water |

-3
— 10 4 B
&
'OC: 038 4 B
g
=
3 06 - =
o .
=
=]
2 04 -
=
w
@ - =
= 02
=
DD L 1) T T T :
600 700 800 900

Wavelength ()
Fig.5-4 ICG molar extinction coefficient of ICG in water (Landsman.). The coefficients

are different by molar concentrations.

PLEORPIEIZE Y, Loaonm / Is2onm EZFEFE & LT, BT IXMIE & ICG DX
BNTE, ICG U o/ NEFICEATIVUE, ZNULOEBIENTED I ENbh
7.
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5.3. EFDUIVIRRDYYTILE A LEEEERIE

E N TOREIZE, ~V YR ESEZESTL, ALV ATy — L =
ey MRS BT, EMOBRSNRHEMOR I LY Eiw Lz, RERICHE A
L721CG % 0.1 mL 724, fEFEAD FROFE IR FES Lz, 1CG 23 Y
VONVENHEANSNDEET R, BT AT THEEL, VU oEDOES T, LED
BHFBEA A=V TV AT ALY, FEHOEARE LT & 2l L
7=. ZOEEOENA A T g% Fig.5-5 12501, AL o TWAHE DY ICG DAE
FELTWDEATIC 2%, KECHESE 0 —7 08X OB EL2Z T 20 L9 1,
820 nm Yt & 940 nm W& @IV X T, 2 2OFREDONEFE(E S % 16 ms B
SIS L.

940 nm Y T S 72 K215 51%, 820 nm LED Y& & 940 nm LED SR =
FNAF—DENWEZE LT L2 FLTHIELEET, 2 BBOR CHToT —
2 Dt (Tosonm/Is2onm) 2 R DTz, ZDHIZEBWT 1 LRI, 11D ET, 0~1
DT, Jet BT —~ v BT DEBAL KR DED Y TIVE A ARREToT.

Fig.5-5 Fluorescent image of a human leg. Round mark shows the scanned area.

HETE LEF R E S & I, Toaonm / Ioom DEEZ, Jet 17—~ v 7T % ff
AL TA— =LA LTEEOIEIZRS) LT,
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% Lymphatic vesse!

(b)

Fig.5-6(a)(b) Images of loaonm/I320nm . Background image is ultrasound image. Purple
arrows show veins. Blue arrows show lymphatic vessels. Imaging size:
40.32 mm x 38.4 mm

Fig.5-6(a)(b)iZ, ZOEEFOH DX A 2 7 OEE % /KT, Fig.5-6(a)F DR
D ETFREITRENTZHOE, FIRME THY, JLOBBEBIZIBNT, lonm /
Is20nm>0.7 & 725 T 5. Fig.5-6(b)F DEEAD T HIZmN 5 REITRINTZH D
%, FIRME CTHY, Ax v mE 4 DT CTHEI->TWD. Zhb co@hmEE
TIE Losonm / Is200m>0.7 £ 72> TWBH. —F, Fig5-6(b)FDOFED EHFIZmN D
KEITRENTZHDIE, Vo ETHY, ZIUITTOBENENR TIE Loaonm / I3200m <
05 7o TWA.

Fig.5-6(a) DEARDS i CTHUL A R REI A OEAL T, 820 nm Y & 940 nm Yt &
THI & B S T BB E 5 g A H B HE R LT Fig5-7(a) & Fig.5-7(b)
7
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PA intensity profile

19a0/1820

1.2
Vein Vein

1

0.8

0.6

0 (d)

0.2

0
0 5 10 15 20 25 30 35 40 45 50

Fig.5-7 Photoacoutic signal image in A region of Fig.4-5(a) at (a) 820 nm and (b) 940
nm. Imaging size is 17.9 mm x 17.9 mm. (c) Photoacoustic intensity profile of
(a) and (b) at each white line. (d) fo40nm/Z320nm ratio at white line.

COEBTIHETREOREIWNEDON LY AL FRENTWD. EIZ, Fig.5-6(b)
D, #kE & HIZICG 2L THI 2 KHREI B OFALT, 820 nmotE 940 nm
S & THI 2 IZEUS S T2 B BE i & s B IE R L T Fig.5-8(a) &
Fig.5-8(b)IZ /R 7.
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PA signal profile lsa0/1820
350 14
300
250
200

150

= 0.4 (d)
Y > o ‘\—/"*-._.__ — —
0.2
0 5 10 15 0 s 0 35 w0 45
0
820 ==e==-(04(

v] 5 10 15 20 25 30 35 40 45

Fig.5-8 Photoacoutic signal image in B region of Fig.4-5(b) at (a) 820 nm and (b) 940
nm. Imaging size is 17.9 mm x 17.9 mm. (c) Photoacoustic intensity profile of
(a) and (b) at each white line. (d) /940nm/Z320nm ratio at white line.

Fig.5-7(a)& Fig.5-7(b)/» LG LT E BT ¥ Z NME I OWNT, Ko an
WEROE Sy DT 7 7 A VDT VK )T —H % Fig.5-7(a) & Fig.5-7(b)DZ I Z i
MNHH LT, Fig.5-7(c)L:/%?L. ZIHD 2 ODOEET —F )35 Tosonm / Isoonm D7t
BEEETHICHIEY, HREEHLSEIEBO ) A AW LT 2D, T
THIVET 100 LLFOEEIE, 93T0 & L. ZOfERE Figs-7(dICRT.
Z OFHFEAED 1 AEIZ 22 o T3, BRI 278 LT 5. [[IERIZ, Fig.5-8(a)
& Fig5-8b)zxt LTH, MFOEWHERDOT DT 07 7 A NDT VX IT —
% % Fig.5-8(a) & Fig.5-8(b)DZNZENHH LT, Fig5-8(c) D7 a7 7 A Lk
R L7265 R A Fig.5-8(d) (2789, Fig.5-8(d)Hd 2 »D ik, T i, FRiRIL
B, Vo VEERL TS EEZDLND. FRIRIME TIE, lonm / Is2onm DIEE
E 112720, ICG 2&Te ) U NETIE, 03 FIZR->TEY, b2 0%k
BITE TN,
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5.4, W

820 nm & 940 nm @ 2 £ D LED JJiE — 207 L—I|i Rz a2 v x—
a2 LED 7 L—RIRZHWT, ETFENLZICG Y U VEICIRY IAE N T
DR EFFIRIME & XBI LT T ZA NZEBILT A ENTE. S
XU, BFE L7z LED RV EEA A —V U T HIROFIMNEE SRR LTz,
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6. a5

AWEO B, ERERE L COEME, Thbb2att - Atz L,
BRI TR W T B A A — D T HINZBR L, & FD in-vivo U T IV H A A
MEREMG L A2 FERTHZLICL D b DN EEIET D2 L THD.

52 T, ERBGA~OEANEEANT- 3 LED BRAFTEAS A - 7
AT LD ZBI%E Lz, BAARIZIE 1 mm D LED F v 7' % Al ik BICE%
EIZEMBLT, "L AHTY O —273U—215 kW Z#FEIL L7=/MID LED 7
L—REEZBR L, ZOMHE OtV ADWEE L ZEME, R TORERE, *
RO FF A, BN DIHA~DERNR) ML, EFEHOA A= 7y
AT MR DI 72 R Z > Z L 2R L. £ LT, BTG
O TFa N2 A7 AT LE2HWT, AD BHEEDE L ) A XDHEN T &
Ao EENBEIEFE A 20,000 15 (=86 dB)LA L TH D Z &, Z DM %= LIzRRC
BfF LieT —Z OFEMIC L0 LR DL — N T/ A X &[T 2 LR T
XHZEEHLNC L., FICEEKL —Y — L OB TRER 7 v — 71 ki
72 LED IR DYV g 2B 5N L, R L — % — L [E%E 0D SNR ZFHHL L 7=
LED JelRYE A A= 0 Y AT MIHONW TR,

FIETIE, AEEEZER L7 7 FAEHAWT, BE% L7 LED GIFESF
BAA—D TV RAT AOREBISEREZAONCL, BEE e —70)F
P B R S it 72 B Y SV AEMN B D 2 & AR LTz, e D v R g % 30,
50, 70, 110ns & & %, KA E Lz mEE (HL: 03 mm) Z EHEIINTT,
R T 2 B NSRRI L > TRIENE DD D EFHNT, REFEFHORDIE
S DEAR 0.3mm O MRG0 B AT 2 B O R BUS B Rk 2 33 2
K aiTo7. OV AEEO 7 — U WU X0 15 5 72 J8 UG R,
QEBE W 7 v —7 ORFEERBOSER M (—RIZ, 7L RAEBEOBERERFICZLY
BONEZERIEOBREICERITc L viEons) &, @LERRERICEIVE
LN HFEBE O 7 — ) BRI L0 E LN EEEICSE R ED O~BD
OSBRI EZ AT LTz, ZORER, 150N EEE SO REEISE T,
SV A D JEIR BB R & BE T 0 — 7 O RSN E R 2 T A b E
LOIZ—HT DLV PR TEEREMAE. ZHICEY, AEELHED -
DITITEFIE 7 1 — 7 O JE S B R S o 72 e OV AR 2 R ET 5 2 &)
AREL D R R LT

%4 mTIE, ARy (o, v FofRmE) ZHWT, B L
LED JelR B A — 0 7 25 5D SNR DFHliZ4TVy, U T V& A L
LIC LB AR & SNREA B H M L. BEIREE % 40 dB 725 100 dB £ T
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10dB BEIZELSHET, b NOEEEMOBEL AR LA > b T U R RO
¢, FoMmiEs v FOEOME ZEBRIL L TEREZIT-72. TORE, F0
MR TiE, HEREOREME & HIZ SNRIZEALL, 90 dB % # % THIFEH AT
2L, BIZMEDOBIE, 50dB LLETE AR TE DL 912720 70dBLUL ET
BNEZETHZENRALMNIR ST, B NOFROME DB HOWTIL, HIbERE
DO E & HITSNRIZEBALT A Z &, HITHOME DRI 50 dB 206 L 21k
80 dB 12722 LN ELEL, ZD L&D SNRIE, 443 Thoto. FITHIIEE %
BT B EMNNVEEN R TS AZ ENRWALNIR-T-. ZORER, 80dB L E
DOEMEEDVEET, SNR TA4LL LA FEHRTLIMENH L Z NN o T
FIZ, oMo SNR & EEEE ORI S, SNR Z3HH TX ARIKET L &,
KIMRERICRB T D A AN I 2L — T, IhEll, BERZEER
THEH SN2 HIEGE — KD ADC TEIL XTS5 40 dB OIEIED A TlE, LED
HIREFER LA A=Y 7V AT A TiE, SNRB 033 &720, LA TX
W L EIRLT.

BSETIE, BB ULIZLED X EEA A=V VAT AOHANEBEET 59
RTOKHEZ & RO in-vivo BEREHIELIZ K W FEFEL 7=, ICG DWW D &' — 7 1%
FETH D 810~820 nm LD HE (820 nm £ H) & ICG DWULANE & A E 7
<72%900 nm LA EDOERE (940 nm ZH:H) O 2ROz B r— 2 LED
HIRZBRFE LT, ICG LY %R0 T VZ A AEB L EIToTc. F
9, ICG JFiR & 788 /K CTiEish, 3.2 mmol/L 75 0.32 pmol/L DIRE1EY, Zh%
820 nm & 940 nm @ LED Y CTHE B ORI 21TV, 2RO T —D a4
IE L7212, 820 nm & 940 nm & OWFHE(E 5 OMEELE (Ioaonm / Isoonm) % 5 H
L7-. ZOfER, ICG T, ZOHMIIZ 0S5 UUTIZRD I Enbhoi=. HIZ
bt FOMETHEED Z & 21TV, ZTOIE, 13 &, 1.0 #8Bx AEIC - 7=,
O END, WMEN (Joaonm / Isoom) ZFEEEICL CINAZEBILTHZ LT,
mEZXHLT, VoRNELXEBILTEDZ ENREBINTZ. £Z TR, &
O FREOFEFRMEEIZ ICG Fik%A 0.1 mLFESH L, ZhEwith AT TBEH L,
VU NESNDEBANZHR LT, ICG DWEAINTZY U EFICx LT, B LE
aEx—3 g U LED KR ZEME - T, SEEEEZOREAZITY, 820 nm & 940
nm ONEFB(E 5 OME L Z KD, ZOEIZ, 0~1.0 (1.0 BLEIE, 1.0 IZHLHT2)
IZXF LT, Ha~RODh 7 —Frcd LT, BEREG - ER-. TORE, ICG
DA-T= Y VL, BHlchim S, —F, FRnEIREICHB T, Mm
BEEXMTDHETICG 28T ) /N EDY T IVE A LAEEREEEBALINEEL L 7.

PLE X ARWFIETIE, BIRBLG CTEHER T ONEEA A=V 7 2T M85
DEBDIZHIZ, LED 7 L—IJRDBR%E K ORTEEEROEAIZ L > T, FEIE
L— P — W2 > - BB, A= T AT AAFD SNR & & b2, /N,
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BEMCrlIRIENH Y HOLERR T AT LA EHITHEINZERL, Zhvaete b
D in-vivo U T I)VHZ A LEREMBALIC KX - TEFEL 7-.

SHOREEL LT, KU CIXEFEIRBHE ORTERE & U TR Lo o
FiEEITHo T2 LIXE 2, EEMG L THICIEEEOBKE~OXIE AT L &b
IZ, LED MR MMb7 o —7BUETH L. Kb 7Te—707 v & A 7%
BWVEF A TH D[], LED 7 L—RIEDFEE M 2 5 i HRERE D icié{l, LED
TLV—HED KT A TIEENLRIBERT~D /) A4 ZIRADOF/IMEA: & OFREN
FoThY, SBIVMOMLERDD.

LED MJIEHEA A — 0 727 ML, BER L —F =R E2 - 726 DI
T, JEREUSEREICAR OGN A L HIZ, KV V=TI AT LEoTE
0, HEEBRICEDD A OATN L MBI DN RIS, 4l
ZIE, KV AN ERICIEH ST D, ERNOImE GRILER) 2B 5%
DRI, R OEFE DOFAEA T = X LN LV EEMICHhND Z LIk - T, B
fAFNE 2 S MR OB R ELZ b HET 2 2 LN TE L AMEERH Y, mEF
R — 2T LTl - IRIROEBA~OERRIZOR N H D EFE X 5.

F7ZSNRAHMMIZ L > THRONTZIREZENT Z EICL - T, L0 EERE S
INEE[2,3], K VIRWVEEEOES, X0 EoMEOEBRLIZENIE, LED Y
FHFEEA A=V ZIT LV IEWEERAREZRETE D,

B2, ICG IIEHEAI DR T, Ll ME—H AR TEKRINTNDLHDTH
0, FRRAETDHHEEITIEF TR, TN E2EN LTZERRISH OBRIC &
DT 722 HIENAE TN D E TR DO TIT EMEE L 720,
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