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Optical Phase Shift Caused by Ultrasonic Field

Ultrasonic Field

Plane Optical Wave @ Inr—r"] Phase-Shifted Optical Wave

Refractive Index |
Perturbation

Assuming that the water ' . i

under an acoustic field is Loy :l
f

an optical phase object,
the optical phase shiftis
written as

k_ :Optical wave number

d) iy ISI’I(I‘)dS: k <a£jp(l‘)ds n :Refractive index
i CopT O piezo-optic cosficient
P iezo-optic coefficien

P
X 1 &2 L7 XofF 7 b
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Shadowgraph Method Subtraction Shadowgraph Method

Measurement
plane

Using the geometrical optics approximation
and considering the conservation of energy
of propagating light wave,

For the phase shift generated by
ultrasound field @

Plane Propagation
Wave

following equations are obtained. I=1, .1 [ o . 8 )
1,8, =18 Ikl o
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Phase Contrast Method Phase Contrast Method

Conversion of optical phase shift to optical intensity

e T~ e kN A phase plate is a glass plate with a small
I,’ AN e N column (200 pm in diameter) etched into
’ N /7 N its surface.
” \ " \ The light which goes through this column
1 ' ) j is advanced by 11/2.
| Aexpljo,)1 \ ' . Columnar
! ! Phase plate \ / depression
\ 7 \ ’
A /
AN ’ . ,1’ In this study, the location of the column is set to the position
S N - " corresponding to the DC component of the spectrum on the focal plane
The shape of the optical wavefront on exit from the acoustic field is written as of the lens.
tx, )= Aexp( 76, Jexp(id(x, ) A4 :Optical amplitude Lens Focalplane
( p( . ¢( 4, :Optical phase before entering acoustic field Trlmd:uoler i
On the assumption that ¢{x. y) << 27 #(x,¥) :Optical phase shift caused =
x, v)~ dexpl;8, 11 + jdlx, v )] by the acoustic field Y - Y ohase
The only central component is advanced by /2 relative to all other components by }bz Laser H }»x plate
the phase plate. The optical intensity resulting from interference can be written as X ' z
I(x.y)= ‘Alj + jlx, _\']]|' ~ .43[1 + 2¢(A\',_1')]
W N3 N = v W L
X 4 = b7 A MEDFH X 5 NZARAR
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', Schlieren Lens ~

Beam E'{pand.ur
Laser 0 CCD Camera
phic diffuser

—

| Function gen.

Poweramp. | Transducer

<Procedure>
1. Measure the depth of field and set the holographic diffuser at the imaging plane.
2. Set the transducer on the position that is / [em] from the imaging plane.
3. Acquire and average 50 images with and without ultrasound
while moving the holographic diffuser slightly up and down,
and the images are classified as I, and Iz respectively.

4. Calculate each !"; Lr .and reconstruct the ultrasound field using a CT algorithm.

5. Change the optical propagation length and repeat the procedure 2 — 4.

X6 >y K7 T 71EORIESR

all—L oy Ly ROE SR E A

EHHEDZERMFREZIRD ZBELRERTHLOT, 7y F2HE
TOLENDD, MR E THRET D

ValU—L b ADHTEL, REZTREE I
Lo, REZEFREmS KPR TLEH Z &0,

(3, IRMEAFHREREIC AT D b
ZOYE. ASTEEREL S, A TR
<<
<Schlieren Lens>

+ Aperture: 28 [em]
* Focal length: 150 [cm]

<Transducer=>
+ Aperture and focal length: 70 [mm]
+ Center frequency: 1.14 [MHz]

<Others>

+ Optical wavelength: 532 [nm]
- PRF(Laser): 1 [kHz]

+ Shutter speed: 1[ms]

<Holographic diffuser>

- Transmittance: Above90 [%]
- Diffuse angle: 5 [degree]|

* Aperture: 12.7 [em]

Lateral

s )

Reconstructed pressures on axis using
short and long optical propagation length are compared.

1=5 [em]

=28 [cm]

—Reconstruction

— Hydrophone n;
=

o4

02|
o

Pressure value
3 [MPay,)

ed Pressure|-]

0
£

03
04

Normaliz
188

Normalized Pressure
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= =10 [] 10 2
Axial Direction [mm]

=T
Axial Direction [mm]

0w @

=5 [em] ’Recomlmcle:l pressure agreed well in the vicinity of focal point,
but not very well for the side lobes.

=28 [em] ’ Reconstructed pressure agreed well for the side lobes,
but reconstruction seems to have failed in the vicinity of focal point.

If we combine two experimental data with optimal propagation ]Enclhs
good agreement should be seen.

7 I LULIZ i U7= Holographic Diffuser D% E



%I T, 6 |27~ 7 & 91T Holographic Diffuser 2 A7 U —> & L THWTHZBEL
S, B/t %455, Holographic Diffuser O ARERIME & LT, KIEEDILH D
XN DT, Holographic Diffuser # mMNIZEI L T % L o BEE4AT D, ShHE
EMg@MDMMM&®E%M\%EEWN%%%ékﬁ\E7K%¢i5ﬂ\ﬁ%E
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MY R T A MEOBAIZIE, 22 —L U LU ARLTRETHD, mZE
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<Transducer>
Experiment * Spherical PZT + Aperture and focal length: 75 [mm]
+ Center frequency: 1.14 [MHz]

<Optical>

Function - (&5 - Optical wavelength: 532 [nm]

Amplifi
generator - PRF(Laser): 1 [kHz]
Transducer

CCD camera

- Shutter speed: 1[ms]
. - Phase shift aperture: 200 [um]
Trigger e - Focal length of Schlieren lens: 1.5 [m]
1 . 0]

Laser
z Convexlens Phase plate Results
Pulsed laser Water

X

Schlieren lens Reconstructed ultrasonic field (0.83 MHz)

g 3

<CT Reconstruction>

1. 15 images with and without ultrasonic are averaged respectively
2. Calculate ¢ =(1,,—I;)/21,

3. Calculate projected ultrasound pressure using following equation

=k [pd [L= 32,109
op ép )

5

Lateral [mm]
8
Lateral [mm]

8 8

B
Nom\allzadpressue[ ]

4. Rotate transducer 2°
5. Reiterate from 1 to 4 until total rotation reaches 180°

=

10]

6. Reconstruct ultrasound pressure field using CT reconstruction algorithm % 20 0 10 0 40 %
Lalerai [mm Axual [mm]
W N = N, N —
8 frf = b T A MEDRER 4 9 HIERE R

5. R OATE D36 FH R A
V¥ U7 T 7IEB A T A MEL EMEEOEHEFHIT IR O TR
WL D,

& 3
T

W EE A
> o & & (SIS
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ID Z I
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Results
US Propagation =
Amp. Out : 1.3[V Amp. Out : 69.1[V
US Pressure : 0.1[MPa pp! US Pressure : 6.3[Mpa pp

Phase Shift Phase Shift
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ZACIZB U CTHRIIEN ATRE TH DI DOW T mB L0 IEFICER L 720 |
O EEEEICELTCHLEET 2580055, (BIIX, BA KE, B2
CRR DGR T D EBEE 22 CHRIICE NEROBAEZFHIT 2 Z &0
HLWGAEREND D, TOE. TEFMEHER & RIRE)Z2FHnE A 2 A
LT, EOLICHBT INEBRTHLERDD,)

® [CIREORE &, B EORRICEHL TREET 2LENH 5, —KINIZ,
I L~V OREEICEI L Cid, B XD MEE D 2y, T, BORE S
RBE DRI, BE EDOBOEELEEOMRAR LT, BRIC L > TR D,
(B b BRSO FRAMARCRAANCAFAE T 2 240 6 OFFR O MR DAY FF
lfE RN G 2 DB ONWT e BREBMETH D,

3) FHMICH Tz > THEET &N

HEIZOWTIEIHA RIA KRIRIZH DD, RINTRIND K512, I L5
TIXREECH NI T 230N LV b MERICEWE CRIBATRETH D, £z, Al
IROBYIZ X DFMO T, BFTaEE 2. HITU IZBWTRE L S5 RHMHE H 44
Wi nZnkowonsd,
4) JRREET LEMW. R

JRRET T VBN & F B O ZERICB L Cid, W X 2 QAW r e 21k L @
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HI72 26D D253 THER S 2, QAW FHIZRZA L & 13, BEEJE P OMkHE L e & ot
WM& DAL, M HTAE M8 1 2B D D RPN E D 28k, AR RS DAL,
EEREDEAG: & OBLEICIB W T, BRI R LIRieT 7 LB O3t IC BT 2 BRAEN
B2 D, FRTHMEORANIC 5 2 % 58, RO 2 DB EhEhIcEL
THRBREERLETH D, WEE)E L THEURET VERSEZ LN TEIUR, ERK
FRERCTRER Té%%ﬁ@Jxﬂ%ﬁﬂf%éT EMENH D720 HEETH DL, QDWW
HRY b &1, RIS AL OSBRI SCEVRFE DA L7 ETH Y L RIE D b MERIRR AR

&I %7»@%@ﬁm%@m¢é EMEHELERD,

6. 77 hAIZ K DFHIE & OREIE & A A G DR TE
6.1 77 by Ialb—Taroaryexrx—ya ST

Ty MAEHEYI 2L —va v EHAELIET, 77 v FAEHWZBIEDE
BORERICH LTS R 2 b— 3 U ORERD DIMFR R L2155 2 L A FREL 72
DEAND D, T TWIIMFENRRGFTE X, ORT A —XICEEEE 52 5, O
PRIE & FE BRI A ZE RSO0 3T AR EES R 2 L—2a U TRETL. O RS
77 P AERTHWDREDTERD D, @IZE LTI ZIE, IR o) o
o DHT 7 b DEREATO, £ 2L EOBE R IIIIEES I 21— 3 TR
D 5 IR AR O Oy 2 HAE Y S 2 L— g VI VER L, TOMHEELNLE
77 PAEROERFMME L TERET 2 HIERETH L, 2 bHDFEZ, FfFRIIC
FERPIIFFES D0, BUR TIIRIER DTN EA TN D LITE W EER,

6.2 77 v b AEAEMBONATY v K772 A

77 v N NTHERRT D 2 & S REE AR AL A AR IR AR S ISR L, Ty v b AL
BAHNCHWCRHMEY 25, 2 2 T ) RS &1 X3RO ME R A RS, @@ 72
R BET 20PN RGE R EDETOND NAT Yy 77 FAE
AFFRIE, ITERESHEZOoH 0 . RETOFIOFIZHEDT,
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7. BEBIRIN TS 7 7 v kLD

O RF T 2D TODIRERMEAR T O 7 7 > AOfL, HITU IZBZRE S
727 7 2 N BZOWTERHT O SCHRRAEIC L A TEWRINEE T -T2, ZbIicktL, 77 v
DZHER SN TV DAERD R 21TV, REHEH OB X T DBE LT 5,
7.1 ZWOUiRESARHEN 7 7 v b A
7.2. BERFMORBIZ L DIRE S M2 — il 7 7 > kA
7.3. AEMRMEEZBRE L ICEBEORHMEN 7 7 o b A
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71 ZWICIRESTRFMH 7 7 > F & GRRKFRER) [6]

#4 Ty b LOERMEE (ZRTRESRHEN 7 7 > k)

EREE 0| T »
w Ty L

IR R L

R WagE, (TS

L Lo | oM o
EHE (M | Frer—say . R R
IR E A 5 25
5 WAUT v

HoA, AR v

A

FEME IR A

AR (R) Wi (TS
Ty haats | B W, (ke

WHEHH () e

A IR W, (ke

SEERE I »

P KRB RLNE »
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(1) B - Hig

HITU k7 v A7 2 —Y ORI FEMN 7 7 > b A,

AR OIEFRFIRES 2 HET 272010 AR A B L7 7 7 > M A X DIRES

FHZT 9,

(2) HERk (W& - KL

R EAFZEHOMBHZ XL VR SN D, B PITIREEC & o TORED 2 KRS 7

TN EFREL, — ME3RTHICAFR ¥ 52 LT, HITUICK DIREE{LE

25,

WG 77 NATHE L 72D X ITER L, RSO Z INH T 25 72 DI L 72

SHEERS, SHESEEICREWE, U— MEOBEED exp («al) IZHBIL TR TT %
T, WIUREL o /S THHY A X LIk U THEEEEMICEII L TCLE S, Zh
5D hL— A7 E2EZE L Gl ER - THEEZBIRT 2 0END D,

MER: LT o 3 I L ERE N D,

) g vLvxy (my—na—R r—3i g8 AT L)

2) BRI 'V A 7 a T RMELTE A TR~ T 4y Ve (ARARD T

v Tay s8R 10~20um)

3) BT HLELIR : T A — X GB731 (K v & — X7 ¢ —=8 SEHPRIEE 32um,
FEEE 1000 kg/m?)

&5 HHEURME & BVERME7,8]

WAL | bEE[g/em?®] | F#H[m/s] | EE#E[dB/em + MHz] | BVEEER[W/m - | BV E[)/g - K]
K]

K 1.00 1480 0.0022 0.6 4.18

HERA 0.95 1450 0.63 0.23-0.27 2.3

(3) HKHE - 1EH

IR RIE, ARG DSRAE IS &> TR LT, AIDEOBRIR A OFE[H TIREE & > F 23
AT D728 RIS &Ko THEL T 2R ZET D, IWEITEAFT 2 B0 bzt
FEHY 5 2 & T ZROTiRE AN 2 RIS 5,

(4) F5HE

SWRTTIREEYS « IR RAE 1°CREEE, WER 0 ARAE 1| RORREE,
(5) FEMIPTREMIE HEIEGEH] CIRBBAENT H720),

e

14 fRGE 0. 1lmm F& 5
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(6) ik

D) RIS 72V EIREG LT ARESRME (727 IAT I RRu L2 Ui d) %
ERRMEEZERITGEET 2 X0 IRE LI b DR 2 =5y MZT 5,

2) kikoz—47y FEKFIHRFEL, HITU 2595,

3) = MREINAN I THETAT Yy U LARB L, BlZ 8T 5,

4) BHEZFLER SN BRI DIREICERT 5 2 & T, WES M OBIRY R 2 A ST
Do ZO & &, H 2 OGRS OIREEFHAFEFII O T IREEFHUFPH O K72 545
FHEORIER B OIRAYMAZ AT, 7V PR — o b REMHERIREFH 21T 9,

(7) AL RS

) AEEOREE (F, BE, BoEE, WE BVSE, mik) ZHEHE L T,

2) Fr BT =g RRA Y TR ETRIANERT D & BELRFER K & < ZbT
Dlch, FxY BT —a UNECRWEEGH, KA U 7 LRWIREFP TOFHI
IZBRE &AL D

3) ANREHEENEIIREEN CTHLILERDH Y, ¥ —F v N EKFELOH A T ORI
P EFRTE DERRITHIREND,

4) = MEDAF ¥ AT XY ZRGTEHIZEAT O 72, RERI D MEREICHIFI N & 5,

5) IREEZALITLE 5 EHEH K OBBIRAE D 2SI B U CITAR KRR D & SRt 2 FREl L
TUNVRWY,

38



7.2 BERFIFOFBIC L HWEE LR B —F 7 7> b A (TR, ~v
%K. Philips) [9]

K6 77 bMLOERMARE (RELS, BT =R~ 7> b o)

S W | T L
0 T .

T y

BT oo | g, M

LA L | e o
R BT | 7oy ay B, i R DAL
PR i

BRI 5 2N
s TR H

o, AR -

Bt -

BHEOREKEE |

A o) g, (ko
7o b ndlk | (B .

I GlER) W

i g, (ks

S

SRR | L | SR

AU IO AR B L TV D EHEE SN D,
LIRS L CHEAERR SAAE S D RIS KD R OB 2Rl L T D,
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(1) B - iz
HITU k7 VAT 2 —FOMERERHMIFIER 7 7 & kA,
WINARI D B 72 DB 2 5 RS U T At SO NI AFAE S 2 BT D & D B 0 %)
R BEEALOIREE 5. B2 —2) 23 T 5,
(2) HERk (W& - KL
HRE RIS« LUR oD 3 FfidA
1) Tissue-mimicking phantom (Philips Medical Systems $%) : %3# (1536m) & J83=3 (0.417)
DOIEPBIRZERE L TW\WD EEX LD,
2) ex vivo tissue: porcine muscle tissue (JKA)
3) interface reflector material (SZ5H{A)
@O  air (250
@ acrylic (727 VL)
@ rubber (F24)

F7. AERERBRE L7 7 v b L OFEERE9]

Taple 1. Acoustic properties for tisspe-mimicking phantom ex vivo tissue, and interface materials.

Speed of Seumd Attenuation Density
Material (m/sec) {dB/em MHz) (gem’)
Phantom® 1536 0.417 -

Muscle tissue12) 1547 1.09 1.03

Air 330 - 0.00129
Acrylictt) 2870 1.13 1.17
Bone14) 3476 6.9 0.400
Rubber(l%) 1460 0.50.7 1.52

* Philips Healthcare.
* Bone is included here for comparison with acrylic.

(3) FERE - VEM : OO 2 L7277 7 > b A OINBVRRE AN 2 il U 7= S 5t
ROFIEIZ LY ED X HIZ8bT 5 0% MRIIC XL A IRERE CRH9 5

(4) 5P - MRI (Philips Achieva 1.5T) Z351) iR ORI ERE B IMEFT 5, P TIE
ACEREEEIE 1.25mm, IRE S EERX VEDICH D & OBV,

(5) A FREMIEL : 25 A —F— (Philips) OEEZ 7> R ATH Y, HFH, =R,
BRSO T —Z PR STV, I FTRE 2R R, AL IR,
HEMERMBIC LD BT 5 B2 06NH60DT, HEHEHEZ 2 b5,

(6) fEHAIE

1) EFEEAE 10em, FEL 15em, &S Tem [ZRIE L7277 7 > b A% 50um O~ A 77—
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— MIFH, HITU BB 03 E S TV A IAUK Y v 7 ICiE <,
2) FHRITEEDORBE W SNV EHE > T, 77 v M AICEENICHES T 2.
3) RAHAE L OBERIC 2mm 2 D KR EWZIANENZ & % MRI CTHERRT 5,

(7) AJED i R

ARMFFED B IR & O R O R (BEEEALOME R v 2 —) %
PS5 Z & TH Y | FHMENE O EIRNSEAHAO A, FIHIC L BESOBE), RE L
FADERITEPNLTWD, LTEB>T, EEREDT 7 FAEDERIZOVWTITER LS
ZQNQAVAIAN

41



7.3 ARG A B L BRI 7 7 v b A3]

#8 77 b LAOERME (GG z S8 LIZBBERMiH~ 7 > b A)

R (B | T L
B S -
R v
A e | i,
LA L | s R
et (RS | Sy T —a v BOfE. A REES. R
PR ) %
RIS 2 5 25
e IR 5
A, SRR v
B HE
FHE IR 1
AR o) WA,
77 hnAik | S WL, (IR
WAHH G W
AR WL, (IR
SEEBIE
o AVBRENE | L

LA IO AR B L TV D EHEE SN D,
R (HEE) 2nNA 7 o R




(1) HEy - Mk

SHE ORI e CSHN O Z1EHE L7 7 7 o b AR KU, BN O BAEALE~DIEHE
IRENBEI B ORI AT 5,

(2) MRk (i - A1EH

MRS - LU o 3 flA

1) cadaver

2) gel-filled skull (ATS Laboratories $, FHARIEH#ES /L)

3) full head phantom (head mold containing a skull filled with gel that mimics the brain and the
skin, FMLFEEHE 7 11T 2 O gel-filled skull & [F U % o &1 )

79 HERME & BVRR: O LEER 3]

Tagie . Acoustical and thermal properties of the brain (Ref. 27) and skin (Ref. 27), of the tissue-mimicking hydrogel (Ref. 28), and of a milk powder based
phantom (Ref. 26). NfA: not available. Brain and skin tissue comespond to human, otherwise stated.

Tissue-mimicking hydrogel Milk powder based phantom

Skin (Ref. 27) Brain (Ref. 27) (Ref. 28) (Ref. 26)
Speed of sound (m s~ ') 1537 @ 17.5°C 1532 @ 22°C 1562 |@ 37°C 1537 @ 23°C 1625 @ N/A™C
. _ 0.28 (gray matter) @ 37 °C - ) .
armation [ — —1y 3 7@ I = T @ 23 4 s WA S
Attenuation (dB cm~! MHz~") 3.5£1.2@ 23°C 0,45 (white matter) @ 37°C 0.5+£0.2@ 23°C 046 @ NAC
3680 (gray matter)
e cific heat capacite (1 ko=! K=1) 3215-3280 (pig £ray 150 < 5
Specific heat capacity (J kg™ K 3215-3280 (pigh 3600 (white matter) 3500+ 500 N/A
Thermal conductivity (W m™! K-1) 0.293+0.016 0.478+0.015 0.5=0.1 N/A

Models TTP-1 & ETTP-1 Thermal Testing Phantoms (ATS Laboratories)[10]

77 v b LOVRRRTTIE

< gel-filled skull >

1) Models TTP-1 & ETTP-1 Thermal Testing Phantoms % &1 L > ¥ C 55°CITME L, &
RIRIZT 2,

2) BHZEH % 2> (skull cap and skull base) ([ZHIET L, &2 W7 Z AF w7 7 4 )L A
kD . T EG LIAAT SCOMIBIEIC 8 REf A L, FEbS¥ 2, Bz, 7 114
B L, WIEETRE T D,

3) BHRZE I, 230mmHg DEZEF v 3T A7 &b 2 DK TR 5, A%,
TN AIL, ZA T v 7T skull vault & skull base #5795, TN LIHEB R EN—
AT V=LA Ty T THET D,

< full head phantom >

1) 77 A7 4 v 7 «< 3% (Inflatable Mannequins #%, Unisex head, Hard plastic clear)
Ok L. b NEEZEE (Skulls Unlimited ) Z4HAT 2,

2



DUVt S NI AT — 7 TRO TEEZT 5, Wi S U TR T 2 R AT 2,
3) KMENBERY L2 ERICKEZHKE, TR LIAATRIET 5,

4) 77T BRI ERET D 72O mKITET D,

(3) HREE - FH : & NEFHEBLINABE LCEM AR L7 7 o b A, RAEEMEIRER
BETRIERF OB R RE LA AT 52 LN TE 5,

(4) FE

BRIRD 70 (REEMEIREREE 2 X5 & LT216H) TOENHEIL 2.6 C/(kW/S)THDH D
2%t L. cadaveric phantom model, gel-filled skull model, full head phantom model ™ #4553
FFREN 53, 4.0, 3.9 CHkW/s)Th-7-.

(5) fEHFTREEEL R EF-23 55°CLLT T v e T Ee

(6) MHEHITIE -

EERH HITU ZE{& (ExAblate-Neuro system : InSightec, TiratHakarmel, Israel) % FU>,
Cadaver, Gel-filled skull, Full head phantom TR F5F- | 1EE A & SEHES O A BEM: IR
BRI R L i L7z,

(7) AIED AR

1) BEINTZ T OO 7 3 Y — (Tablelll) (233 T, cadaveric phantom model |35
H BRI T203, exvivo BEERX—AD T 7 > b AT 5 & EHE TRV,

10 77V r—va i T 57 7 v N AORPFUCET 2 (3]

Tasie III. Comparison of the best indication of each phantom for various applications.

Application Cadaver Gel-filled skull Full head gel phantom

Treatment envelope +++ ++ (if skull extracted from a  ++ (if skull extracted from a
cadaver) cadaver)

MR-ARFI spot localization ++ 4+ 4+

MR-ARFI aberration correctiotn ++ 4+ 4+

Investigation of skin heating +++ - +

New MR thermometry sequences ++ ++ 4+

Novel bone imaging techniques + 4+ 4+

Development of FUS-compatible +++ ++ ++

MR coils

2) FNT 7 B AIICFKETAHFNVIIATFNRES THH0, b MNEZEE. R Cadaver 7>
SHH LS ODAFIZTARTIIRS Tl BIHCER3 O X 9 i Oz & A H
Tbh b,
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