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Table 1. Characteristics of the developed 2D dynamic X-ray elastography.

Exposure time 2.2's

Spatial resolution 75 pm

Precision of storage modulus | 30 %
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Fig. 1.1. Comparison of Young’s modulus between breast cancer and normal tissue.
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Fig. 2.1. Types of elastic modulus.
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Fig. 2.2. Stress-Strain curve of non-hooken body.
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Fig. 2.3. Schematic diagram of viscoelastic body models. (Left) Complete elastic body
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Fig. 2.4. Relationship between stress and strain of ideal elastic body.
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Fig. 2.5. Relationship between stress and strain of ideal viscous body.
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Fig. 2.6. Relationship between vibration frequency and storage and loss moduli.
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Fig. 2.8. Schematic diagram of dynamic elastography.
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IZIEIEIERE, D EVEB L TERBIKIZIELMLANASTHS [18]), 72, USA A=YV
DOFES, ERZIEEMME L E L THEBIIEL TW5
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Connective
tissue
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muscle

Glandular
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Epidermis

Cartil Bone
artilage Shear modulus[Pa]

\ \ \ \ \ \ \ \ \ >

102 10% 104 105 106 107 10%8 @ 10° 100

Bulk modulus[Pa]

All Soft tissues

Fig. 2.9. Distribution of shear modulus and bulk modulus.

24 IZSRANTZTADAA—UVTFRICLDNDEE
TIANTT T4 RSHUS A A=V Y AL 0EBEI N [19][20][21]. TDHE MR A A—J >

TIZE o THERINE [22], BEIIERETEMHIN TV, £/ -V YRS A=YV
XWBEWAARA =Y VT EoTEERINT VWS, KEAA IV IIFHIZLEBITIANTS
TAIZDOWTERT 5,

241 USTISRKMNITZT4

US =5 AKZ 57+ (Ultrasound elastography:USE) 1k, #EARKD O T A% HNTEZH T 5
HNZI AN T 708, IREZED T ORMKRZBETIHNTI AT T 7 4 BHFEINT
W5,

FHAT S AN 2T 7 1 1%, FITERFZEGE < O Z Z2Wd 2, AERNERO & T 722 e 3 2 5
19256, RBFOIEHE 0T AZRET 2HENHZ0EFOIHENET S22 IF#HLY, £
D=, FHNZIANT T 74 DETHEBRRZL DT, OTADEH S A DEFTRI Z HEH S
L5 HENAS WS TE D, Tsukuba score & UTHAMERRD SNTWS [16], £z, DED
AT 2 FIRO N O3 AZBIE L. IR Z 28T % Real-time tissue elastography
A% 2003 AT BLEAL E 7= 23],

—Ji. FARICEINTZ S AN T 7 ¢ BEBINE, BEREAWVEZENTZI AN T 7 4120
WREGIEIC LD RELS DU T3 HED D, 1 I TEWARE 2 2 2 OIRE 285725 T v
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VIVNIIANT T 74, RFBEER RS UBUNLMIBELEN 25X, ZORIZHEET 58 AW
B % JIE T 5 ARFI(Acoustic radiation force impulse) =5 A~ 77 7 1 [24], LREEH K % G
& D572 2 AL RS LA Z L N ICIRE) S B CREEOE AWK 2B TV —T LTI AT
Z7403H 5B [25],

HATE, ERTIALNTIT74D55, 2011 ERPS MF VYTV NI TIANT T T 4 MR
BoEH L o7, NIVIIVINIIANT T T 4 FBKPFEHET BGEIXMETET. £ B
JFE. BRG] CIRIIEMDOHBRMEIME N T 2 Z e ARG INT WS, S SICFEEZEHIT 53 i
MR AEGHNT 2V T2 =TT I AT T 7 1 H 2017 40 & (RBOE FHGE RO ATRE & 72 5 72, [20],

242 MRIZRAKNIZ74

MR =J A b2 5 7« (Magnetic resonance elastography:MRE) 1% 1995 FIZ# & = 4 [22].
2009 4EZT A U D FDA THARE 0z, BUEMAKBIG THAETNTWS MR TS5 A M5 7 4
. AP S ELEEE G X, DL SITHEBENTICEL ST HMEKENET 2 FIETH 5,
MR ZZANT T 741280 TE, @BHEDBMIZLSHWSNT WS T1, T2 MEEG TIEZR AL
MEG LTINS E G2 VWS, ZOBEGRENECH NN TWS, MRTIA 57 4T
l&. motion encoding gradient(MEG) &IP3 2 RHES 2B L T, £Ai% 70 b V57
%3&~>< Y hOMHY T MIZET 5, I olMEREEGILT S HEERELL OIS NDS

 DAHEGR Z VR L CRIMER DI R ZFHIIL 0 R 2 R 25 ke KB AR O ME
H5WVINEMEEZ I ANTT W ER2E S 2 H5ERH 5 [7][12),

243 H#Ak—LYRISANMNIST74

¥ae—L Y ALTIAMZT 71 (Optical coherence elastography : OCE) i%, 1998 4EiZ 2
E— VYA A=YV T EHWE#HNT I A N7 57 4 i I 7z citeJoseph1998, Yk —
VY AA A=Yy Z7 2%, #HE 700 nm-1300 nm FEEDRER D2 HWT, B2 IEY > TIUh
RO, BAREKE 2 556 % B UAERRTT D 58 mm OEFEICH 2 HEERD» S DB FANDK
SR OBRELC DN, AL PO Z2 R RE L TIRIBET 2082~ 7Ly v Fillat & VR
RZH-Z 5 Z T, ARERANEHEOMEG LG T 2 FIETH S 27, OTAZHET 254
KA =LV UV AA A=YV TRBY IV OREI N mm EIEFITHN D, ESHEOIE % —
EEREL, CTV P —%2AWTIGHAMEZRIE U 72858 %2 AV TR 2 5HR 4 2 HIEDH
HINTWD [28], ZOFHEIE 1-100pm D E\WZE MO REE CRHMER Z EHAIT 5 Z LAY BETH 5.

244 HHBERISANIZT T4

CIHETHBERA AT VT WS A A=Y VI FENRES N, ThizHWEZZI A NS
Z 7 1 (Photo acoustic elastography : PAE) ® 582354 & 117z [29][30], HEERA A -V ¥
Zeld. V=Y =% ERPYMRANRS U7z & 12, NRNERIZH 2 BIPUAD T 3L F — 2RI L
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BEDN EFUAREEENECUS Z L ICE D REUEBSREZBER 0 — T TRETLILIZLD
LT DFETHD, KA —L VA A=V VT USA A=YV ITOTEORBEHFLTH
D, BEE pm ORI RAEE SRR cm OES ETHRT S Z e AEETH S [31]. BE
ETIZ, YU TV EFBELZLEEDVTAZAET S LI2L0, OTAEGEMERT 22 LA
RETHDIEPHEINT VWD, /2, BEVEDERK-7KO, BOHADOT A%HE L /-HER
LEWEINT VWD, BEBETIIUSTIAN I 7+ F LU TEANBERTIANT T T4
DWFIIEE > 721300 TH Y. BERISHPFEMZREE IS5 TH S [32).

245 X#IZANITZT4

XA A=YV 7L 1895 FED L v b U HIC & B X SROFERLSE, EESH> TE0H T
IR FHZINTWS, XA A=YV T 2HWEZT I ANT T 7 1« OHEHIX, Hamilton et al.,
IZ& D 2009 FEIZHRESNEZFHNTIANT T 710 03B 5, TR T AD K E O EE T K
WEZBH L., ZORIEEZ XA AV EHVWTBETALIZILICIVENEZBELZEDTHS
[33]e F7z. Kim et al., (Z#E4 % FEFIHEOVTAZ CT ki U, 3 IRGEAR O3 A% VERL
U7z [34][35]e & 512 2019 FFATIZR TNV — T, 3T O TAZJEL, OFTAEZREIT DT
LIZE D EROIEIEL LB R 27z 2 WO WE S iz [30].

246 BEAA—DVIFERIILDIZANIZT1EDEER

BRHEAA—Y VWL DBITIANT T 74 2K T B FadDE 2.1 DL 51245, Fife e
IZDOWTIE, BEBRKIGHZNTWAUSTSAN 974 MRIZSANS S 7412D0WT X
D, TOXRLD, 5em KD HBEVEMIZH S, HERPELRDZNIREDIIREVLHEL N
e,

Table 2.1. Comparison of elastography by various imaging methods.

MRE USE OCE PAE
Penetration depth whole human body 5 about 5 cm about 1 mm few cm
Spatial resolution few mm about 500 pm 1 pm~100 pm about 50 pm
Detect Easy
Feature Under development | Under development
whole human body to take images
No magnetic material (pacemaker, etc.) | Diagnostic accuracy depending on the operator
Problem s (P ) 8 ¥ aep s ! Under development | Under development
Long measurement time It is difficult to shoot deep parts

HIEETIZHRE - RAFINTELISAN I 74 DFFEIZONWT, HIET HiMRIZ L 598
ARV VT FHRIZEBNEIIOWTELE D, USTITANT T T 113, RO REEDEE
pm FRECHIERARETH HH, 5 cm FEE L DFEWVEAICE L TIXHIELR#HL <. F2MFIC &



25, F&d 34

DRI A S 2 L AHEIE N T V1B, MR T5 2 b5 7 ¢ ka2 ET 5 2 £ AT
&2 H5, ERAMRALEN mm BRETH B, X MLIEVEROEHETH ) 5\ BB E 70,
2 A IRAE CIENBAL  CHIBMLT 5 Z L AT TH B L EXSNT WA, &oTw XA A—

DT EHWEBRTZTS A NS5 7 4 EBHT 52 8T, AMOKERA O X O 214l %2 522 2 iR
BT cE s eI NG,



35

B3IE

FMXIBISANI S 74 %2FEBT 3
oD DEZRDIREY

A TIE, XTI A NS T 7 4 2FEBT 2572012, K 3.1 DEHEIZDOWTHE U7z,
DIHHZMET 2 0EX D D, AKETIEKRG U723 IZ O WTERR T 5,



Table 3.1.

Summary of devices used in this thesis.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron
X-rays

Monochromatic synchrotron

X-rays

Small multifocus

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam
Mini AX 100)

Large area detector
(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Absorption contrast imaging

X-ray crystal

X-ray grating

Phase contrast imaging interferometer interferometer
5-1  Evaluation Exposure dose
P Agarose, agar Polyacrylamide ICNgel Hitohada gel
Fabrication sample Position detection index
5-2  Evaluation Exposure dose Pig liver, Pig pancreas . Rabit liver Mouse liver
Rat liver

Biological sample

Position detection index

Pig mammary gland

(formalin)

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure
(Fostex FW168HR)

Air pressure
(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method

9¢
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3.1 X#RRDZER

XHLIANT T 74 KRBT 272DIT1F, XMENBETH D, REML X FRITITHERYE X
P ERRE X MBI o, TI AT T 7 1 ITH R X FRIEZ MG U 72,

3.1.1 JREE X #R

L E X, BT RN X — DB F A L > TIEE 2521 CE#T 2 & Il Ih s
BRIETH D, BEHOEOREIE, 1. KBE (GHEE). 2. 8tk CFETM). 3. #k A<~ 27 MV,
4. M, 5. SV AMTH D, WEIIHERDFERRE X FRFIZ AT 10 25 108 5 50 e M1
EWIKEL, 7oVab—F— WO RANEZHWS &, BEEISI24 265 Himad,
E7o. EEEAETIZE A CPHITIEL . FMIEE mrad 22 5Y 7 mrad TH S [37], — S
HaFIHUTERT 2720121, WIED7ZODEERLIAARLRBIIH NE2ET LI L, /-, 1K
WHHMHETE — LR A LERD DI T ERRELIREL, BELEIHEND L7720, FERET
WZHERIAI 0% Z L e E ORI D B, HIfIEH DA, KBE L W REMERHT 2 Z 2T, M
WIZKREWVHRERED Z N TE, ERHTTZIANT T 7 412X BWEARDH - X OFHi %47 5
ZeNHEEIC RS eI NG, ERETHEARVWE WS R AERMHT S T, 3.3.2% L 3.3.3
HTHRRT D XBMHI VN TA NS A=YV TEERAWEZIIANT T 7« SugEe 5 & 1Y
f9 5, XFIHI Y P IA R A=YV T3 BTRIINLTay P I AN TESLZ LN
R#ch s,

312 EER=E X#&

BAE, BRZ RRZE R B R AT, BEABH CAKHWLN TV S X MAEEKEIX, 71 T A
Y () Mo EnzEBrEIEL, @FEX =7y b (GE) ([ AT 52T X MERE
IETW5E, @EGHBIZHEZEZLUZEFICLORELZ XAIZIEZ 20807 H 0, —DIXE L
B D FRICEI EFHRE O ND Z L IZ X B HEBHA TH D ki A7 bV DS ER D, X R
BIZHMINZ@BEICHS U ZRRKTRINVF =2 KL, JRWARY MVERT, £ — D5
JH OB FHEDO T RV F =26 T M OERRD AR MV STH B, HIBHREG O A RS
ML E O BBUERCEE RS, BBOTRIZL D XBTRVF—BREI NS [35],

SR X R R
AR, N D SOV A X R FEET B 2 X DR SN E B O XA EATE X N 30,

ZOXBIRIZ, B LED L&V BFAEREITMES GBI, BEEZ—T v N (RVITRF
V) TR U X REHEIE S, LED 2HL TWA720IEFEIT I NI MIEKT 5 Z LAV
HTHD, TDD, BIEHIH 7.5 cm FEEDRE TDOHEEIZ 7T 2O X FEREZF>TH O, ]
HEEEXERWN, £EEADRVWEEETRNEY VRV AR LD ARETH S, EH X CT %
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556, Y7V alliisdEs, £ XMFEERBEZY Y TLVOF D CHZSE 2208
LoPBBEE RS, £, PEYURYRA ] BEBIZ, CT &0 I3EEAE LS T LA
BETHHEMN, VYUV ES, 2 XMEERESREZY Y TVOE D THEZZ DL
LoDNDRBETHE, FEV VRV ARBERBIISVES I 7 DIETHAINTE D, Xt
CT IZHBE L TREAHITA WD 10 HALE D X K & 8GR~ D A4 % BUSFEEZ 2 73 h
ST B HIETH D, T o OEGD O KTk R EGERKEEZ HWT, 5RO 3 RCEHRE S
5P TES, Xk CT HEAED K S IZTEZEM M. SREDMETO/RRIIES ZLFTER
WA, I MBERZEBIEE 2N TE, R EABRBER HEER->TW5,

3.1.3 X#FROBRDOE &8

AL XTI AN T 7 1+ OFEBUCET 2 FEANMAOESNENTH S, TDDOARE
BRelk, BEBEIGCHHTES XTI IA N I 71 OEBEAZRL CTERE X REHVWE L
U7z, ¥72, BT ANF—HHIBO X BEFATD720ICX YT AT X =7y b O[EE i
W CHIBIRG I & 2kt X frefAT 528 L L.

F7o. ERE XU U TOHIEPRWZ &, RBEOAE X YR X HzRHTE 5%
COENHEERH LI s, BMENEHWEZISA NS 7 4 DFEBRSEMT 5, EREHET
HHTE2 XMTIANT T 7 4 BT 2 RN AESCRRFMHTEZTHA I MMar b
TAM A=YV TEERAWT, XTI ANT T 7 1 DODAEEKRY >V TIVO NG % F i
T 5,

E5IL, CTRMEY VRV AZHAWE XTI AN T 7 412 & B854KD 3 RoT Rl o
FEHMICE U TONMIZESOOV A X BE2HWEZ X TS A N5 7 1« DERZEMT 5,

3.2 XMt EDZER

TIANT T T4 ZEMT 572017 X BRI ZIRES U7, BRI QMG HIEIZ, Bt d7 o
RY A X, MR, BEEEPEIT NG, BERBGTHETSZE2HME LT, NRIAE
Rl d 27201013 X MRS OHBIZE T cm BETH D, 7o, BB 0 HMERD
EREZRA D721, MM 1AM ORH L D WK THREPLETH S, FIAIF 150
Hz CIEI X ¥ 2546, 1 A 6.7 ms TH O, —AOFICEEN D X #imih 2 G U Tk
DIRFE % G S 2 7= D IZIF IR 2 A 572D 121F 0.6 ms RETOHREPIBLETH S, £/ Xz
AMICEHT 50 v F L — R ORI Y v F L — X LA 2 AT L v AR THlAED
ETHHT L1, ATEOLEFROBRMELETH S,

321 KEEKRHES

KEAFEREBRIZERRIGSE IS HHINTED, ZOHRTEREBRR T 5y b2 VT4
FERKEE CMOS A A=V P ey v FL—XE2HAGHOERZL DT, BEEDLEADLRWE G
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FYRNVEGERDZ LN TES [1], HEY A XIEKEVHD (REBRTH AL 7z Dexela 2923
13 75 1 m/pixel) . MIBERIZIEFIZKRE W (KREBRTHM U 7z Dexela 2923 1% 290.83 mm x
229.79 mm), ZOD7zOERZHTHAT I, MES X2 RN L CHER 250 EEbES
BEP e BEDEMZ BT E 5,

322 BSRMEREMRLLS

AR U 72 KT Bk 2 I R I IR R I R VWA, lEY A XH KEW, £ 2 THUNMEEZ &
Z2 M fRRE CRMEIS 5 72 O I A OFH O HI#: HIRET U 72,

AR L DR R 12 1% CCD (Charge Coupled Device) #iid:. CMOS (Complementary Metal
Oxyde Semiconductor) fHi#, sCMOS(scientific CMOS) #E#23H b, IS IXWEFEY 1 X
DN, POHHREDOREIOHMEE AL RGN L 5, CCD gt CMOS #
HEHIRH O FEFEARIZIZIERA U TH 20, F50%HAH LM RZL, sCMOS 77 4 F 134k
D CMOS 7 A Z LU TR/ A X B TE2MMEATH 5, X FRHOFEIZY v F L —
& — (CsI ® GOS(Gd202Th) %) ZHWT X #& Al (R 550 nm fir) ~ZE# L, HE
A FTWVERICERT B [11],

CCD #itidrid, "HDE» SBMADEME TEEBEHATIT S, TOREENDLEHEEET L
A DITIT S, —F CMOS M ZHISER T L ICEBM A2 BT ICEARL THIET S, 1HEI 2
EGAH L 21T 28T, @EEEDATREE o IR TH 5 [12]

AREBRTHW Andor Zyla 5.5 HF X sCMOS # & TH D BHFEY 1 XA 6.5 u m/pixel T
HY. ToOICKHBHEMAIX16.6 mm X 24.0 mm ZHERT 2N TES, £z, ERFF=I X
C12849-102U (X HZEY 1 XA 6.5 p m/pixel TH H B E AL 13.3 mm x 13.3 mm TH 5,

323 BERHES

BB U7z ZREOMEER TIZ. T A NS T 7 1 EBROBIZT D HMEE OEBEOR T % ERFHT
T A Z L IFH LW, T TEERHEE WS Z L CERMTHROEROMTFERZ 2 Z 20
A[gE L 72 %, il 21X Photoron Fastcam mini Ax100 (X, 7V 7 L — AT 4000 fps £ THEETH
D, 3#E7 L — L TlE 540,000 fps O E# g Al BETH 5, 1024 pixel x 1024 pixel DR H HIFE
Thbh, HEEY FIE20 um TH 5B,

324 XBRHBOBROZED

AREBRTIXERE X BEHNS 720, TORMICHES LR 2 R OMHB ORGP B ETH
%, REBRCTIIEERBYGCHHATES I L2HNE 572012, KABBRHETHE 77 v b3z
Wi ERE WS Z 2 & Uz, 72, RO %2 72 6 FH O 72 80 1T i R A Y 20 s R
HEst HIIZIG U THWS Z 8 2 L,
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33 AX—=YVIFEDER

XEARA=—I VI REL DT T2EHDA A=YV ITFERDH L, TRODORBIZOVWT
R, XTI A NS 7 4 ICBERTFEEZRIT 5,

331 BROAVENSAMNAX—=D VY

M 3.1I2RT LS. XIQWHhz2EET2EE, IRIEOE(LEMHOTNLEHEET L, ZDE
EOIREDOEAL 2 HBEERE UTCHHTEHENBENIY NI AN A=YV ETHO, AifHD
T (MY 7 ) ZHEEGERE UCHHAT 2 HERMNHEI Y NI AN A=YV IHETH B,

Phase shift:
Phase contrast imaging

[e—

X-ray

Object T

Attenuation of amplitude:
Absorption contrast imaging

Fig. 3.1. The change in amplitude and phase of X-ray wave caused by traveling through an
object.

¥ IVOERRITE n %
n=1-5+iB (3.1)

YHEUEEE ST T MIBET RS 2, BRBINICHEET 2 AF X 2H L, Zheh
FHO LS THLbEND [37],
Te

5:§aﬁihﬂa+ﬂ) (3.2)

™

3:—%v2:mﬁ (3.3)

J
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T Z Ty e (ETHHLE TR (2.8179 x 10715 m), ny IZHALARHO j FR OB N IEXRD
BR m]. Z; RERTOETH (H1&S). f & f/ 3R FHERE T O RS EIEHO I & T
HB, £z, nj =LA (NA:7RA RO, pr B [g/m®]. M:ELER) TH2,

XHRPY TN e Bl Uz & ST E SRIEOIMEIZOWT, X MOXHEDOMHEFEHANFET S
P ZDEZRLDIZPAY VEL YT UHR, KEIRTH S, AH XBOBEE 1(0). &
WD X MO@mEE I(x) & U, B UMEEFEMRIC & 2 BIREE pws £ T2 340K
SIIRT ZENTES [37],

I(z) = I(0)exp(—Hasz) (3.4)

$HIDLE BIRTADPRIS DESITRTENTE S,

A

B = 1 Habs (3.5)

332 AV NS RA M A=YV T ERTFHE

XTIV IARM A= 0%, XERT Y IV EBEBLUEZE S IZEU . XBOAMED
TN (RifHY 7 b)) 2L TEHELT 2 TFETH D, MY 7 b Ap DERZRAD LS5 I25 25
N5 [38, 13,

2wt

Ap = 5 (3.6)

WHE O X MRk, XMOMEEZME TN TEDIHN, TOZEMMY 7 M EHRET
5ZLETERY, ZTOOMHAY 7 M Z2MIET 2 FIEIZDOWT WL DD IIERFEDED 5 N TN
%, MikY 7 b p 2RHT B Sk RIS 7 b ORI 2T 5 5k ALY 7 b p%ER] 2 [\
W BT 2 HED SFEEICKRES TR IR TES, [13)

ZD 5B X WS TGN, MY 7 b p ZEICERL THRINT 2 HETH S [14, 45], VY
IVEERDO T Y TR EAWT, —D20 X MROKEE Y > TV FEE L Wk (RE 1,) & U,
L —HONKEY Y TNV EFE LR VSIEE (BE L) L LT, K32DX5 I TFHIE5,
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X-ray Crystal interferometer Detector

Second
Si crystal

Phase
shifter

First
Si crystal

Fig. 3.2. Schmatic diagram of X-ray crystal interferometer.

IorE, FHY—LAORE (1) BEOEALGHDE ORI X > TIHOMEOTH (Ap) Ik
L. RITOES>EbsbIND [13],

I, =1,+ I, + 2+/1,1.|v| cos Ap (3.7)
ZIZTyIETHE—L0EEZEI—L Y AETHY, Visibility V & X 3.8 DBIRTH 5,

v VLV
I, + 1,
i TUREEX 8.1 B THRAR S 5 MITIE 7 FHahd. ARIIZ FEKE O %2 240 X B 72 i % E
BOMEUS U TR 217 D MR IE [10] . —WOBEHROALE OO LD SMHY 7 b 2E3HH
57— &ML A7) WS Z & TRMEGREE 2N TE 3,
faEEEX, M2 2T TEBI O X MG E2 IS UM Z GRS 2, BRI, oL
%z 32 9D M BIZLEIE7- & iz, B (3F) BT 2 HEEDRIE L, (v, y) ZWET 2,
TR OEE. SRIEONE LICRE L SRR EZ DTN E(LI DL LN TED LS
WZAEBLL 72 XORRIBIDUAR (REAEAR) 283 2 212 & D AAIZROAEZ2 BI85 Z 2N TE,
EHri& T FEBEF CIRREIE T 280 T 2 Ik D25 2 A TE S, ZORIZ, fitHY 7 b

o] (3.8)
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(FFriE 7 FEECTIRET VMOAIMHE) pldN3.9DE2I2/5 I ENTE S,

M-1

.m
p=arg | Y In(z,y)exp(—2mi—)
m=0 (3.9)

ZZTC. Iny(z,y) DEHEEHRTH 2 Ie(r,y) & Lim(z,y) F DO ITHODHLT I ENT
&5,

Nt 2mm
Ie(z,y) Z( xycosM>

m=0

"= 2 (3.10)
Ilm(x7y) = Z (Im(.%',y) sin ;Twm>
m=0

—757~ Y DML 1 MO ERF T, ZEEAMIZZLT 2ROk o fiHEZFHR T 5 FET
o 1 OmiG EIZ FEFHOBEEIMAL 25 X 51255, Min<BdE5cT57201z, H#i
i#m$ﬁﬁ®% LEOHONMME NS Z LT, THHOMEREERS T2 TE
%, Bk BEIFKFFEBHTMAMEA A=Y 7247554, 2MOEHRKEFICEDELEZET L
WEBHNILTWS, E7LUHEIZIEM 33 DELSICKESS ZHEED D, —HOKFHEEI R 25 BT
T % FATIZHAR TG EITE U BT ET L &, RUHBREOEHE 72 Bz 8725512 U 5 H
HBETLAH S, fl2E, 1 MOEFEFOMEBEZ S AA~Z2D LT 5T 2ic kb, Bk T
O THIEEZ ST L AFORME R, FIAET VOMMEEEZZLI TN TE
%5, ZOF, TNTNOKFOMEE di. do 2L, ETVHROANE D &35 X3.11 TET
ZeBTE B,
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2

Fig. 3.3. Schmatic diagram of moire fringes that occur when two gratings are used. (Left)

Parallel moire. (Right) Rotational moire.

dids
(dz — dv)

AEREL 7 -V TABEZ KT 52, 7—) AKX 1 MOBE&E» SAHEFET L2 8
NTEL, UL UMEEFIXZEM ORI STRE L 7 — ) T2BEIE T o M@ ks
5= OREBTEDIZO VAR TH D, AL TIE, &\OZER D FRRED H4 % 15 THMER 2 FEli 3 5
ZEHEHME LTI 2T S 120, MEREEZHWSZ & Uz, KREBRTITEES THE0S -
DA FIZE N AR &2 B2 T REEEIC L 0. ABITRONMHZZLX 5 Z & ChAH
ZHUF LU 72,

EHICTTANT T T 1 DA, RKEIZE XL E2H Y TVNEICAE U3 0 M oAk %
/o izbimEREEMHATE 5, BENRREEZENT 2720, HEMOHEH S HEHE2 NG
LIHETEEH VNS L L LT,

i Tt OBEENMAEIINMHI Y I A M A=Yy I ohtRbEL, 0.7 mg/cm® TH
D [48), BRA Y b TR A X =YY Z1EHI 1300 mg/emd D7z, BINTY P T AR A A=Y
eI U TR I U TN EREREDRETH D, XTI AT T 7 1 OB S IE,
YU TN OIRIIREDFHN 2T 5-0D% < OFENHINTE L LHfI NG,

D= (3.11)
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333 IOV NS RPN X= V5 BIFKFFHET

BT T EHIAE T O A pm DT 72 A L2 THEITH . 1836 FITlE T
e ZOVHRRIRZ FHINT WS [19], [FIRHZ BN, Mo E, Visibility o 3 HEHO G 2155
ZeWTE, £7/2K 3.4 DX 51T, Source grating(GO #1) #EiE T 5 XIVA - v — TG [50]
IZE D EREDO X MEZFIHL CHIREDTRETH S Z LT H 5,

Source grating (GO0) Phase grating(G1) Absorption grating(G2)
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| |
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A m 4 = Detector
d4 dy

Ry Z1p

X%—»y

Fig. 3.4. Schmatic diagram of grating interferometer in the case of Talbot-Law.

BIHrAE - FREt O RERCE X, FHEF 2 HERE L. ROMBEIREOHMZ TET s
o —MOEFHT (G1) 2EBUZGE, IR FOEPPEEICHATHMIAE WL &, [
FADPIER NS 2570 BONDEZ Y AVTFHT S, FEFEOAAAR > SE 27§
£ BRI BEN T ALEICEW T, T2 EE L2 EREF UG (BB BHEBORRe L
THNS [H1], AU ZRYMRIZ X 5 Fresnel EHTOFEREL B, ik, IO 1O R
(di) AV dy >> XN D& ZIMERDEHFRIZIZFHAITEC 2D, ZhoDBFHLHI 2Ltk oT
YAD B CBEPERE D [52], FiE DUFHE 210 1&. MG d DT D2 & &, HKOWKEE
LD Gl T ETOHHE Ry L Lz ZiZ, FioX3.12 THERHN5 [53),

pdqds Ry
R

Z12 = (312)
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p PMEBOKR % ZOV KRR LIPS, p BEHEERHBOMETH > TH, SV RHGR L KXk
T (AT PENS 4],

DEWY VTN E I WEOEPIHE T TH ST (G1) OEREZIZERICES, 2 EHOE
k& 7T b 2 RIE T (G2) Z G OERIZRET 5, v 7TV EEET 2 & X FRIXETT
IZ& D G1-G2 DS 2 [SANEDL Y, J 2 TNAENRIEL AR T X FROAMMHELE L 572
H, Gl DHCENELT S,

ZDRHZE @ IEX 34 DX S IZEIFEFORAMAMEZ 2 L3523 I3 DL ITHhobIn
b, ZTDOHEL-HBRILELINCY Y TV EER L 72 Z 12 & B2 B L TER
35,

O(x+dzx) — P(z) ~ gida; (3.13)

ZDE E Tl H DA D HIADE pm D78 H S4B S FRIFERE & 72 0 il O E{§MR
HE TINS5 Z 2138 L WD [55], G2 T OEREOLRIZEVAEUZET LHOBIRE Bl
5L T, WONHEGORTATREL 85,

ET VEGEDOMRE 1,,(2,2) ZR 314 DS ZHS5bT I eNTES [H4][50],

I (z,2) = Z (A €XP [272” (z1204(x,2) + x) (3.14)

ZIZTa, IMETFBLTX MO THEEIZ LI > TREZBIMTH Y y E MO T O x i H DM
MR TNTH D, ZIT du(x,2) FV Y FIVE#EED x HHORTARHTHD, X3.15 TH
Abhb, 95(z.2)
A 0P(x, z

@) =

ZZT, Oz, 2) EH VTN LBAMY 7 N TH B,

3.3.2 ECHM Uz &EEE VS Z 212k, R3.16 12X 0 Y Y TN X BAMY 7 b DM
SIZHBIT B Y TNVEEED x FADJRFTMAATH D ¢p(v,2) 21325V TE S, TOH
BT NG L N T WS,

(3.15)

M
Oz, 2) & Z—?arg LZ::I Iy (z, z)exp (—2771'52)] (3.16)

ZZC kR (k=12 -, M) EHFETEE» L, FEEET- 728 TICBONBEGRE Iy (z, 2)
U7,

T 512 Visibility 4 UNEELT > BT 2 M) [H7][08] BRKIZES Z A TE S, ¥ 7L
D [l A% D JE ] & R T DM ILER TR T E R WIS RED D 2 A 1AL 2 £ L 5,
ZHUZ & Visibility 2325{b3 %, Visibility &, %2 —#IZOWTOHREE [(2,2) LT3 L,
35 DEICMMEELZL 12, BKBED L EBRNRED I, &b Visibility V & 3.17
DESITEHRIND,

Imax - Imzn
V=—-—"—F—— 3.17
Imax + Imzn ( )



3.3. A A=Y VI FIEDER 47

I(x,y)y

an)

2 Imax

(]

<

(O]

=

2 \/ \

Qq:) Imin R Step

Image number

Fig. 3.5. Intensity (I(x,z)) of an image element when fringe scanning is performed.

¥ 3.6 XA A& T T 51 %2 FEE X MFE L AGDLETIL S AIFRZBH LZEETH S,
DEBEDEFRFDOFRM %2 3.2 1TRT, BFHE T TFEHETIEI O & 5 12— B O FME T,
WA, Visibility 4D 3 O ZS2 Z e BN TE S, WMOMHETIE, BRIUETIZDD
DIOS5WVWHEDT Y UDBRFH I N THA LT < R>TH D, Visibility B TIERINEG TIXERTE
RWHEE R BN MEB R TE 5,
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Table 3.2. Parameters of CT using a diffraction grating interferometer with a laboratory

X-ray source.

X-ray source

Rotating anode x-ray tube (Rigaku, Ultra X18)

X-ray energy White
Target Tungsten
Source size 0.1 mm x 0.2 mm
Tube voltage 50 kV
Tube current 24 mA

Detector sCMOS (Hamamatsu C12849-102U)
Scintillator Gadox (Thickness 20pm)
Pixel size 6.5 pm X 6.5 pm

Detection area

13.312 mm x 13.312 mm

Imaging method

Grating interferometer

Number of photos

Image by connecting 4 images

Exposure time

30 seconds/1 image

GO Lattice spacing: 30 pum

Gl Lattice spacing: 4.5 p m, Thickness: 500 pm

G2 Lattice spacing: 5.3 um, Gold plating thickness: 60 um
GO0-G1 distance 1.68 m
GO0-G2 distance 2.00 m

Talbot order

0.5
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10 mm

Absorption image Phase differential image  Visibility contrast image

Fig. 3.6. Images of a cherry obtained by grating interferometer using laboratory X-ray

source. (Left) Absorption image. (Center) Differential phase image. (Right) Visibility image.

334 AAXA=VVIFEDRBIROFED

XMEZTANT T T 4 OFENEBTETWD 2G24T S 72012, kR E2 T &MIZHET 5
ZEDVRETHD, TDH, SEITES EFEPHELRBNI Y I A MM A=YV T2 H0N
528Uz, Fl FERERY Y TNV E2ERY TS ECRTRINLTEIY NI ANTHRET
EEMNMHTY N TA RS A=V VT, XTI ANT T T 12 OB 51X, > T vh RN
BROHNET27-0D% ODIRENEHNTE 2 LRI NG, TOZOMMHIV NTARS A=Y
V7 ERAWTIEEREIT o 72,

3.4 F@EY > TILDFEIR

XTI ANT T 7 4 OFEBROZDIZ, FHIiY > TIVORIRE T 7z, FHliY > TV D52 L
T, ARGEVHERERDZ | FHEREEENICIHET 2 Z AW TH I EDBERS
Na, £72, KMEOHMIIEIN X R T ANT T 7 4 BNEBARENEIHLT 5L THS, TD
T D7D, TIANT T T 1+ DEBEFEV IR UITVHIEREOR E2X 2720, EREH (B
MIFEEE) 12720, YENRESZI U WY VY TURRETH 5,
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341 #BHEROESHFTMAOERY > FIL

MR O E BINFTAT 247 5 7012, HERDPEERIOMB 2 FIWTY v TV EER LU, Yo T
DB LTT7 Au—A, #X, RVT727VLT IR, & MLOT IV (Exceal Co.,) 23S
SNB, TNHIE, BEEREZXDI LR, A—H—THEINT VD HIERI A 2 FHRHE 1 % B
FELELZLICL YV MMEREERMICEZ DI ENAETH S, — ., PIEBITIE X AR A A —
DT RAWTYT MR OERR 2R T 5 2 DN TREREED B ETH S, TDD, ZrOy ¥
KEF Y TVORLEIZHEAZL I T, ZRGGHEHMNIZEHIEEREE 22 D2 REL TEFERL
7zo TOLEDRIFAEDM 4.9 IZHARL 7=,

342 H&YUTIL

BRI U ZEAREQEERY VTV EHWS Z 2k D, RO HEET H 2 ERRZ Wt ]
RENE D DR T 2 Z LA TE S, AR TRERRISHOB R ZEZBU T, IR & D4k
AR Z W XTI A N 7T5 7 « GHlFERR 2 MG L 72,

343 FHEY Y TILOZBIROFE &8

AL TR, ERE XREEZHAVAEZRINI Y P IA M A=V VI TXMMITIANT T T 48
AHENE S 2R T2 ZERHNTH D, TOROICHMEREZEEMICENIEE ZEBRBRET
Hb, TOEOARHLTIXEENTMHOIERY > TV EHNDZ L& Uiz, 7z, TR
DIEEY Y TIVOhTE, 7Z7VNT I RTVITEE22{bIE5 2 & THERE AREOHMERZ
Fib 09, S SICB»HRBIOMY Y 7V ORMEREZREOZENTES, ZDEOTZ7INVT IS
NVEHWLEZ 2 LT,

S SIZERBG THAD, PO D7D EERY Y TV EHWEZEREBET Uz, EERNEHALY
DESIZT DM IERE L T BRIV EMHI Y N T AN A=V U T lAabtbE
BE %217 5 72,

72, T2VUNT I RTVEEHADB RN SEANRE > TV ZEIFH LW, ZOOENT
FEERT 25EET LR VEMDO AILD TV (Exceal Co., Ltd.) %7z,

35 IREIREDRER

T 0 BV BRI ARSI S 200, IRBEELZHNTY VTV 2 RIS YL H6ENDH
%, REPEEEDOEPFUZ B W TIIIRERE, REPEEDREA N — A, X fFEARE PRI & ikE)
DEAIVTIZOWTHEP TP AT 2 HENH 5, RETREIZOWTIE, T TVHET
YU INVALEOHEZE L FRE EORIENBETH S, Vv TIVNETIRIREINHEST 5720,
R CIRERET A AL B RERIREVPBETH S, £/, MR T I A NTT 7 1 OBGEIFREMER
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Z MR EENTHHATEZZLIFTERWD, XBMTIAN 771 DGERMHAT LI AT
x5,

35.1 Z&RIRE

A —H—ENSHNINDEEEE 2, ¥V INVANERBTFHETHD, ZOFHREFIAY—H—
EHWSZ T, ToRikiEZ5 A5 2N TE, BERKBES CHHEIN TS MR T I A
7774 bBEREEHANCTIIAN T T4 2EBLTWE, —HAE—A—3E &L T 57
B, B FFEHEHPRRE T L1 A=Y v 721755, THHAOKERZ WIS
LZRENRH L, o, FUANDBEEOHENLWE S ICHELBETH D,

352 [EERE—4%—

INIBRBDE—R—TH2 I oBHKT 7V HE— X —OBGE & 3% 17 - 7=,

M 37 DEIIZE—X—DEMIZ, BNIZANET Y IVEEELE, LEL, GEHARA S
(Photoron AX100) (Z CEBt 7 7 > (Panasonic EW-DS42) D€ — X — OIRE Ok 1% 72 L
e A, FEHEDOMIIT K o TIREIOFIEBA 2T 5 Z LR TE /2, Db, RFERTHE
BT 7VDE—R—%2HVEZ &3 U W KR 2,

Fig. 3.7. Photo of an electric toothbrush motor with a sample for vibrating the sample.

353 FIVE—4—

PIVE—X—Z2H0TTOMEREZERILL2DICY Y TV EIEHSEE 2B THETH
%, ZIUIIREFENBCCIREIRE 2 T 2 Z e AHEETH S, EFICEENELLAMERZRD S
ZEMARET, /A= MVEREOSEREEZRD, RBARRELoTVWEEDODA M —2 13
Bt uymBEOEOPSHEE ymBEOEDOLHE, EIVE—R—2HVERIZOVWTIX
8.3.4 BIICHART 5,
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354 REREDORROLED

AREBTIIENA R =V 7 2HVWT XBMIIANT ST 4 2 AD, TOLOTFHE2 AW
ZHENRLL, IRENC X DAEBEADEEIFIEAERVWEEZONS, £/2. MRZFA TS
T4 TEEEPDBEH. KEBTIZIAY - —1oFETAEG5IEE 2 AWTIERHX T2 2 212
L7,

3.6 ERLEDZER

ARETIE, EBRTH SN X BREHD S HMRE G2 HT 57200 HEICEL TR T 5,
BMERIE, 30 MR OEEOR T2 B2 SIFT 5 2 L THER AR TN TES, T
D MR DARRE & T 5 72010, X2 W TREGAZIERY L. ¥ TVNEOE IRED S D
ENEERD L, BEMNEORDHGIZOWT 3.6.1 BTk T 5, TOHT D WK DEFORKTH
SHMEREET LN TE S, MERDFHEHEIZDOWT 3.6.2 FHIZ T T 5,

3.6.1 EDOHEAE

3.8 D& SIZF D HMIEAMERET 2 1 AD 5 bITEBMIRE 2175 Z L2k b3 Dok o
ERBOMTF 2R ZeNTEDS, YU TN 2 IRB O ZZASERDB S, T0EThD
AL TR U 7z X SR 2 FIA U CHifgk L O ZAL 2 iR 2 URRE Ok 1 2~ 7z,

X-ray X-ray X-ray X-ray X-ray

2 41 6 8m
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N v 150 Hz)
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Fig. 3.8. Schematic diagram of X-ray imaging at different phases of vibration applied to a

sample.

XA A=YV 7 TlR, TNFNOHEEZ L TEMAEET 5 & 12, X fRE& LR e
BEENELAEDOZ2FHIEEE LT, Y Y VORI ZEA LTV AT E2IRZ A NBERH B, *
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D7z, BDER O iRz B U, SR 2 AL Ol Tk 2 e U 7,

ERIEL AN L —Ya v ERBWAEROHE

JERUAL DA ML —Y a VR HWEEMOFEIZOWTHRT 5, MEEEL VAL —Y a3y
1. AT HIG % SEATR D A TR OE G Z HEEGIZ - RI 2 HEOIETHD, L,
RO AN D B HE L Wz, REBRTHINE LTWET 0B OEFE O 21
Z5ZLIIWETS, £ T, AFERTIE. FERMKEHRL VA ML —2 a v EHWCRKEGR 1T
W, IR R AL R R Tz,

FEMAEL VAN =2 a VOFHEICOWTHAT S, T 3.9 D EHO X 512 KO % 4
ET 5, ZHoEiGEzERGDLDES L, M 3.9 O FROLEMOEHD & 512, —HHRTHATNWSEZ
ENERTES, L L, 205 id, MEEAHMOAT HOEGZE2IZ RIS L I3#HL
Vo FEHIRL VA ML= a v ERAWT, EERAREMNREEZFRE TSI LT, X 3.9 D RO
HIOMGD & 512, ZHOMHGE BT eDRARETH D, ([00] ZWE)

Original image Moving image

Apply non-rigid registraion

Overlay the two images to make it easy to see where the images differ.
The differences are highlighted in green and magenta. https://ip.mathworks.com/help/images/ref/imregdemons.html?lang=en

Fig. 3.9. Calculation process of non-rigid registration.

SENEEHRL A ML =2 a O 7N TY) ALDOHFTE R HHAINTWS, Thirion’s Demons
algorithm #. X SO FRMESRZHWE Z & TEROEA 2TV, KEFHEO B E D725 L
THIENTEDTNTY ALEH N [61][02), 20T AT Y XLIE 2 DDEGDIRE XAk
WZHDE, —fHOHEGEERIEDEMRY M EFEESIHE L, RFEFRTIE Matlab IZHEINT
W7z Thirion’s Demons algorithm OFEMIAL A ML —> a3 v &2FIHLUZ [60], FEMIHKL VX b
V=Y a ik, AAOE &5 oGt IR & 72 2 AT L IRE DL S50 DD I W OB &  #EE
THIENTE S,
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HERmEERAVEZEMOFE

EROREHMRERH L, TNREDLSICBE L0 N Ty F 07T 5 5E0NH 5, HlZIEAM
W2 DDHEKET DEBRIZOVWTIHANTOREGDLED Z LDV TE DI, EHEHEDOT DN DDk
B2 RO L TWE o Thd, TNEMHLZEORREREHMELTN Iy ¥
THFETH D, FrERITIE, X 3.10 DX 5Tl (edge). edge DYEFT S (corner), £H 565
2O (flat) @ 3 T D B (03],

[ ]

flat edge corner

Fig. 3.10. Types of image feature points on an image.

R st o 7L 37 XL, SIFT (Scale-Invariant Feature detection Transform) %% 1999
FIZBG Uz, ZOFEE. RS (F—RK1 V) 2BHL. 520 AR REESGLRT
BT D, IERMNEZRWT VT ALTH S, F—A1 Y MIHOHERIRE I HRLD
AT VT4 NR—% T zEGEER L. ZDEDTH S Difference of Gaussian (DOG) [H
BE KD, WEEZHE L F—F 1 e d 5, SHIFT OFGUEL < DT VT ZLAREL L,
%@¢®—0?%6A&%Etw57wﬁUfA%%bTWﬁ®%ﬁ%ﬁ&#[]o:®7wﬁ
U ZL0& SIET Mo 7))L I X4 & PR U TE/ER O FECHEAME N 1ET 72 & OB 2% T3
IEMECHIE T 2 Z eI TE B,

LU XERT I AT T 7 0128 WTIE, RIS D73 13T U CAAL &2 3HR S 5 2

ZEE D MREEAME N T 5, S, EUNCHRM T 2 HEE2 AT Z XM IREN R HE
MOFHTEEZHET 2 Z L THATE 2 ELD 5,

HEEERAWEEMOFE

FEFABE L & 03, HHBEMRE E R g% Z LT & D IR ORBUE 2 kD, LALEZHAND HIETH
%, ZODJIRI iffﬁl—im%%ﬁx%%ﬁl%k% ETBHT LI XY ERDMREMET U, SCHIH 2N
{F5Z ki ZEMRERE X LB AN E LR T KRB L WS RN H O, 7z, FHREBIE
ﬁK3781~ﬁA®ﬁﬁ###5[]oﬁﬁ%ﬁﬁ#ﬁghptﬁb AL W & &
L7,

3.6.2 T URMEDIHERE

FTOWMEREZEHETEFEE, TTIEMRITAN I 7412 E > THEXBRFEI R INT
W5, BOETHRREFEBRIERIZONVWTIZ3.6.2 BTHRAREFHIZEIVEHELRZT>TWVWS,
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M HRREEHRIEE (AIDE)
2.2.3 ETAA U7z & 5 Wik & MMER & (2 L 725, SRR G (w) 13, PiMkICE T 2
BB G () & RIS BT B AR G (w) 55 FEOR 224 DS I 5hT I L

TE5, [14]
G* (w) = G'(w) +iG" (w) (2.24)

ZIT G =Re(GY) THY G = Im(G*) THd, HFRBIEK L FRMMIER, HEEBERI >
WTIE 223 BT L7, E T 0 MHIEOME o L MEHRIK o HIKA L DAETE S,

1
v = W (3.18)
a = wlm [\/p/?} (3.19)

T, MREIREMENE (V-u =0, 22T uldBARY ML) 2OFEANERE L7256,
MR O W E) 2R IE Helmholtz G220, FHOIIITHOHOTIENTE S,
B w2U;
= —r5ag,

2T U; 13ZAL (u;) DR 7 — ) TZBHTH D w; (i = 2,y, 2) 1FEMARZ bV u ORHERER,
p IXEE, w I TAARKTH D, ZOXNFIMS HEARBIYFTEE (incompressible algebraic
inversion of the differential equation : AIDE)[65] £ IFIXNT W5, fERIEIC L D EN (u;) D
H 7 — ) TEMOER LB (U;) 2KdD, TR0 X 5 IR e HRMIERZRD D Z &
MTE5,

G*(w) (3.20)

_ QRQ[Ui]nge[Ui] +Im[UZ]V21m[Ul]

G'(w) = RelG"(w)] = (V2Re[U])? + (V2T [05])2

(3.21)

2 —Re[Ui]VQIm[Ui} + Im[UZ]VQRe[Ul]
(V2Re[U;))? + (V2Im][U;])?
ZOFEIF, KE, B O TFBIEEINLZVWE WO REAH 5, X 5124k d B LFE &
Y 2 &, HEREROEMSREEIZE V. LU, ZBREESZHAWS 720, BuNRHlE®E
DEMZRFALTUE D WS KD D B [65].

G"(w) = Im[G*(w)] = —pw (3.22)

JE&RE (Local frequency estimation: LFE)

BERIRIIAL ARG N T O R 2 E LD BMERZ G T 5 FIETH L, WERRD
RLED SR 1 EZ2HEIET % Local frequency estimation (LFE)[66] &\ FiENH 5, #RE)
JHBBUIEERI D 72D, WEMREDLZ 2I12ED, X229 BLOKX 228 o filE R 25 R I Z &
MTED, ZOFRIZFIIZE—T, FEMETT O HEROIREOBEN 2N EREL TS
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55,

363 BEELEHFEXED

XMRLTANT T 7 4 ETHAT 2 ZMOHE HE L WK R G EEZMREGT 572012, BifE
MeA W THEAIN TV FEEL LDz, B AEIZ, Z22ES 2D TE2NHON
BRI ARTOEFEITITRNE VWS REZ S D XA A —Y VL TWBIERMAL X b L —
VavEHWTXMIIANS T 74 2FBHTEI e Ulz, MMERFEHIEIZ, XA A -
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Fig. 4.1. Schmatic diagram of an asymmetric crystal.

_ sin(0p — )
 sin (0 + @)
ZIT, 0BT IV ITATHY, WMEHDEE b=1 45,
ZorE, A XMEDOIEE Ly, FHERD X MROIEE Loy £ 328, R42DE512H5607
ZENTE, E—LMREIRTSZENTES [07),

(4.1)

L,
Lou — m
A

YU 7VEAE 1l mm, AEI mm ORY =LV Fa—T70dIZRY 72 VL7 I K7L
5% w/v DEDEFHED, FHHZE 0.7% 70— ATHEEL -, &¥%iE Andor ## D Zyla 5.5HF
sCMOS s % AWz, MHESOmEFEY 1 XX 6.5 pm x 6.5 pm THH, MHEEHEIE 16.6
mmx 14.0 mm TH 2, YYFLU—XIFEZX 100 um O CSI TTZ 7 A N—Jv TV VI TH 5,
AREBROIERN Z X 4.2 1257, BEARE TS HHEICE 0 HEAal (178 keV) Th, TD#
Si(220) FERFRRGERIZ K D AEAFAICH 5 FIZE — AREZILR S 5, TDHK, T Y a
YOFEAERmEN—TIT—L UTHWT I VT KM LB HHEL, — D DMK IIWRNE & L
THYTINERIFL, £5 —DORKIISHL L UThMREZERT 2, TO/REFHEICLOY
e ZRkz2ERGOETTFRE2ES, AERBRTRIARETRE L L5112, METKIZE VA
MG ER2, ZOOIMHEKEE» L, MHEATY 7% 3 BITHIEL 72,

CT OV VTN EAEI B LR S OMEN SEFEITD 2 LT, wCBICHBKZ
195, REBRTIEZY Y 7V E 360" MRS, BT 500 FE LTI L., HBOEEL L LD
T—ODEFZLUTHEOI L=V 72T\, E= VT DRE I 2 pixel x2 pixel T %47 - 72,
FRALICAEROEMEEZ L DT,

(4.2)
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X-ray Crystal interferometer Detector
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Second
Phase Si crystal

shifter
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Si crystal

D (\Sample

Monochromatic

Synchrotron X-rays
radiation
Asymmetrical
Si(220)crystal
Doublécrystal
monochromator

Fig. 4.2. Outline of crystal interferometer using monochromatic synchrotron X-rays (top

view).

Rotation
stage

Fig. 4.3. Photo of fixing a sample when performing CT measurement by crystal

interferometer.
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Table 4.1. Parameters for density measurement of polyacrilamide by crystal interferometer

using monochromatic synchrotron X-rays.

Beam line PF BL-14C
X-ray energy 17.8 keV
X-ray opticals Si(220)

Detector sCMOS (Andor ZYLA 5.5HF)
Scintillator CsI (Thickness 100 pm)
Pixel size 6.5 ym X 6.5 pm

Detection area

16.6 mm x 14.0 mm

Imaging method

X-ray crystal interferometer

Phase step 3
Number of CT images 500 images/360°
Exposure time 5 seconds

412 MEFEEE X RERT

Fon7- CTX%EX 4.4 12777,
INODRERNS, BEZ FTELOEDIZEHE LR, 331 FHETHALEZEIS T Y TIVOEER
h=En %

WEHC K B BERIERR

n=1-0+iB (4.3)
ERULEE, MY 7 MCBEET I RET 2, SRBUIREET I REIEZRL, ThEh
FTHOLSithbsbandg [37].

5= ;;;v Z i (Z; + f)) (4.4)
J

3= —;—;)\2 Sy fy (4.5)
J

T Z Ty e (& BB 72R% (2.8179 x 1071 m), nj IXBALAREPO j R FOB N IEXHRD
KR m]. Z; BEFOEFH (RFE&ET), [ & f/I3EFEELHEF DR ﬁﬂﬂllﬁ@*ﬁﬁtfﬁﬁﬁf
»H5, it\ nj = LNA (No:7 KA Rus pr BE [g/m’]. MiELVER) TH5, B, Z; >
[ oHEEoNX (4.4) &0,

)\reZpNA (4.6)
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X2 OB, R T N Ap DIEERRD LS IZ5 2505 [38, 43,

Ap = —QWT& (4.7)

JoNZEG, O AREREROGE., TNTNKEREEL UTHONAEY T N Ap DEIZT 2
VLT IR NVIE 606, 7 HO—RA1F39.2 THo7, £oT, R (4.6) &R (4.7) kv, &
EaRRDBIENTES, FERELUT, 72VLT I K7L 1.07 £ 0.004 g/cm3, 750 —2
V% 1.044 + 0.008 g/cm?® TH o7z, TDOT 7 VIVT I KT VOEER 1.072 g/ecm3 & U
T, 4.2 BT o T2 EERER ORI 217 > 72,

PB Tube
Inner: 9 mm |
Quter: 11 mm 2 |

.

VVéter

Aorylamide’/’gels A alo\;e els (0.7 w/v %
(5 w/v %) g g ( 6)

Fig. 4.4. CT image of agarose gel measured by the crystal interferometer.

42 ZEREXBISANIS 714 DEER

ABETI, FRERECTHHTELI I L 2EHTEHOIZEREXBIREHAWEZI S AN S
T4 DEBRIZOWTEHRT S, FHEFEROLD, 77V AN TAE RGBT A NS S
7 1 DEEREERL 77,

421 EBREXRREZAWEENISANIS7 1 ORBRAEE

FEREXHREHWT, ZIRuH N CTHMERZ BRI T 2720 DEM XTI A NI T 7 1 2175
7zo MIXHRT I A DT T 7 ¢ ORBREEM Z X 4.5 1I2RT, AEBRELEIZZ b B RXERA X -
VYR ELR-TED, BT 1 mm, E80 mm DX YT AT VB TERINZFay
N=%FHWT, YV TNANGEXZIREOAAH & AU TR 2175 72, XHRIE T [A] iz 55 AR X AR
(Rigaku, Ultra X18) 2 X Y7 AT v X—2 v b THAL., XfR#HEIE CMOS 75 v b3z
Figs (Dexela, 2923) Z{HH U7z, K42 ITHEFRMZ £ L Oz, £/, K 4.5 128WT, i
RGBS EhiE Sz x e y #iTEERT 5,
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Table 4.2. Parameters for dynamic elastography using a laboratory X-ray source.

X-ray source

Rotating anode x-ray tube (Rigaku, Ultra X18)

X-ray energy White
Target Tungsten
Source size 0.1 mm x 0.2 mm
Tube voltage 50 kV
Tube current 24 mA

Detector CMOS flatpanel (Dexela, 2923)
Scintillator Rare earth phosphor(GOS:Gd202S:Tbh3+) (Thickness 150um)
Pixel size

74.8 pm x 74.8 pm

Detection area

290.83 mm x 229.79 mm

Imaging method

Absorption imaging

Exposure time

2.2 second/ 1 elasticity image

IRENEE CHRAE I RELRELZHANT, Yy IVERESE S, REZEEIX, 3D 7)) v &—T
PEBLL 721848 5 mm DRV TWBIRE) Sy P&, A=A — (Fostex, FW168HR), $M% 22
mm, A% 19 mm OF—ATHBEINTNDE, AC—h—05oRETLIHF. T—2NEVRT
2y data acquisition module (DAQ) (National Instruments, USB-6002) % i\ TIEALIK % F4E
X, N =77 (Bose, FreeSpace 1ZA250-LZ) Z#HAWTHIEZETW5,

1010 mm
X-ray source
50 kV, 24 mA,
W target 400 mm Phantom
o White x-rays
- t
\ Air pressure
i_, Xﬁray ﬁco.ustic B \ p
yex chopper evice o i
Vibrat d
Synchronize \ ibration pa
Hose
X y Flat panel
detector
controller
\\ Control
computer

Fig. 4.5. Schmatic diagram of experimental setup for dynamical X-ray elastography.
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\MH..H Hole (¢ 5 mm)

-

Air pressure

Fig. 4.6. Photo of vibrating pad for vibrating a sample.

M A48 IZTF—RWNEDY —7r v A% 1T, V¥ PIVIEHERERIZ 2l FAREI 2 52 5, AE
BRI 150 Hz DIREE B E F\W 2, 3 I 2geniitike e s s &, IREEIE f. 3
DPER o 9D B OIE N 12k, FTERONX 4.8 D LS REBRELED B,

p=p(f*3% (4.8)

ZorE, REEREE LT OMEROKEEDOBBRIZN 4T DL STk 5,

E 60

Shear wave wavelength [m
— N W B O
S O O o o O
1 1 1 1 1

0 50 100 150 200 250 300 350 400
Vibration freqency [Hz]

Fig. 4.7. Relationship between the frequency of vibration applied to a sample and the
wavelength of shear waves generated inside the sample due to the difference in shear

modulus.

ARETHRBT IV TIVITERZERL T OB KkPafEEIZR D XD ITER- L, TD72d,
150 Hz & D /NS WREIEETIZREIZEENELS B D, HIEIZAMETH D, E-ABEERKEL
BRAHLY Y TIVAMTRETAMENEZZZ RO NT WS, FD7=6 150 Hz 2 H\\ =,
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FavR—iF, M45CRTEIICEX YT AT VD 1 MOMBIZ 10 DREF->TED, 15 rps
DA THEE L XARZ 7OV ZRIZEIDELD . ERIRE & A28 o3 v 7V 2R LT
%, Fav X=X 1EFEDSH 1/9 B X MGG 725 KD ITER- U 72720, 7OV RRD X ##
DI REIX 0.74 ms &7z, X MOBHGE R T 27201, X@E#HOY v v X —
A BB T0E 5, EEICH Y TR SN TV AL 0.4 B o7z, /2, izid
RBEEDIT 5B L2720, 044 x 5 =22 BE N U7z, 2ECH R e LB, 0B
AR [10]) 2175 L EITEU 2 RMMEDHEL DR T2720TH S, MEAETIE. Foh
B IELPE TR RN & ZTEIRD BT LD R EPE U D AREERH D Z Mo TNWD
[08]e MEBDAT Y T% 42T 256, HENMEULZBAIORBUE3 THD, LrL, MLk
ATw TEBHIZTEHI LT, WIMERRWEMBIB DG G, AN EL SBRAIIOREEZ 912352
EMTES [Dl]e ZTDZOEIRDRAGEAEDHENFZL AL IR REZ LV TRWEZD, MEED
ATy TEE 5 & Ui,

| Vibration Vibration ~ Vibration =~ Vibration ~ Vibration
phase: 0 phase: 2?” phase: 4?” phase: 6?77 phase: 8?” time
0.741 msec
/ 150 Hz (6.67 msec)
X-ray source 0 ............
and chopper — -
Trigger 5|gna|
TTL) Contmuous wave
Acoustic (Phase: 0)
device [ Y N A N A WAy N
Detector  — Keep the detector shutter open _, Save image

Fig. 4.8. Image acquisition sequence for dynamical X-ray elastography.

RBBIR OB 2 2L, 5 EOR LS 21 I v O (0. 2, &, & 81) %
FavRN—DRAIVILFAMTEIETRE UL, SREMHLZ XX, 50 KV, 24 mA T
) X - ERE X MRIE» S OHE X ETh S, XADOKEFEY 1 XX 0.1 mm (KFEHH) x 0.2
mm ($RES5A) THotz, WBED XA A=YV 7 EH Y TV ERHEEICE > & T WALEIC

EWCHR 2175 Z LT, ML LI CTigd 5. RERIE, IEARTHIE L, KRS
. UV REBOIE AT 2 T, YU TVLETO pixel 1 XE2/NXL LTRET S
THETHD, MHEBOEEZEY A X 75 pum x 75 pum THBH, IERRTHMLTWS =, 2.5

LR U, 30 pm x 30 um T U7z,
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B FiE, HERPELR D LS ITER LK) 72V IVT I R V% Phantom A & Phantom
BOFEHEL:, RUT7Z2VLVT7IRTADTIZIILVTIREEATZILT I NOEE.2D
YhE—LFTEI LT, BRLSMUEROY VTNV EFHLUL, RYT2YLT IR IVIE 30 #
BERBRA—tY MRE (w/v %)- 727 VNV T IR /ERREGH] (37.5:1) & 10 % @iiE7 v E="7
2 (APS) & TEMED (£ TE L7 1 )V ANDEHRKA24) 2HWTHERLZ, M4.9 12587 &
ST, TNTNOY Y TIIET O M 2R EI G 12, 2IRCHNTOEN 2R T 5720
12, ZrOs MK Z A Z A TR L 7z, Phantom A X5 w/v % AUV 72V LVTIRT )L T, ©
AREE 013 w/v % OEHDTIER L 7z, Phantom B £ 5 w/v % AU 727 VLT I RTILDH
JUZERE S5 mm D 6 w/v % TERAREZ 0.16 w/v% RV T 27 VNVT I KTV EEDIAA TR
UZzo BATIRETIERY 727V T I KT VOFT ORI, K727V T I ROREEZ 3, 5.5,
T% &L, CATZVILTIRDREEZ2T013% &Lz EizZzNZTN0.55,2, 5.5 kPa Th -
TeHmEINTWS [09], HIEDOHRENE B 70 5 - DEHELBIZEH L WD, B8 X ZERDOK
AR BT A ER L LT, EBE %% Phantom A £ Phantom B Z{E# U7z, #GERAAED
T 0 MR 0-20 kPa FRETH B [12],

100 mm Sandwiched ZrO,

/

100 mm

Phantom A Phantom B

Fig. 4.9. Polyacrylamide gel phantoms sandwiching ZrO- particles. Phantom A (Left): 5
w/v % polyacrylamide gel. Phantom B (Right): phantom with 55 mm diameter 6 w/v %
polyacrylamide gel embedded in matrix of 5 w/v % polyacrylamide gel.

FLIDEEMAZ AT ZrOg MIRIZDOWT, "HHIT & D U 72§ D> & KD 72 PR
8 um THD, MEDMMEK4.10 12757,



4.2, FBREXMTIANT T 7 1 DER 67

NN W W N
o u © u o

Frequency

-
[C )

o

0 100 150 200 250

Radius [um]

Fig. 4.10. Distribution map of the size of particles (ZrOs) used for gel phantoms.

ARETHHUAZEEZF DO THRLIITRT, BEEREITTAREMNZFS7-DIZ, £/2MR T
FANT T T 4 TEEDOD D KBEDAY —H—06H NI NE LG %2 H\WTz, X SRRk
S TEBRT 572012, FBRE X HFEZ2HWT, MYy v X —2 W5 Z & TIREIOH 547
HZEYOB > TAMaOREBEEEZIT o7z, 1 A=YV 7R, RYIDOERD OIS 572012,
X ARRIEZ Wz, 32 TIVIGERE FARRE DO EIZ 22 XD LAEZRY 727V T I KT
VDT, A A=YV T Tay N T ANPELRS L D12 210 A EZ AN TR L 72, M
IEERRE X AL RNIA N 2 ENLTZOIZ7 Ty MR IVE AW, BEHLEIEIIE A
EHETDOICERNRL VA N L=V a v E Wz, £/, #iMERE2HET 720100 R
EEWEZE (AIDE) %MWz,



Table 4.3. Summary of equipments used for laboratory X-ray elastography.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron
X-rays

Monochromatic synchrotron

X-rays

Small multifocus

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam
Mini AX 100)

Large area detector

(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
(C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Phase contrast imaging

Absorption contrast imaging

X-ray crystal

interferometer

X-ray grating

interferometer

5-1  Evaluation

Fabrication sample

Exposure dose

Position detection index

Agarose, agar

Polyacrylamide

ICNgel

Hitohada gel

5-2  Evaluation

Biological sample

Exposure dose

Position detection index

Pig liver, Pig pancreas

Pig mammary gland

Rat liver

Rabit liver

(formalin)

Mouse liver

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure

(Fostex FW168HR)

Air pressure
(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method

o7

89
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422 EREXBISANIZ 71 DERER

FERAE R SR BR 2B 2 72017 o R FIHEZ K 4.11 (TR, £ TEREEH» SIRE)IC
£ 0 EDORBRENIBPEN L 72h, BEGEZFIRE L, ZORNBOEMDORT o, WMo RN
B REE (AIDE: algebraic inversion of the differential equation) % F\ T, By 3 i
G BRIV REG 2 FR U 72, DUNIZEl 23R 3 5,

s D

¥

Transmission images

¥

Non rigid registration

L/

Butterworth bandpass filter

Calculate

Displacement map \/
Discrete Fourier transform

¥
AIDE

¥
Exclude pixels with large error
Calculate storage and ¥
loss moduli map Interpolation

¥

Storage and loss
moduli maps

e

Fig. 4.11. Procedure for calculating storage and loss modulus images.

423 BEZRONF

ETFEBITL D, KRB OAAHE AL 28504 % 5 MfG7z, B 4.12 X 4.13 12 X f#&P5
ERd. BVRIZ, BALEZMHRT 5720 AZ AT ZrOs IR TH 5,
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Fig. 4.12. X-ray projection images of Phantom A taken by changing the phase of vibration.

Fig. 4.13. X-ray projection images of Phantom B taken by changing the phase of vibration.

424 ZEABERDEE

AT TR B8 5, ZMOREX 2K A5 O 2 i E o 85I D T TEGIL L7z, 2468
DREIZRHETE7201T, FERAHEL A L=y a v EHWE, EREL Y2 L= 3 Vg,
W% AT E), [FER, SRR NDRIE R Z 7210 TldZe <, IERVERRER L L 6 2, ZKD
W% vy Fr /IR ETHD, FHEOFMIEE 3.6.1 ZCildb U7z, 72, FHIAL VA b
L—a VOREEIXE 6.3 Tk 3 5,

FERUAL VA DL — 3 2 K DG U 2 AL ER D S MR E 2 5 R T 5 & Ei, AR
DONIZEN S TVWERBRENRDH DM, WEL ZEBRIIEENH S, I CTHEDEFLEITS 72D
NIRRT 4 VR —% ANz, 77— T8 BT AR T « VX —1%, THRo LS
HzZohb,

G(k,l) = F(k,)H (k1) (4.9)
ZIZT, Fk, ) Z7 4 VR =T 54 () UFIVHEGR) 07— =2 H(kI) X7+
VR —BB, Gk, IE7 4 VR =% Lzd L Ok, k, 1 1&7—Y TEHE EOHEETH 5.
Gk1) %7 —) TEWETZI LT, AV IVFIVEBEBANT 1 VR —2 B AL ZEEEHES T
ENTES, KRERTIHMEFE R KL O G F O L E % ) BANZER 3 5 72012, Butterworth
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bandpass filter % 7z [69][70], Butterworth filter (8% QK7 « VX — L I ERRD | H
BREBE (Y b A TEEE) TIRTEEIRT20TIFRL, M4.14 DX ST S5NITHE
XEE (1] 28E), ZOTANZ—%2HVEIETHY "ATABERICEET—F 7727 D
KigEXEZeNTES, K414 D nidX4.10, 4.11, 412 D n TH DI IFENT WS, X
BAZSEDLZLIZE-T, BEOMEELEDLS,

B 4.15 13Tk 2L 2L SOHBDOEAERLZDBDTH S, ADTEBGIINFLTT =Y
TAMEITV, T 7 — 1) TZE[/] T Butterworth bandpass filter Z @A L, ¥ 7 —1) T4
EI7D, BB n=5DLEZETTIT—F 777 "DPELTED, IHILKELTHILICL
D, 7T—F 777 NDBERTBHZ Lenbrd,

10" N

-3 \ \\~~
10 \

z2 \ N
7 \ N
5 NI
= 107 A\ \\
\ \\
\ \
ANEEl;
9
10 T —— n=1 \
n:2 \\
10,11___ n:3 \\
n=4 \
|
107 10" 10° 10! 107

frequency [Hz]

Fig. 4.14. Relationship between cut-off frequency and image intensity in case of

Butterworth filter.
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Filtered Image

Filter Image

Image in Fourier Domain

Original Image

Filter Image Filtered Image

Filter Image

Filtered Image

n=50

Fig. 4.15. Images when changing the order of Butterworth filter.

Butterworth filter I FitOARTERI NS,

1
Hy p(u,v) = T+ [D(w,0) /DL (4.10)
Hpy p(u,v) = ! (4.11)

1+ [D(u,v)/Dyl*

HB,p(u,’U) :HL.p(’LL,U)*HH,p(u,’U) (412)

Z 2T Hy p(u,v) i Butterworth lowpass filter. Hpy p(u,v) I& Butterworth highpass filter,
Hp p(u,v) I& Butterworth bandpass filter T& b, Dy I Lowpass filter D77 v ~ A& 7 HEL.
Dy 1% Highpass filter @77y b4 7 HEE. D(u,v) 17—V TEHH O FLD & OFE#ET H
%, SEBITHRE IR n =1 2H W,

FEMURL DA ML — 3 T &Y EFE U 722N E R Butterworth bandpass filter % Fi 72 [
%X 4.16 B & OB 4.17 1277, [ 4.16 1% Phantom A DA TH Y hiflz 0. 25, 47,
br, BM B EDEMERL TS, EBIE 2 BAMOEME R L, T o B0
ZRiERUTWS, FARKIZE 4.17 1X Phantom B OZMEEHETH S, IS DOEERE D, 0 H
MR PEHBE L TV BT 2R TE 5,
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Vertical direction 60

(@]
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Horizontal direction -60
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- - — - - o~ P
0 2T 4T o6m 8m
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Fig. 4.16. Displacement maps; (Upper row) Phantom A at phases 0, %’r, 4?”, %’T, and %’r, in
vertical direction. (Lower row) Phantom A at phases 0, %’r, 4?”, %’T, and %” in horizontal
direction.
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Fig. 4.17. Displacement maps; (Upper row) Phantom B at phases 0, %’r, %’T, %’r, and %ﬂ in

27 4w 67

vertical direction. (Lower row) Phantom B at phases 0, <, %, %, and %” in horizontal

direction.

425 HEUEREROFE

BoNFENE G S, BMEREGE AL 2, HMERE&Z2FET 572012, AIDE 2 HW
7zo AIDE ORIZDWTIE, 3.6.2 BIZ TR U7z, AREBRTIE, XS T3 [14, 45] 20
THRONZEETHD 1.07 g/em® ZHHLZ, HIEOFEMIE 4.1 FIZFR U 72,

AIDE ORI, P2 2T 2 72 DMUNRZT) 2 HiE L X9\, £ D75 o ik 3R
[ 5. 5D B DR AK X I AN U, 20 BB ’A(VZZO' DI
BODTIENTE, 05 KO REWVHZERN L, 22T A(V;) & V2U; DR T
BHb, £, U 13 i AAAND 7 — ) TEBEOENTH D, FMliIAZTHLET S, Z0H, 2/
MOZEN B E v HIOENEBGOIIMELZFEL, &5 5 HMEDP RN IFHILMII 217 - 72,
ZOfER %, K418 1R T, 5 NKER» S IrsiatERIZ, (a)-1, (b)-1, and (b)-2 DOVUH DHH
HMNTIRZENEN 0.55 £ 0.25 kPa, 3.1 &+ 1.2 kPa, 0.85 + 0.51 kPa TH o7z, F7-iBLMME
X (0)-1, (d)-1,(d)-2 OPUADHEIATZNEN, 0.24 £+ 0.14 kPa, 0.64 + 0.57 kPa, 0.29 +
0.23 kPa TH > 7=,
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Storage modulus [kPa] ©

10 mm (a)-1

Fig. 4.18. (a), (b) Maps of storage moduli in phantoms A and B. (c), (d) Maps of loss

moduli in phantoms A and B.

155 N7 MR OfE 12 DWW T, Contrast Noise Ratio (CNR) #3k&®7-, CNR &, Phantom
B 0 (b)-1 DfEliE G} & L. (b)-2 OHlE G, & LFROREHOTRDE 72,
2(G, — G))?

CNR= |2 s—
0G, T0q

(4.13)
ZZTogy i& Phantom B @ (b)-1 DHIEDO K TH V. og, & Phantom B O (b)-2 OHILD
DHTHD, TD&E CNRIF25 &>z, —F, WL ROI TH > 7 & FEi L 7= XERERO
Thd X MEEED CNR 2FABIZRDZ L 035 THo7z, ko T, HEGETIHETLZ 2D
TERVEZIEHMEREETIIEL A TETWL LHHTE 5,

F 72053 5 N MR O EEIIE 1T X BHEE L. (a)-1. (b)-1. (b)-2 TZENEH 30%. 30%
. 26% THotz, ERONBKMMEROERIHIEIZ X DREIX, (o)1 & (d)-1 TENE
N 50% . 59%. 47% T o7z, BONIFERNP S, IR OERENIEIZ & 2ME 1T (a)-1.
(b)-1. (b)-2 TEHZ# 0.51 £ 0.15 kPa. 3.0 & 0.92 kPa, 0.83 & 0.21 kPa TH -7z, — /it
EBMERIL (o)-1. (d)-1. (d)-2 TENZHN 0.22 £+ 0.11 kPa, 0.73 £ 0.43 kPa, 0.79+ 0.14 kPa
ThoTz,

S ITHEBUIAIIRE U 72 R 5 FEIMEER 2 MR U 720 B 4.19 12839, FIMEmEER 4.19 D&%
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FURNOTEHME L LS5 = % HA e, FMMERIE, ()1, (b)-1. (b)-2 DU DN TIEZ
NZ1 0.51 + 0.21 kPa, 3.0 + 0.83 kPa. 0.83 4+ 0.43 kPa TH -7z, F7EEHMERIZ (c)-1.

(d)—l‘ (d)—2 DPUADFHEBANTENF 1., 0.22 + 0.097 kPa. 0.72 4+ 0.49 kPa. 0.29 + 0.16 kPa
TH->7=,

—
o

Storage modulus [kPa]

Fig. 4.19. (a), (b) Maps of storage moduli in phantoms A and B, respectively, by repeated
measurements. (c), (d) Maps of loss moduli in phantoms A and B, respectively, by repeated

measurements.

RETHIR U 72 & DA O ZFEMS DFRERDY 0.5 DL EOGAT 2 R4 U 728 iiE, WS 9
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LT, R REROZEMANOEIIENRE D X S IZBT 20 MR L7z, T ORER, BRIV
BDEMD M DERE 0.5 LD BN WEICEET 52 L T, AU RD RT3
Zehbhot, TDDH 0.5 LFHREL,

Loss modulus [kPa] =
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AV2U;
o <0.1

Fig. 4.20. Images changing the storage modulus when changing the relative error expressed

A(V3U; . .
by % . (Upper row) Excluded image. (Lower row) Images corresponding to upper

images obtained by linearly interpolating the image density.
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Fig. 4.21. Relationship between the relative error expressed by | —=z;—| and storage

modulus.
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Fig. 4.22. Relationship between distribution of ZrOs particles and storage modulus of
Phantom A. (Left) X-ray projection image of Phantom A. (Center) Image of storage
modulus of Phantom A. (Right) Relationship between distribution of ZrOs particles of

Phantom A and storage elastic modulus. Correlation coefficient: 0.141.
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Fig. 4.23. Relationship between distribution of ZrOs particles and storage modulus of
Phantom B. (Left) X-ray projection image of Phantom B. (Center) Image of storage
modulus of Phantom B. (Right) Relationship between distribution of ZrOy particle of

Phantom B and storage elastic modulus. Correlation coefficient: -0.033.
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Liver MR Elastography image

10 mm

B
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An Tang et al.American Journal of
Roentgenology 2015 205:1, 22-32

Fig. 4.24. Comarison of the spatial resolution between MR elastography image and X-ray

elastography image when the scale size is similar.
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Fig. 5.1. Schematic diagram of the influence of X-ray source size on image blur.
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Fig. 5.2. Simulated results of intensity profiles along a line of an image showing the effect
of image blur due to the light source size when a sample moves a distance of 75 um in the
horizontal direction; (a) Intensity profile (blue) with no blur and the sample moves a
distance of 75 pum, (b) Intensity profile: FWHM=50 pm, (c) Intensity profile: FWHM=200
pum, (d) Intensity line profile: FWHM=500 pm, (e) Convolution of intensity profiles of (a)
and (b), (f) Convolution of intensity profiles of (a) and (c), and (g) Convolution of intensity
profiles of (a) and (d).
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Fig. 5.3. Simulated results of intensity profiles of an image showing the effect of image blur
due to the light source size when a sample moves a distance of 35 um in the horizontal

direction.
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Fig. 5.4. Evaluation of spatial resolution for storage modulus image of Phantom B when

across the edges between the hard inclusion and the matrix.
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Fig. 5.5. First derivative distributions of the line profiles across the edges between the hard
inclusion and the matrix in Phantom B (FWHM=75 um).
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Fig. 5.6. Procedure of preparation for a lattice phantom.
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Fig. 5.7. Images of the sample in which ZrO, particles is sandwiched. (Left) X-ray

projection image. (Right) Storage modulus image.
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Fig. 5.8. Enlarged view within the box area of Fig. 5.7. (Left) X-ray projection image.
(Right) Storage modulus image.
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Fig. 5.9. Precision of repeated storage modulus measurements in Fig. 4.19 (a)-1 (Phantom

A) when the pixel size is changed.
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Fig. 5.10. Precision of repeated storage modulus measurements in Fig. 4.19 (b)-1

(Phantom B) when the pixel size is changed.
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Fig. 5.11. Precision of repeated storage modulus measurements in Fig. 4.19 (b)-2

(Phantom B) when the pixel size is changed.
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Table 6.1. Precision of measurements using Phantom A.

Average of standard

Phantom A Average [kPal Precision [%]
deviation for each pixel
Storage modulus 0.51 0.14 29
Loss modulus 0.22 0.11 49

Table 6.2. Precision of Phantom B measurement (Fig. 4.19 (b)-1, (d)-1) .

Phantom B (b)-1

Average [kPa]

Average of standard

deviation for each pixel

Precision [%]

Storage modulus

3.0

0.92

30

Loss modulus

0.74

0.50

67

Table 6.3. Precision of Phantom B measurement (Fig. 4.19 (b)-2, (d)-2) .

Phantom B (b)-2

Average [kPa]

Average of standard

deviation for each pixel

Precision [%]

Storage modulus

0.84

0.21

26

Loss modulus

0.28

0.13

49
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6.2

WCRRADARIERID S 5T 5,
HY e R E R ERIT T RID L S IZRlik T E 5,

G'(w) = Re[G(w)] =

G (w) =Im[G(w)] = —

SREDIEBAIC & 2 BRBERORERE DREY

BRAHMERORERE I, BiE TR U7z X 5 IC i R & i U TRy, ZORREIZD

5 Re[Ui]V*Re[Uj] + Im[U;]V*Im[U;]

(V2Re[U;))? + (V2Im[U;])?

o —Re[U;]V2Im[U;] + Im[U;]V?Re[ U;]

(V2Re[U;])? + (V2Im[U;])?
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ZIZT, p l3HE, w XIRBIOMEREE. U, 1$u; ZREICOWTHR Y — ) &L 7ZE0
THY, uwlFEMRZ MLVTHY, 2ZTuy; (i =2,y,2) (& u DWKREHZETHE, 638XV

R64DHT% —pu? TEOVHELEEDE G, (W) &G, (W) &TBE, TROLIIZHED
TILENTES,
G’ um (@) = Re[U;]V*Re[ U] + Im[U;] V2 Im[ U] (6.5)
G . (w) = —Re[U;]VZIm[U;] + Im[U;]VZRe[ U;] (6.6)

T, BEDEFAEEZ S, atAa. bt Ab, c+Ac. d+Ad 2\ 4 DDA EFOMH
BHoTINET D, ZDEE, FaddLS%RK6.7. 6.8 KD LD,

() -5 - () (3

(2 (%)

A(ab)? = (ab)?

(6.8)
= b*(Aa)* + a*(Ab)?
FRkIZ, DR 6.9 A3 D LD,
2 2
Alcd)? = (cd)? (AC> + (Ad>
d c (6.9)
= d*(Ac)? + #(Ad)?
o T, IMEDGEDTAEDERBUE DX 6.10 LRSI TE S,
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FIEHEDOBEDRARIITELOLSITR 611 KT I LM TED,
(A(ac — bd))? = (A(ac))? + (A(bd))? 611
= 2(Aa)? + a®(Ac)? + d2(Ab)? + b2 (Ad)? (6.11)
FoT, FTRRDOA6.12 &KX 6.13 DL Y LD,
(Aab +cd))?  b?(Aa)® 4 a?(Ab)? + d*(Ac)? + 2 (Ad)? (6.12)
(ab+cd)? (ab + cd)? '
(Aac —bd))?*  (Aa)? + a®(Ac)? + d*(Ab)? + b*(Ad)? (6.13)

(ac —bd)2 (ac — bd)?
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X6.12 X613 FADEHBA LD, 6.5 BLOR 6.6 DHNFAZITHLOL S IZFHAETE S,

(AG;W( )))2 _ <A(Re[UZ-]V2Re[Ui] + Im[Ui]V2Im[UZ-])>2

G ( Re[U;|V2Re[U;] + Im[U;|V2Im[U;]
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(—Re[U;]V2Im[U;] + Im[U;]V2Re[U;])?
(A(V*Re[U3]))*(Im[T;])* + (A(Im[T3)))*(V*Re[ U3])*
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Fig. 6.1. (Left) Image of measurement result for Phantom B obtained by dividing the
numerator part of eq. 6.14 by the numerator part of eq. 6.15. (Right) Image of measurement
result for Phantom B obtained by dividing the denominator part of eq. 6.14 by the

denominator part of eq. 6.15.
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G = —pw? (6.16)

6.3.1 ZEADBEFREDIRET

BN FEERE X R Z AW I AN T 7 4 IEOERD 646 N7z, REBRDZN ORIEREE
WU CRtan g %, TDR, RAOHERHEIZHFG LU TWELERIZOWT, FEieyIalb—ra
YORERD ST D, BN OREREICERL TWDEHEIX, EAORIEICH W TV IERIA
VYARNL—=2arvD7 VT ) XLOKEE, BphrElzeE0ary I A/ 4 X (contrast
noise ratio: CNR). #4DZEM D ERE. KR T OFHUEEN HO 2HEPBEBR L TWS,
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AEROEMDBEREE

RETITERE X REHAWZT I AN T 7 4 EOER? B 5N B0 HIEREE DK R
& MrEEEMER & DBRIZOWTIRAN B,

ARFEBRTIE . 2L G DA JE IR O i Ja e B D 25 ) & S R BRAR S 5 726D 12, Butterworth
bandpass filter Z i\ 5 Z & T, ZAOUEHE LM LIETWE, TOK, BT —) L%
VAR RO O LR L B ERE RS Z BN TE, T OB EHIER L JBLHEROME % 5
H9 5, TOROkrEsMR e HAMNEREZFE T 5720V S A OFHE G & 26O HIE
FEEE 2GR Uy AL DM RS S et R O PENEE NG X DB 2 MR U 7=,

X 6.2 (22N DY fE iR & R A ER, £2Z20 bEADHEKOIT A > Tu 7 71 IL%EK
6.3 12T,

Fig. 6.2. (Left) X-ray projection image of Phantom B. (Center) Real part image of
displacement image of Phantom B. (Right) Image obtained by dividing the standard
deviation of the real part image of displacement in the horizontal direction from the average

value of repeated measurements.
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Fig. 6.3. Line profile (red) and error (black) of the displacement image of the real part of

Phantom B in the yellow area of Fig. 6.2 (in the case of horizontal displacement).
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. ZROMEHENELMLTWE Z b nd, £EEMO/NSWERT (6.3 D257 k60
mm {13i5) HREREIBLL T0WEZ L hbrd,

Fro, K 6.4 IZARFEBRIERTOMRBOK E X LIFEHIERDE D K UKEOBFRERT, BN
INEWE Z AR R FREICHIET 2 2 B REETH D Z b b,
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Fig. 6.4. Relationship between displacement inside a sample and precision of storage
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BRLD KR E I DNS VIR Z RNz & & BT iR O FEHEfR 22 % 220 GO EETH b B E
175 TRO A EGFORERE X 10% FHETDH - 7z,

F7z. 6.5 13yt R R O REE R 2 & B ek e SR E R D T E D B A AT o TRO 72y
T VEROWPEREEEGR TH 5, ZAOREREE D BIF20 3, RO MEHENE B &
Z 30N RRETHD Z LHHRTE 5,
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Fig. 6.5. Diagram of standard deviation of storage modulus of Phantom B divided by

average value of repeated measurements.

YZal—YavIt&BHEBRLI AN L—Y a3 v DRBE

AETIER, ZBHNEZHETE2OIZHWEZTILITY XLIZDWT, BEA2WMS LR 20T 5,

AREBRTIEIEMAL VAR L= a VT K DB ZERE Uz, 2072012, ¥ TOVNEIIZEH
fERE L 722 ZrOy MR A Z A, TOEMOT %2 FAWTT MK OIRBEOM T2 A5 Z &
EHE U, TDH, AETIEHFHIFEEL UTHW 210, MR Z2 EOREOHET N 7 v ¥
TEBIENTETVED, YIalb—Ya &R,

EHRIX, 6.6 IZRT & DI, ERTHW/-HED S —Rh D ZrOs ¥y KD ADERS %] 0 Hl - 7-
B % HE Uz, GoEfe, HEE ETROBRERY 7 VEN U zEiGg % AW TIERIKL ©
AN —=YaviZk O ENEERDZ, TORORS NN &Z M, IR ETE» L
BN REZREIC U727 T 7% K 6.7 1R, BonER 25, ImMEREZRD S LEEIE 1.0 +
0.029. Y]/ 1%-0.011 £ 0.063 £ 720, MEZXIF 1 12EL, YFIR 0 ITEWEE oz, DD,
FEMUAL A ML — 3 VT KB RMABEEIXIFLEALELTVRWI EAHERTE 7,
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- & !

Original ~ Moving
image image

_ -
Overlay the two images Apply Non-rigid registration
The differences are highlighted in

green and magenta.

Fig. 6.6. Example of non-rigid registration for a ZrOs particle image.

Non-rigid registration displacement [pixel]

0 i 2 3 4
Actual displacement [pixel]

Fig. 6.7. Relationship between actual displacement and amount of the measurement result

when non-rigid registration is performed on the image of a ZrO, particle.

I SITHEGEILHFEIZIAT, SR FOEBIZH U THBEOY I 2 b —a v ERATZ, B,
6.8 1ZRT D1, EERTHWZEERD S ZrOy MR ILEHFIZILR > TWAHS %2 Y 0 > 72
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EifgE HE LUz, BRd 50, HfEDaY I AN 1 A (CNR) & FHHIFEEDIE S D & P2
DRREDV AL OWENEE BT 5, TDd, EBROFERTHAL ZEE§EZ AW Fh oD
WEEBUYIal—Yarvihd, HoEfE, FHER ETIHOESRERY 7 2IVE) U
ERAVWCIHMAKL A ML =Y a itk DA EE RO, FHEK ETED U 72205 % Rz,
BoNEEMNEERENZL 57227 T 7% K 6.9 15RT, BONEEELS . IELEGEZ KD 2 & [E
1% 0.99 £ 0.0047, H1F1X 0.00033 £ 0.026 720, FCESIE 1ISEL<, YA 0 ICEWE
Ylotz, TS, ERHAL VAR L — 3 V2 & B RBNZEAIZECUTWRWT AR T
7,

g d A

Original Moving image
image 10 pixel in the vertical direction for
demonstration

S T 0 4o o0 1 VTS TR
N = 2 4 ¥

Overlay the two images Apply Non-rigid
The differences are highlighted in registration
green and magenta.

Fig. 6.8. Example of non-rigid registration calculation.
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Fig. 6.9. Relationship between actual displacement and non-rigid registration displacement.

X FRIFRD CNR, X BRI BAROEHAEZEDO 5D 2B ERUERHIBOEE DO MREEIC L 2EMOD
REREDZEL

AFETIE, X AFEEHED CNR, X SRBEAAN OFHIEED S 2 E 4, RO X %A 0 %M
DREEIZ LD, BNEBOHEREEIXE D X S IZELT 20 R L7z, ZBAEGOEAEIX. &
TIEMUAL DA ML= a v AW,

BB O CNR ICL 2 EMERDOUEREDELL X HEHHED CNR BEITHILITED,
ZENLE R DBENREEA L D & 51226 2 D HER L 7=,

B> 7k Phantom B 2 W, REISETICE—X— AT =V 2 HWTKEHHE ZIHE
HIAANY Y TN EEHP UL EORBOEMNE L FHII N EZ KL 72, CNR 22/X&
B7-HIZ, RG22 X5 Z 8T CNR 2 2L ¥ liG 2 BE U7z, XERIEE ¥ TV
ERD ZrOg ¥ KM ~DEEEE I 28 cm., X AR & M S E D FEEEITX 38 cm TH - 72, M ERILIER
b~ =27 248 C12849-102U sCMOS #ritidr & 7z, Mt#R O EZEY 1 X% 6.5 pm x 6.5 um
THH, YvFlL—X—I% Gadox THEX 20 um TH 5,

CNR 3% v TP OEHFERETH % ZrOs WEET 20D X fliE#@E %z [, & L, FELR
WO X fEERE I, £ LT REROREHWTRD = [72],

2(I, — Ip)?

CNR =
o2+ o?

(6.17)

I Tos 3y INVhOEETH 5 ZrOy DH LD DB BEED NI TH D, op 1ZVY VTV
DGR R W D BB D LT H 5,
ZORERZM 6.10 I2RT,
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Fig. 6.10. Relationship between CNR of X-ray absorption image and displacement

precision by repeated measurements.

FRE X FREHZAWEZLS AR5 7 0 FRIZBWTIE, #M4DO CNR IZ20H8ETHD, K
6.10 £ b 437 CNR T 217> TWd Z L 2R TE 7=,

Tz Iab—yavizk b, CNR BPEMOREKENED KX S5 ITHET 20 MErDZ, iR
KR CEHAERE A2 720 5 & S I IR Z R L. MTIE 3 HEFEOMRE 10 Wk Z L
CHE U7z, ZOMEGE 1 MEBES - mgE2HE L. BETOE G BEHBOEHIN L T,
IX LTI TV A REBMIML, HOY 7 v OEERFADKE X 22X E5Z L TCNR %
B0 ERE Yy NHELRZ, K611 IZFDEGED —Fl25RT, TOLTDEMER,
FEEREFRRIZIERARL VA ML= a iz K b RD, £ OREO EG D 22 D 2L & O FEHE(R 4
%, BALEONIETE D B L CTHWEHER 2 (relative standard error) %3k 7z, Z D&M
ERD CNR %, M AHN A 2R U 2R 2K 6.12 DR VA TRT,

INSOFERL D, CNR 2105 U ETARITNIE, BIEDO T IV TV X L% W72 56 iR
ZENL0% U T RSBV ENTERNWI Wb NE, TIT, HIVYT VT4V R—%EMAL
T/ A RZ@R L., ZORICEMEZJEL ZFREK 6.12 DR, &%, FORTRT, Zhob
MRIOAIVT VT4 VR —%EAT 52 e TEMBOHERENWREST S BN 5,
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Fig. 6.11. Simulated image with Gaussian noise.
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Fig. 6.12. Relationship between CNR of the original images and relative standard error

BERFOFHAEEN G 2R EICL 2 EMDAERBEDEL HEEDH T,

HEIEIZ

with changing the variance of Gaussian noise.

BRIDORERENED L S IZBLLL =0 iR Tz,
¥ > 7 )VIZ Phantom B # AWT., IBEXTTIZE—X—RAF—I 2 AWTKELME 2IZ8HE

FHHIFERE AT 5 60
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HEAY v T Uiz EOEBOEN &GS N EMEZ L7z, HESMIE ERU
7R AR, XERE Y v TIVNED ZrOg ByARE A~ D HEHE X 28 cm. X KRR & M 25 o HE
13 38 cn TH o7z, MHZRIZERA b =27 248 C12849-102U sCMOS #8272, #Rif4s
DEHEY A X% 6.5 pm x 6.5 um TH Y, ¥V FL—X—If Gadox TEZ 20 um TH 5, M
—K4 7 ORFIERIE 1 TH B,

FeRARIN D 100 pixelx 100 pixel (8.8 ym x 8.8 ym) O ROI O Tz Mt L. FHAEIE
WP BID L NIRD Z D7, TDOH ROI OLKDOHEED > B, FHUFERAN LD 2 # 4 % FHA
7zo TOMEREX 6.13 1TRT,

Displacement precision[%]

0 10 20 30 40 50 60 70
Percentage of the marker in a ROI [%]

Fig. 6.13. Relationship between precision of displacement image and ratio of measurement

marker in the image.

4 6.13 & 0 BEBTOFHUFEED o 58 G 50% REE THL L EZ 5N5,

BX SR BEOEEIMBEIC L 2EMBEBROAEREDENL HEGEOEBNRENIELT DL
2k, BROUEREIZED XS ITHEND BTN,

HED L EI12 X MAEHED Bias BEEZZEAIEE I L ICLVEROY 1 X222, %
T X MROEET A X228 E e EDF A 7Ty VHERT., ERIDEREZE KD -, RS
fiZ50ms TH5, T 7Ty VE7AI=vsA QmmE) 2HV, XEEEHEF1 72y IAD
PRI 19 cm. X AR & AR OBEEEL 38 cm TH o7z, TOFERZX 6.14 2R T,
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Fig. 6.14. Evaluation of spatial resolution by knife-edge method when changing the bias

voltage of X-ray generator.

D%, ¥ 7L (Phantom B) 2REIETIZE—X—AT— Y& HAVTAKFELM F 72 138
BEAHRANY Y TP UL EOFEBEOEA R L FHIII N2 B R Z U 72, JIESM I Bk
UZzF e FRRIZ, XAREE Y 2 TOVNERD ZrOg MR~ DEEEEIE 28 cm, X KRIF & MR 2R D BE
13 38 cm TH o7z, MLERIZIEIRE b =2 24k &L C12849-102U sCMOS #itidi & Fun 7z, Ml
BWOMEY 1 XL 6.5 um x 6.5 um THH, ¥ FL —&X—F Gadox TEX 20 pum TH 5, [
B—H 72 0 ORPIFHEIT I W TH D, TOMRER 6.15 1R T, X MIFEOHIEY 1 XAHVhE <
720 EEOEMAREN LT H I 8T, MEDOHIFANTIZD 2D EAMOMEREN M ET5Z L
Bonrd, UL, ZOZ{td CNR OFE L IKT 5 LIEHFITNT W,
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Fig. 6.15. Relationship between spatial resolution of X-ray projection images and

displacement precision.

TollvyIalb—Yaizkb, EHWNRIZTVPEORERENED & SITHET 2 DD
Too AARHH CEHAEEEDZE 205 & 5 1T FIROEIG 2 R L., BFIED 6 ERIEDMRZ 20 H
RITLITHEL 7z, EHERIETADRDPTNESI1IZ, CNR OEEZFHAET LV Ial—va



6.3. SHMERRHIZE D S EROKEIZE] 9 2 M 105

Ve U TR FHEREE RES Uk, RIZ, 1 BEBF S E2ERZ ER L. BT O G & BE)
BOHEBIIN U TENTNAT T ST VT 4 VR e NFERNRIET2MNE Lz, AT v 740
ROBHERAEDRKE I ZZMIEDLZLITED, FTORESIZFTEL -, FRLZHEBEZM6.16
WZRT, (a) 25 (h) NAIPSIZ LA - T, BRIIZIZT TWB Z edbnd, 0%, FENIK
VYVAML =Y a vy 2HWTRAEZEIR L, BGOZEME EOLAEDOEERSEZ, 28D
i cEl b %b“ﬂ‘ﬁiﬂ@ﬁﬁ% (relative standard error) % RD7-AERZX 6.17 1ZRT, T OFER
N5, ZERIIZT OREIIIEFITNI W Db, £/, IHICKERERFEEZROT TV
7/74»&%L%L#EA AR FE LR L T o 72, T D72HIF 1) O EILIEH
NS WS, HEMIMEEZBR DI L TENLA LIZENEEZEIRTERLA RIS
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Fig. 6.16. Simulated images when the spatial resolution is changed using Gaussian filter.
Gaussian filter size: (a) 0, (b) 0.2, (c) 0.5, (d) 1.0, (e) 1.5, (f) 2.0, (g) 2.5, and (h) 3.0
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Fig. 6.17. Relationship between size of Gussian filter and relative standard error of the

displacement.

6.3.2 EAIDRERE &EIERDAERE DRERK

ARETIE, BALOWERE & HMEROHEREDBERIZOWTIRANS, Ryt R0mEid, 247
DfE & ZNLDMEZ RS U7z EIC K DEHR S NS, M sl R o MO ERE 2 262 DfE D 5 "R
b5,

RO RIT, 6.2 HOX 6.3 ThobINd, FilllHET 2,

o Re[U;]V2Re[U;] + Im[U;]V2Im|U;]
(V2Re[U;])? + (V2Im[U;])?

Z D7D, FEFENE RO S FFEERBOE L O FRlORNTRT I LN TE S,

G'(w) = Re[G(w)] = —

(6.3)

<AG,(L¢)))2 _ (A(Re[Ui]V2Re[Ui] +Im[Ui]V21m[Ui})>2 <A((v2Re[U]) + (V2Im[U;])?)
G’ (w) Re[Ui]V2Re[U;] + Im[U;]V2Im[U;] (V2Re[U;])? (V2Im[UZ])§
18
AN 6.18 DE—IHIFAX6.14 LHUCTHH., FEIZHET S,
AG @)\ (ARe[U;]V2Re[U;] + Im[U;]V2Im[ U;]) | ®
(Gémm( ) ) ( Re[U;]V2Re[U;] + Im[U;]V2Im[ U] >
_ (A(V?Re[Ui)))*(Re[Ui])? + (A(Re[Ui]))*(V*Re[ Ui])? (6.14)

(Re[U;|V2Re[U;] + Im[U;|V2Im[U;])?
(A(VIm[U;]))*(Im[U;])? + (A(Im[U;]))*(VZIm[U;])?
(Re[U;]V2Re|U;] + Im[U;]V2Im| U;])?
ZZT, BEDEREEZS, et Ae, fEAS, g+ Ag 2FOMERH o ENET S, ZD
L&, PO &I X619, 6.20, 6.21 K YLD,

(3 -#(2)

)
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<Ae§) — 4(Ae§)2 (6.20)
Ae? = 4e*(Ae)? (6.21)
F 7 IEDEE DFEDEREAI L D FELD R 6.22 H3ED 7D,
A(f+9) = V(Af)? + (Ag)? (6.22)
YoT, REISDEHEFHROLIILHSDT I EMNTES,
5 = <¢4<V2Rem1>2<(@2v;§e£]f) IR TG <Av21mwi]>>2 623
F D2 LR OMHNRAXTHOL I ITHobT I LATE S,
(AG’(w)>2 _ <A(Re[Ui]V2Re[U¢] + Im[Ui]VQIm[Ui])>2
G'(w) Re[U;]V2Re[U,] + Im[U;]V2Im[ U] 620

VA(VZRe[U])2(AV2Re[U;])? + 4(V2Im[U;])2(AV2Im[ U
" (V2Re[U3])? + (V2Im[Uj])2

ZOFEREHVTAEREROBEEIZOVWTHH TS, YIalb—vavIiZkhE#EYI X%
30 um/pixel & U, 7 0 IR OIRIEE 60 pm L AKE L7258 OEGEFRT 5, HlziX 1 kPa
DB 100 Hz ORI TT 0 @itk 2 B E X E- e RET S &, 370 HMEEOHEIX 10 mm
b, INEYIal—YarvULizKEK 6.18(a)-1 (2R T, S, RIEFPBET S ZL1EH
L TWaWw, ZORE»S, IEIER 2T 5 X 6.18(a)-3 IZRT L5121 kPa 725,
6.18(a)-2 1& V2U; TH b, HMLHROBONETH S, KX 6.18(a)-1 KO (a)-2 TIXEE
Ry D FR U 72 DEBEE D £ VT 6.18(a)-3 ORFEMMRE %GR L TWD
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Fig. 6.18. Simulated images for comparison of effect of noise in displacement images on
storage modulus.(a)-1 to (a)-3: Simulated images without any noise. (b)-1 to (b)-3:
Simulated images with gaussian noise(Standard deviation:10%), (c)-1 to (c¢)-3: Simulated
images with gaussian noise(Standard deviation:0.001%). (b)-1" : Line profile of (a)-1 (green)
and (b)-1(orange). (c)-3" : Relative error of (c)-3 based on (a)-1.

DERERD — 3 %2 MHH L. ZAOHERED 10% FEE DB O I s IE R R DK E O
AR ER 6.24 ZHWTIT 572, T OFERIFEHEMELEORER LD 100% 2 HZATLE>7%, Ly
2 [0 D EERAE R S IEEN ORI KEED 10% FRE DL A, BrssiiE R o HlE R E 1% 30% T
Hotz, TOENPEDBZHMEIL, REBRTIT - 23RN CIXEE R Z2FHET 5 & 12, 4.2.5 #IiZ
TRUIB U7z & D ITEAL D ZFETR DR R DK EWEMEIRAN T B %247 > T, B2 /ERR L T

BIETHD, m@sfmci) (VVQZUZ')‘#OEJJ:Dj(%L\ﬁB PERSLZ, 22T A(VEU) &

VU, OIE¥RETH D, £, U ldi AANDT7 =) TEBBEDOENTH 5,
05&0%%%#k%hﬁﬁ%ﬁ%bfb%tb\%b%%@%ﬁ%@@@%ﬁﬂ@%bfmé
ﬂﬁfﬁ@%@@ﬁ%@ﬁ&%ﬁtht%é\ﬂ@mw%ﬁ%%ﬁ3ﬁ%t@b$%ﬁ%%t
FIEFE UL 2 0F Y ERREEZ 5N 5,

F72X 6.18(b)-1 XEMOKEEN 10 % L LTy Ialb—YarlzeDThs, TOFEK

Relative error [%]
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6.18(b)-3 O & > I W MR DI AT S 2 LB TE R A B, b LEREIEROILEN 0.001
% % TR LRSS, B 6.18(c)-1 oMo & >0, | 2500 ol 5 2 ga < B
R REG & FH5T 5 5 2 & BT H B & b b,

X5 AT BIEROMA LT L7 L 20, WRIIERERORIEDL L EMA LT, T O
DERIE. 122 BOE 420 127 Ui A5 6,19 12 FHET 5. % 6.4 X0, AT HEERO(HEE
05 EDBISITNELTHZLT, HEBEZNETEZ R 05,

AV2U;

AV2U;
V2U;

AV2U;

<0.7

<0.1

Fig. 6.19. Storage modulus images when changing the relative error expressed by
A(V2U;)

o |- (Upper row) Excluded images from the experimental result. (Lower row) Images

obtained by linearly interpolating the corresponded upper images.

Precision of storage modulus image when changing the relative error.

UL, ZORBRNT DEBZBNL R0, BYNIHIF 275 ZEPREL Lo T, ¥
Sab—varviZdy, AT LREROEEZZIIELLE, AT HIHBEROTENED X
SNZET B 0FANRZT T 7 2B 620 1ITRT, ¥YIalb—Ya vid, 6.18 LRBRIZHY T
V) A RXEMMUTEMOREREEZ2ZLIE-EBEFERL, TOL SITHRAT IRELRDMHE

(25000 201,03, 05,07 L 2LX 0/ & & CRBMERERSS, Z0FF7 LD, B
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Table 6.4. Precision of storage modulus image when changing the relative error.

Relative error | Storage modulus [kPa] | Standard deviation [kPa] | Precision [%)]
0.1 3.9 0.23 5.7
0.2 3.8 0.51 14
0.3 3.3 0.71 21
0.5 3.0 0.92 30
0.7 3.0 1.1 36
0.9 2.9 1.1 38

THMAERDMEELZMMIEL I LITLD, BT IHZBE VLRI N5, TDd,
M 2MEPARELRDILICLIHELEZERTINLELND D, 72, BRI T2ERDMEZE 0.5 &
U7z & ZITH 30% MEDEZELD K-> TH D, FLAERTHOSNZEREARETH 72720
AKyIalb—vavi3zYThireEILND,
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Fig. 6.20. Relationship between the percentage of left pixels and the relative error
A(V2U;)
v2U,

expressed by

X421 2K 6.21 IZHET 5, BRATLIREROMEZ(LSE, DL EDOM??OEG T
DOHFEMERDZALZ R L TV, IS 23ERDEE 0.5 L /NI REICHELHE. £
 DEFEZFEPBEL 25720, BT EEEMERE G2l U EdER 2 ELCHIET 5 2
EDNEE L 7B, FTDD, RATEHEAERDMEEZ 05 2 L, fill2f7-o7-Z2 2 3FYTHELE
Abhb,
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Fig. 6.21. Relationship between the relative error expressed by ‘ and average

value of the storage elastic modulus in an image.

ZZETOMmMIZE D, BRIT 2EROMEI MR OREREITHEL TV DM, 5
B ME e R D EREE 2 1 L X E 2720 3EMNONEHEEZ M LI B EEHETH 5,
B 6.22 13BN OPEREENIZ L 72 & SR ORERE~NLD L S IZET 27> 32
L=y avil&V#HiRET 57 THD, YIalb—ravid, 618 LFERKICIHIY TV /A4 X
AU CEN ORERE 2 2L S m G a2 FHU, ZOZMNEGRO D &2 HH L, Bk
REGEOHBEDFHEZ X 6.24 ZHWTTo72, ThE, BRINTZHERDMEZ 0.3, 0.5, 0.7 &4
kXTI 7 2MEH LUz, ZOFRIO. ZNOMEREN R & TR o ek E A
M ET2ZeRMbhd, —f, WEHERDMEE KIFICH LSS 5720121, ZRNOHTEHEE%
1073% HEETHLEIEE I AR EL RV IERENTH S, TDRD, SBITEROHE R E
o LERAS L L bic, kol | 25U 12 g o BraL b & o & O T 3 5k

EREITHZELHELEEZIOND,
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Fig. 6.22. Relationship between the precision of displacement map and the precision of

storage modulus.

6.4 HUERDAERER LDIDDSEDRE

ARETIE, HHEROWEREDR LD/ B BERER L SHOPBUIOVWTE L DD, HIFHE
TITER A2 & 512, BALOWPERGE D HMERDIGEIZBER T 5, Y Ialb—Yavicdk b, KER
TENDRERE DS 10% FEE T4 [ O EG IR %% i U 72 & S 1Btk = o [k A 30
% &b‘5@li§¥l’@i}r’)5 e ERIRTIENTE 2, LU, #MEROREREE Z BAE L D RIEIZm
EXEROIIE. BANOUEREEZBM A EIEEZEBBRETH DL, EBRIGIED T RDHA
Kiof%&®ﬂ£%§%ﬁ%ﬁkéﬁé;ti%bm#\u@ﬂ@ﬁﬁ%liﬁéba_ib%
BHMEREZ USTIANS S T4 MRIIANS S 7 4 LARED 10% EEZTH ESESZ
CIXTARETH DL E X B,

FEBRAGEDO LR LT, HMEROMEREDR ED7ZOIZ, ¥ TWNITMNINT 2EMDKRE X
B;@Xﬁ G L CHDOERZHINT S0V TIAHREOB L DHIZOVWTHEY > 7L

HMUZHREEZZEBLU TV BERDHD L EZDL, BRNOREI ZEEILT 0L DDHiEE L
T\#/7wW®ﬁﬁﬁ%ﬁ%6%%E<TD%%&%%%%%%#@K%%E%&@N%%%
Zohd, F72. X MRES ECHOEBEBNT 272008 v TVAFEORE 2% B EL -

By MHI Y N TA M A=V TE (R THED PMEND I L EIETE 2, —BKITAIHE
AVRTAR A=YV TERK, bV INVOGHIREEOR & A OBLR» S XL IA NI T
TANE LU A A=V TETHEEERD,

HGMIEHIED TR e UTIREMNORAED TR, M AEOTRRENEZ NG, £/
FT=RAfREYI 2L = a v eElT - REMAAND R EDHBAHEO T REITS Z LT &
D, WEEZN EXELZe/FTE, SBRAKNKRGZ2T5 FRETH S,

F-USTIANT T 714 Tld T 0HMEROIRIFEOKRE I REFEED SN e o 5HE~Y Yy 7
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ZAER L, FEEMENEDEIRRLBRVWREDTREITDNT VS [80],
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ARETIE, HMEROBVIELHEDORES K OH EXE572dDMG 217> 72, AEBRTIXE
RO VIR UIEREIX 30 % Thote, MIEKHEZ S SIZMESIED2DIT1E. BAOWE
FEEOM EPBRETH D, TOOIZERMCEMOREREEZ W LIEL5HKEL LT, Y7L
AT 22/ O KE S B X0 X MRES ETHOEREENT 272008 v TVHlOFH e D
BERMHIZOVT, R VT NICHE U R EEZEZER LU TV BERH D L EZ D, X6 ICHBGL
HAGEP SHEREDH EZ2HET I L EMBETHIEEZ D,
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75

EREXBISANIZT7 1 DHIE
R = T

RETIE, AFEBRY AT LORNAREIZDWTHR T 5, W, FRE X HFEEH Wz I A
NI T 4B EEURERLEEZHAWT, MEHE 2T > ZHERHRICOVWTEHRT D, ROEIZ,
VIalb—Ya v oROZBINREIZDOWTEHRT 5, HEIZ, BIEOEEZSH S AT L LD
BB LT, FHIEBEZFST2ODHEIZODVWTHIRT 5,

7.1 DRUNHRE DRERAYRIE

FEBREXBFEEZHANEZZ I AN 57 0 FEIZO0WT, BMEHIEZT - 77, HIEKSIX, Unfors
Ray Safe X2, F7-MFHEHBEOWPEIZIZA A—Y 77T — bk (IP/FCR FujiFilm) % U 7z,

FRENEIXEET 50 KV, BHEIR 20 mA Tiro 7z, HIEMEE LA S 765 mm D & ZDZEL
A=< WEL Tz, X FRFBELE L HERBORIZMEYEZFREL RWIEE. 6.433 mGy/s
Thotze 7IHVIZUL (EE 1mm) 2740 & —2 LT X MAALEE L HEHEORA~ZE
Lk &, %880 —<&Ix 1.756 mGy/s 70, S0 a3y (£ 200 um) %7 4 V& —2 LCH
WA, A —<RIE 1.646 mGy/s &7 o7z, 7z, PEAEIESD S 280 mm DHE
WHHEE A A -V 7T — b 2HWTHIE L7z, ZDHEG 7.46 cm x3.29 cm THh - 7=,

FRIORERP S, FIETHRE L XMTIANT T 7 1 ORIGRERGE L2, XRTTA b

777 1« OPEEMIE, BERRIZ 2.2, > 7L X BRoHE#IX 400 mm, EEEIX 50 kV.

HERE24mA, YV IVOEIE8em Thotz, £/o, T—ENR—Z LD XTHRLF =
25 keV OE5ED X #HEERIZAK 8 ecm IZX LT 0.031 THD, ZOFERLD, 4 FTTHB L 725
REXMEZHWEZI AN I 7 0 EDGE, 7 e U THW Phantom A & Phantom
B OWIKREIX 60 mGy TH o7z, UNULHIZIEYYET I 71 DI EEEL, YV TLDE
Txdem FETNVIZUA (B 1mm) 270X —8 UTHWZ LGE L TRERK R
SRR UL7ZGE. VY IV ORNKREIX 2.6 mGy £TRIFSZ EHAHETH 5,
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72 MBIMGEDT Izl — 3 vick 230H

ERR7ZTTIERL, Y Iab—YaVITXOMENZYTH LMDz, 4 ETHERD X #E
1250 kV T 24 mA THEII /-, F7/2, XL TEBINIIZRXLX X, BBLZ 1% BE
THO, MFBTAVF—2RoTLED, TDH, KRERTHAL/ZT RV F—I1F 50 kV x
24 mA x 1/100=12 W TH 5.

BV TIVHIENMEL X FRIE» S 40 cm DGR TH o7z, D72, YV TIUABBFINE X
MOTINF—F =25 = 6.0 W/m? TH5, V> ILVORSHERIE, V> IABPREINT
WA AT (X RRJED S Bl 40 cm) T 0.0024 m? TH o7z, ->T, BV FIVKEAAG L7 X
O RILF =1k, 6.0 W/m%x 0.0024 m?x 2.2 s =0.031 J TH o7z, NI ET 3L F—
W, YU TIVOBEINR-8ecm THH, YV T IVDOKISIFKEMREL T 25 keV DT RN F—T
EDORERINT 205t E L7256, XAEEEKIZ0.031 THS, Lo THRININE T RILF—IX
0.066x (1-0.031)=0.064 J TH 3, ¥ > 7V OEEIX 0.8 kg D7z DRINEREIX 0.031/0.8=0.038
J/kg™! =38 mGy TH > 7z,

RVETT 74 TRAEDES 2 4ecm BEIZLTHRYE21TS., TDHOIVET T 7 1 Disg
ERELTYH Y VDEI %2 4em, £/-2703I=20s (BEX 1mm) 274 VZ2— LUTHWE
ERELTAY I 2b—2a v EIICHBELZGE, RIREX 2.0 mGy TR 2 Z 2230
RETH 5,

73 XISAMTZT74FZEBEORIEHEEDILER

K T1LIZBHSEL NV ERT 8], KAEBRERIE, 7402 —FZ2HWE Z & T, FHALRKR
BLFABEOHELR->TWE I D005, /-, FHAIRSREIZAIRERN 50 % e L THH
T 51D E DTS [32], TDRH, BIFHRIINSWEE RS,
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Table 7.1. Diagnostic reference dose levels and actual doses for each radiological method.

Type of examination

Diagnostic reference dose level

Actual exposure dose

TAEA Japan Association of Radiologic Technologists Type of .
Dose Type of Dose
Guidance level Guidelines dose
Incident surface ) X
Chest X-ray 0.4 mGy 0.3 mGy d 0.06 mGy Effective dose
ose
Upper digestive tract . Incident surface .
Direct 100 mGy about 3 mSv Effective dose
dose dose
Mammography 3 mGy 2 mGy Mammary gland dose about 2 mGy Mammary gland

25 mGy/min

Fluoroscopic dose rate

Incident surface

Depends on

Fluoroscopy
(High level100 mGy/min) 25 mGy/min dose procedure
Dental None NOne about 2-10 uSv | Effective dose
Head 50 mGy Head 65 mGy CT dose
CcT cac ot miay eac bo miay ose about 5-30 mSv | Effective dose
abdomen 25 mGy abdomen 25 mGy index

Nuclear medicine

examination

radiopharmaceutical

Value for each

radiopharmaceutical

Radioactivity

administered

about 0.5-15 mSv | Effective dose

PE

Value for each

radiopharmaceutical

Value for each

radiopharmaceutical

Radioactivity

administered

about 2-20 mSv | Effective dose

SHBRIGIZXBIIANT 77 1 DHIEMEEZ DR UL TWL 72012, Y] 2 IS IFRT DR

ate. YR X M- 2V F—0RRBH T 5N 5, BERMEIX 631 ZThRZL 51, BHuD
Wk 2 MERF T 272012 X R4 D ONR 3+ 2 TH LML T2 0ERH 5, X SITEE
DIEKRBIG CHEAI LTV 2 E . #Y7% CNR THRETE 2 X 512, Y74 RETRR & i
WHIANVT—%2RDDILDOTEDIHRENBRINT VS [33], FRBERHAGTIE, ~VES T
T4 UAEEDENZRINLF =D X ERFHIN TS, TALF—2ELTHI LT, LK
PR EEIZ 2 Z N TELZLERAOND, Stk MYIRT 1 VX —DMIHZME U, BRI EZ
MR2ZEEMBETHD,

BIZIE, Y VETTITAHETHEHOONT WA T A VR—2HVE I RERIO6ND, MR
T 57201 1 RoerERRESEE2 OV THAL TWS X MT R LVF—DORaOHE %2772,
AR # L X-123CdTe (AMPTEK, INC.) %2 L7z, IV A =X —%H\5Z & THRHH
ANADATGHEEL X B2 BN, HIESRMEIE, PO X D ITHE L 7=

Table 7.2. Parameters of radiastion dose measurement.

Distance between X-ray source and detector | 1140 mm
Tube voltage 50 kV
Tube current 10 mA
Diameter of X-ray collimator 100 pm

WEE, T EEIRWVREE, 3> 7))L (Phantom B) 2 EW2RE, £72E X 0.05 mm
DiR%E 7 4 V2= U T X fpFBAEEE RS ORIZE W IREBD 3 MEHIE 217 - 7=,

ZORRER 71 L 721283, 72056, 20 keV I FOZXVF—3H > T 2Ei#EL T
WIRWZ Db, FERTIP6MT AV EZ—%2HWEZ LT, 15 keVUTFOIXLF—%



74, F&dH 117

BRZHBEZ N TEEZ bbb, Lo THYR 7 NVX—DFEFIZOVWTHEZ2TTHBEZ
ET. BRAEEBIZESE L TWVWARVWIRLE -0 X BEYIHTAZ N TEELEZ5N5,

500

Ag filter
e Incident X-ray
400

300 A

[eps]

200 A

e~
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Photon energy [keV]

. .
R - SR

Fig. 7.1. Measurement results using the semiconductor detector without sample (red) and

with silver filter.

Acrylamide

0 10 20 30 40 50
Photon energy [keV]

Fig. 7.2. Measurement result using the semiconductor detector with a sample and without

filters.

74 F&oH

AETRE XTI ANT S 74 DMBEIZOVWTHRE Uz, TORE, AEBRTIZ 60 mGy T
Hotz, ZOMIEYVES T T 1 OFHIMREIX 2-3 mGy D72, ThEHKT 5 L EWET
HbH, UL, iXDOTZINTIRTAVDEZIZ 8 cm 7208, XVES T 7 1 DHIE L FFEED
4em THELZEMHRELT, 6T TAIZTLTANVE— (EX Imm) Z2HVWEZEHELT
g s &, WINEREIZ 2.6 mGy S TRITBZEWRHARETH S, TDEDH, XVES T 7 1 D
HEAREDEIOLDZHET 2546, MEIFABEZTCRTE2ZLWAETHE, I HIT, FE
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$8=
BENEXIBITANT T T 4

RETIEBE RNV XTSI AN ST 412 DWTRRT 5, UG I3 AE x5 72 far 7 s
ARG T oD L &, ZTOETAMICHN SN BRIETH S, 1. KEEE, 2. FITEIR

3. NAEBHMIIAEZR D LN TERREDREZRD, ZORBDS B, 1. KHE L WS
BEFHATZ2ZLT, VINVRALTIIANT T 714 %475 Z LD HREL 0D, DTN 5E
BREfT o TR % 8.1 |MITRT, 72 2. FAUEARVWE WS REAEFHT 5 Z 2T, X i3
VERIARA A=V VTN HREE 1B, Xﬁﬁmzybazb4x—yyfiﬁﬂ$’ﬁbf:y
FIANKLKIRHTEDLZLDRBTH D, TOHTH X KfEmm TSEHI RS BE D REREH
pﬂéﬂ@bTI7XF7774%ﬁ5itT\E%W%@%m%ﬁﬂ%@&&é%@%ﬂ@?é
ZeMTED, TDPMNRIEERZIT o KR %2 8.2 BIT/RT,

8.1 MHEXBAEXIREBFIRFTHFICEIEXBISANI S
7 1 DEREBRFFEEMER

kﬁﬁ®m%%%%wé’t? DTN LACTIREZBEUERRZIANT T T4 %275 2
EINTE 2 REMED D B, AN P bf%@ﬁ%ﬂiﬁ’a’:)ﬂb\T\ [mHri& - FEBEtiz K S AHa
VRIAN A=Y VT J:V)FET TR TIANT T T4 %8Bl ko7z,

FHA&F FHEHZ DWW TIX, 3.3.3 iz Lz & 52, mFriE 2 AW Tz 55 2
EDOTELTWEITHSE, WENTA—R—% TFELDEKS81ITRT,

HIEDRA %X 8.1 1IZ/R L. EEOHEROMT %X 8.2 1T/, HIERE XY v 7V EEK
LignwZ e &, IREEEENMHARAENT WS I L 2RE, [31] LHERTH 5, IRENZEEIX, Ei=
XH#IZLBLIAM T 7 4 LAMKDBDZfEH U, MIBBRDORE XA I VT EIREO XA IV
JEREAPTEIIZED, TITANT T T 1 ERITFo T,
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Table 8.1. Parameters for experiment using the pig pancreas using white synchrotron

X-rays.
Beam line SPring-8 BL28B2
X-ray energy White
Detector CMOS Camera Photoron FASTCAM Mini AX 100
Scintillator GAGG single crystal (Ce:Gd3A12Ga3012) (Thickness: 40 um )
Frame rate 1500 fps
Total exposure time of used images 10 ms
G1 Phase grating lattice spacing: 5.3 um
G2 Absorption grating lattice spacing: 5.3 um
G1-G2 distance 283 mm
Phase step 3
Sample Pig pancreas (6 months after birth)
Vibration frequency 150 Hz
CMOS
1 G2 etector
Phase grating Absorption grating
Rela
Z{;;;:}OHUOH = _/‘ 283 mm N Iens;/s
White x-rays - -
- |
o= Z A .
Air pressure =510 ) \ Mirror
Vibration pad/ Scintillator

Hose — | Synchronize

Speaker z
Iy Acoustic
Amplifier — device Xg)_’y

Control
computer

Fig. 8.1. Schematic diagram of dynamic X-ray elastography experimental setup for the pig

pancreas measurement using white synchrotron X-rays and grating interferometer.
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pig pancreas

Detector

G2 Grating

Vibration pad

Fig. 8.2. Photograph of the pig pancreas measured by dynamic X-ray elastography using

white synchrotron X-rays and grating interferometer.

HIER ORI TG D\ T 8.3 17T, BRI 150 Hz T, %Y T Th 3RO
B IRE 2 B % 22455 1500 fps THIE R 1T > 72, EHH T, MEREE2EY —) T8
PRIk [17) 12 & D AR O BUED TR TS 5. AKBRTIXEFHKT T 285+ 2 210 & D
DR NBINCZE 2 B RIERIEIC L 0. B I&RE Visibility &, WIS % — B2 HUE U 7,

Grating Grating Grating
Position Position Position
0 [pitch] § [pitch] § [pitch]

Continuous wave N Continuous wave Continuous vaave N

AN VN AN NN NN \ \

ANANSVARYA ANVAWENARY A AUANSVARA

|/ \\ / \mmmmn/ \ / \ / \mmmmn/ \ / \ / ----- \ // -
/ \ \ \ / \ / \
\/ \v/ \/ \Vi \ \/

Fig. 8.3. Image acquisition sequence for dynamical X-ray elastography using white

synchrotron X-rays and grating interferometer.

ARBETHAUEEEZ L O TERE2ITRT, RHEEBITDLREMZ2FL57-0IZ. £/ MR
ITANTTTATEEBODIAE—H—hoH NI NI ELEIRE %2 Wz, @iy & £
T 572012, KiBED X #EFAT 2720 ARG E X EBERL, @Ed A7 Lfladbt
Tzo Elz. BERY VTNV ERET B 72O FHRE T TG RIRU 72, BE/GQAEEIZIERIAR L O 2
ML —Ya v e ARAEREEE (AIDE) 2HW5,



Table 8.2. Summary of equipment used for X-ray elastography using white synchrotron X-rays.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron

X-rays

Monochromatic synchrotron

X-rays

Small multifocuse

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam

Mini AX 100)

Large area detector
(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Absorption contrast imaging

X-ray crystal

X-ray grating

Phase contrast imaging interferometer interferometer
5-1  Evaluation Exposure dose
P Agarose, agar Polyacrylamide ICNgel Hitohada gel
Fabrication sample Position detection index
5-2  Evaluation Exposure dose Pig liver, Pig pancreas . Rabit liver Mouse liver
Rat liver

Biological sample

Position detection index

Pig mammary gland

(formalin)

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure
(Fostex FW168HR)

Air pressure
(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method

1'%

b= B B 28 X ) B

d

YRt

W IRLEEO L Lo eTHX ST

¢al
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HEFRZ K 8.4 11T, T, T 0 IERORIIRE D 1 FIIS % (/M U T & 17 o 7=,
Bk - FEEHc X0 BIE. MM, Visibility f&/55 Z & TE 5,

7.5 mm

5mm

érenﬂalphase 'iﬁﬁblﬁygbnrééf

Absorption

Fig. 8.4. Images of the pig pancreas using white synchrotron X-rays and grating
interferometer. (Left) Absorption contrast image. (Center) Differential phase image. (Right)

Visibility contrast image.

D55, borHaY b T A MDY Visibility 40 —#%2H\\WT, #iER2EHLUEZ, A
FiEld, A B TRAREHELABETH B, M85 D ERIIH#GEE KT, ZOF— X2 SIBH DN

HAT0, 25, 4T On ST gy 5 AR E ML, FEOBKEIREFHE L,
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4 mm

(a-1) (a-2) (a-3) (a-4) (a-b)
40
£
£
% | - - 0
~ Zmm -40
(b-1) (b-2) (b-3) (b-4) (b-5)
0 2T 4 6_7'[ 8_7'[
5 5 5 5

Fig. 8.5. Displacement images obtained from visibility contrast image of the pig pancreas

using white synchrotron X-rays and grating interferometer.(Upper row) Displacement maps

, %’r, %’r, %", and 8?”, in vertical direction (Lower row) Displacement maps at

phase 0, 2?”, 4?“, %’r, and 8?” in horizontal direction.

at phase 0

BRIESR P S, 4HTHA LB D LFABED AIDE O 7 )L 3 ) L% FWT, Bt R 2
BV REGROHEEZIT o7z, TOMEEZM 8.6 ITRT,

displacement [ 4 m]
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dmm

Storage modulus [kPa]
Loss modulus [kPa]

Fig. 8.6. Storage modulus images and loss modulus images obtained from visibility image

of the pig pancreas using white synchrotron X-rays and grating interferometer.

ZOFHETIE, BT HAOERBIL VDYV TVDEZIDH 1-2 cm £EWZDRZTWSEE
OPETHURNIZH S RE L CEHHEZT o7z, AREBRTIX, A 1KY 72 0 OIRSTIRRIE,
0.67 ms TH53, TDOREBRTHMKEGZ FEHT 272D H L 2 E&o RSO &5
. IREIDAHE 5 DA fEER 3 ATy 7D 10 ms TH - 7=,

8.2 HBMHMEXREBRTFHEHICLIDE XMIZFAMNIZT140D
EERTTE & RERIER

EETEHHOFEHIZ 411 ZIZHBR U2 L5012, BRIV P I AR A=V 07 L0 HH98E M
HEENRREN B WA RE L D FHETH D, ZOFHEZHANVT, TIARNT T T74DHOD
HIE %17 - 7=,

83 MMTFSHEICLDISAMIT7 1 DRBRAELRRIER
831 CT % (% EEa¥)

SREE R TBF TSI A NS5 7 LT 7Y b AR IERTE 2 0HRT 572010, KT
FERNTT 7Yk ADEMOBHITS S 7 H 0 — 2 & 72 1S IR DB & 175 =, WEAl %
FHES3 LR,
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Table 8.3. Parameters for density measurement by crystal interferometer using

monochromatic synchrotron X-rays.

Beam line PF BL-14C
X-ray energy 17.8 keV
X-ray optics Si(220)

Detector sCMOS (Andor ZYLA 5.5HF)
Scintillator CsI (Thickness 100 pm)
Pixel size 6.5 ym X 6.5 pm

Detection area

16.6 mm x 14.0 mm

Imaging method

X-ray crystal interferometer

Phase step 3
Number of CT images 500 images/360°
Exposure time 5 seconds

YU TVIEER % RE (w/v %) 280.5. 0.7, 0.9, 1.5, 2% OT7 A0 — AR OEXZFHL,
Fa—7 (HE Imm, % 2mm) OHFIZOHT CTHEZT o7z, TD & EDEAMZX 8.7 (1T
AN I

Rotation
stage

Inner diameter: 1 mm
Outer diameter: 2 mm

Fig. 8.7. Photo of a sample in the sample cell (Upper) and the schematic image (Lower) of

phantom for density measurement with crystal interferometer.
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Table 8.4. Summary of equipment used for density measurement by crystal interferometer using monochromatic synchrotron X-rays.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron
X-rays

Monochromatic synchrotron

X-rays

Small multifocus

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam
Mini AX 100)

Large area detector
(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Absorption contrast imaging

X-ray crystal

X-ray grating

Phase contrast imaging interferometer interferometer
5-1  Evaluation Exposure dose
P Agarose, agar Polyacrylamide ICNgel Hitohada gel
Fabrication sample Position detection index
5-2  Evaluation Exposure dose Pig liver, Pig pancreas . Rabit liver Mouse liver
Rat liver

Biological sample

Position detection index

Pig mammary gland

(formalin)

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure
(Fostex FW168HR)

Air pressure
(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method
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RROFERTHHIZEID CT A A=V THD, YU TLVOEEIZLD, Wi ETaY I A NPE
fELTWBZ b h s,

Fig. 8.8. CT images of density measurement by crystal interferometer. (Left) Agarose gels.
(Right) Agar-agar gels.
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Fig. 8.9. Result of density measurement of agarose gels.
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Fig. 8.10. Result of density measurement of agar-agar gels.
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Table 8.5. Parameters for biological samples by crystal interferometer using

monochromatic synchrotron X-rays.

Beam line PF BL-14C
X-ray energy 17.8 keV
X-ray optics Si(220)
Detector sCMOS (Andor ZYLA 5.5HF)
Scintillator CsI (Thickness pum)
Pixel size 6.5 ym X 6.5 pm
Detection area 16.6 mm x 14.0 mm
Imaging method X-ray crystal interferometer
Phase step 3
Number of CT images | 500 images/360° (liver), 1000 images/360° (mammary gland)
Exposure time 4 seconds

Yo iE BARS KOOI (855 4%886 »H) 2Lz, ¥V 7ILVIEK 811 @
92, BRI0mMm DA NI —HNEHIZH Y IV EDD, THa—ATHEBEZETEL -,

Fig. 8.11. Fixation of the pig mammary gland for imaging by X-ray crystal interferometer.

ARECHHALZEEZZ DD LK 8.6 TRTEEZERL -, XARITERS THBHTHET 2
72T, EYEOBA X 28R U7z, 1 A=YV 7R, RVPBELSMEOEWES T2
FAWT, MHSSIIMHEEED & < BAEmBENAWRESRZFFA L2, Y2 PVIERY > V% H
W7z,



Table 8.6. Summary of devices used for biological samples by crystal interferometer using monochromatic synchrotron X-rays.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron
X-rays

Monochromatic synchrotron

X-rays

Small multifocus

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam
Mini AX 100)

Large area detector
(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Absorption contrast imaging

X-ray crystal

X-ray grating

Phase contrast imaging interferometer interferometer
5-1  Evaluation Exposure dose
P Agarose, agar Polyacrylamide ICNgel Hitohada gel
Fabrication sample Position detection index
5-2  Evaluation Exposure dose Pig liver, Pig pancreas . Rabit liver Mouse liver
Rat liver

Biological sample

Position detection index

Pig mammary gland
S J &

(formalin)

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure
(Fostex FW168HR)

Air pressure
(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method
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FEREZX 812127, CTHELD, AEENVHMICHRTE 5, £7- 3WocH&E %X 8.13 1R
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mammary gland liver
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duct
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Fig. 8.12. CT images of the pig mammary gland and pig liver by crystal interferometer.

Fig. 8.13. Three-dimensional image of the pig mammary gland by crystal interferometer.
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Fig. 8.14. Photos of X-ray elastography setup by air pressure. (Left) Fixed sample. (Right

3 photos) Inside and outside of the soundproof box. A speaker was surounded by insuration

materials.
< $12
Connect with a tube to
. transmit air vibration
<« "¢ 8
inner/diameter ¢ 10"
50mm
1) A
Cell filled
with water

50mm

Space for
samples

/%mm

Fig. 8.15. Schematic view of a small speaker jig for air vibration.
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Fig. 8.16. Photos of jigs for elastography by air vibration (Left) and a small speaker
(Right).

834 EIVE—Y9—ICLBISRANIZT714DRA
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IVAF—=VE, F/3vbu—)L B08138 MW\, RIFEOKE X 13HE 80 um TH 5, X
SATIZRT &I, AT —VDEIMIR X E 2002 1372, K818 ITRT L DIT,
REO 2SR FIFIRE 27572, K819 IXZDY 72 KL WY LZKOIIETH 5,
WEIZIME DA TWB S, IRENC XD ENMNEZHRT DN TE LD o7z, FRIK, #EETHE
D7D RAEDIRIE & i U TR T o2 2 EDREEREEZ SN D, KEDHEIZAKES I
REIXET WD, ZRSMEEIZACEAADIES REY, ZOOREEZMERT LI LN TE R
eEZoND, KITIZHESRMZRT,

Z 60 mm

Fig. 8.17. Photo of a jig which is attached to the piezo stage for vibrating a sample.
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Fig. 8.18. Elastography experiment with a piezo stage.

Table 8.7. Parameters for X-ray elastography by crystal interferometer using

monochromatic synchrotron X-rays and piezo motor.

Beam line PF BL-14C
X-ray energy 17.8 keV
X-ray opticals Si(220)

Detector sCMOS (Andor ZYLA 5.5HF)
Scintillator CsI (Thickness pm)
Pixel size 6.5 pm X 6.5 pym

Detection area

16.6 mm x 14.0 mm

Imaging method

X-ray crystal interferometer

Phase step

3

Number of CT images

180 images,/180°

Exposure time

5 seconds

Vibration method

Piezo motor (Nano Control Co., Ltd B08-138)
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Fig. 8.19. Example of phase projection image of the pig liver without giving vibration to

the sample.

ARETHHU-BEES FLDTRISITRT,



Table 8.8. Summary of devices used for X-ray elastography by crystal interferometer using monochromatic synchrotron X-rays.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron
X-rays

Monochromatic synchrotron

X-rays

Small multifocus

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam
Mini AX 100)

Large area detector
(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Absorption contrast imaging

X-ray crystal

X-ray grating

Phase contrast imaging interferometer interferometer
5-1  Evaluation Exposure dose
P Agarose, agar Polyacrylamide ICNgel Hitohada gel
Fabrication sample Position detection index
5-2  Evaluation Exposure dose Pig liver, Pig pancreas . Rabit liver Mouse liver
Rat liver

Biological sample

Position detection index

Pig mammary gland

(formalin)

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure

(Fostex FW168HR)

Air pressure

(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method
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8.3.5 MTF F+v — M & 2 ZEE 2 FEEFM

SEAER TG 2 AW TT DMK OEBOMT 2 2 272012, & TIEH 022 M5 ffhe % 31
filiL 7z, FEAlid 27212, X 8.20 (2R 9 MTF F ¥ — b Type 14 (Fril X #HM) 2HAWz, E
T 0.3 mm DI THERINTWS, BHEOESE (MTF) 2HES 57DICHWo G, KERT
I FREERE (Modulation transfer function : MTF) % 3R T & F gt D 22 4 fRHE %2 1AMl
T3,

MTF type 14
Pb thickness: 0.03 mm
Spatial frequency: 2.0 to 20 Ip/mm

Fig. 8.20. MTF chart (type 14).
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Table 8.9. Parameters for MTF measurement by crystal interferometer using

monochromatic synchrotron X-rays.

Beam line PF BL-14C
X-ray energy 17.8 keV
X-ray opticals Si(220)
Detector sCMOS Andor ZYLA 5.5HF
Scintillator CsI (Thickness 100 pm)
Pixel size 6.5 pm X 6.5 pm
Detection area 16.6 mm x 14.0 mm
Imaging method | X-ray crystal interferometer
Exposure time 5 seconds

ZTDLEDREEK 821 IT/RT, WKL AR A (Spatial wave response function:
SWRF) & MTF ¥+ — b @ X #EBR & 5k 72, SWRF i FilORTET 2 L ANTE 3,

Imaz(f)_lmin(f)

SWRE(f) = 70 Toen(0) (8.1)

Imaxz(0)+Imin(0)
22T, fIRZEREEE Lnee(f) RZERVEBER f12BWTHRE U2 BB OBRAIEE. Lna(f) &
S EEREL f 2B WTHIE L 2RO B/NEE TH D, FEBBIZKT 5 SWRF IZEER IS
2D THDH MTF OFFEIZIERE LV AR Y ABEO 720 TV b~ UHHIE [36]) Z2EH3 25 %%
NHbd, IV UHEORIEFIROANR2D LI i1IzRI NS,

75‘” SWRF((2k — 1)f)
MTF(f) = kz o1 (8.2)

272U, By 13 (2k — 1) T8I 2R BOKEE m, ZPOHMEDOHEn LT m>nDLE
By=0. m=nD& & B, =(-1)"(-)k1tTh3, Z0O-DAHEHZTEMT S L., FTidOR
83D ESITXRIND,

SWRF(3f) SWRF(5f) SWRF(7f)
- +
3 5 7
X o T 821 DFERIZH L TN MY VHHIEZIT > - FER %23 8.22 12T,
IN& D, FERTFBEHIZOWT, ShiE G R OZEE 2 REED KL 5 I D 22 [E 4 iR EE & ik U CTIEE
IZEWZ 0o T,

MTF(f) = %SWRF( £+ (8.3)
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Fig. 8.21. SWRF of crystal interferometer image.
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Fig. 8.22. MTF of crystal interferometer image.
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Fig. 8.23. Bird’s eye view of electron beam and synchrotron radiation from a vertical

wiggler and a photo of the superconducting wiggler.

Table 8.10. Basic parameters of BL-14.

Ring energy 2.5 GeV

Ring circumference 187 m
Horizontal electron beam size 0.53 mm
Vertical electron beam size 0.045 mm

Horizontal synchrotron radiation beam divergence | 0.128 mrad

Vertical synchrotron radiation beam divergence 0.008 mrad

B{EIZ BL-14A, B, CD 3 2D/ y FCRIKICEREZB IR Z W TEHRMEL R > TV
%, BL-14C 1 8 keV 75 80 keV DT AV F—%2iHT 2 I &N TE, € —LH¥ 4 X 6 mm
(horizontal) x 70 mm (vertical) T b, HTHE X 33 keV D& 10879 phtons/mm? /sec T
%% [04], BL-14C I3 Fal 8.24 ORE L 5 ->TH D, LFiA v FI2 Si(220) 12 & 2 ik e

PREINTWD, ELFEBHNY FFRICEERTHIPIERI LTV,
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Fig. 8.24. Plan view of experimental station BL-14C.
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Synchrotron
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monochromater

MTF chart (Typel4)
Pb 0.03 mm
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<>

Monochromatic Detector
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Fig. 8.25. Schematic diagram of the experimental system to evaluate the spatial resolution

of X-ray images.

MTF F v — b 2% L7z & EOMEZEX 8.26 1mRT, MBS L > IO ZHE L,
HREIG Lz, 2T RV F—% 175 keV, 25 keV, 35 keV @ 3 fifEfE L7z, ThZTh, 17.5
keV & 25 keV (3fEM T¥EIE DELICH I NS T AV F—TH D, 35 keV 1& 3 7 FE ORI D
DUETHZZ DS, BRIV I TAM A=YV IEHINE T AV —TH S, HEsMst
ERIILIZE LD,

Table 8.11. Parameters for MTF measurement using monochromatic synchrotron X-rays.

Beam line PF BL-14C

X-ray energy 17.5, 25, 35 keV

X-ray opticals Si(220)
Detector CCD detecor(Hamamatsu Photonics C9300-124A)
Scintillator P43 (Gd202S:Tb)  (Thickness 15um)
Pixel size 9 um x 9 pum

Detection area 36 mm X 24 mm

Imaging method Absorption contrast imaging
Exposure time 2.5 ~10 seconds

_%
i
&

B, 2o O KA, S SWRFE (square wave response function) % GHH L. Z D
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MTF (modulation transfer function) % ZNZHEHH L 7z,

Fig. 8.26. X-ray image of MTF chart: type 14 taken at 17.5 keV.
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Fig. 8.27. Results of the square wave response function (SWRF') and modulation transfer
function (MTF) at 17.5 keV by changing the distance between the MTF chart and the x-ray
detector. (a) SWRF in the horizontal direction, (b) SWRF in the vertical direction, (c)

MTF in the horizontal direction, and (d) MTF in the vertical direction.
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Fig. 8.28. Results of the square wave response function (SWRF') and modulation transfer
function (MTF) at 25 keV by changing the distance between the MTF chart and the x-ray
detector. (a) SWRF in the horizontal direction, (b) SWRF in the vertical direction, (c)
MTF in the horizontal direction, and (d) MTF in the vertical direction.
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Fig. 8.29. Results of the square wave response function (SWRF') and modulation transfer
function (MTF) at 35 keV by changing the distance between the MTF chart and the x-ray
detector. (a) SWRF in the horizontal direction, (b) SWRF in the vertical direction, (c)
MTF in the horizontal direction, and (d) MTF in the vertical direction.
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ERN
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B = —— 4
okeh = S x 71 (8.4)

ZOR84A LY, HFEF A XBPKREWGE, RTHRELL LD LERDN5,
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Fig. 8.30. Schematic diagram of the influence of X-ray source size on image blur.
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Fig. 8.31. Simulated relationship between L2 and the image blur by Bokeh at BL-14C.

A A=YV TIZBNWT, KEHOEGIXHETROLRGZILET 57-OICHETH D, AT
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BIZERE T DR T B2 ER Uz, £y T v 72X 8.32 1TR T, EMFEEMICE D X 1%
W FRIZY Y TV E LT hDEET 7V AR RBE LA, MHBEE 7Y N AOH#% 60 cm
£ 100 cm iZ L, D& EZOWEDRT 2R L 7=,
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Fig. 8.32. Schematic diagram of the experimental system to image a human thumb bone

phantom.
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7L, ML 7 7 v D AOFEEEZZF L THEBICHEN NI LD ERTE -,

lcm

Fig. 8.33. X-ray images of a human thumb bone phantom. Distance between the phantom
and detector were (a) 60 cm and (b) 100 cm, respectively. Each graph shows the distribution

of the image density corresponding to the square region.
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B EDWIRAD DT, SEIF/NE OV A X #IEEHWT 2IRTHHNTDLT I A NI T 7 43
AIREMEGE L 72,

9.1.1 EERFGE

EBAER, AHOEy b7y TLEEEUTH B, IREGEEFa v -2 fHLBENI &,
X MRFEEBEBOE VDY H S, HEHERZX 9.1 125RT, REEEIZALY —7— (Fostex, M800)
AWz, AC—A—0O EIZEE lmm AFO T I AF v Z-O A N—IZ %2R, T 5I1I2HN—~
NEDHIFZINOZBL[EREIE, ERREICL OV Y TNV EREI S/, A= —D05RET
5 E %, 43 L AR T — ZINE ST 2 5 L data acquisition module (DAQ) (National Instruments,
USB-6002) #H\WTCIERE %2 FESHE, X7 =77 (Bose, FreeSpace 1ZA250-LZ) % A\ T
WEXEAC - —0oBREEZHEIETWVWS,

Flat panel
detector
47.4 cm
Phantom
39.8 cm
White X-rays R
Air pressure
9.1cm
Pulsed X-ray source - - Acoustic
30 kV, 20 u A, trigger signal device
W target
Z “ X
ter| /o eari - - - - o
Xé y | Leomeuter |

Fig. 9.1. Schematic diagram of X-ray elastography using a small pulsed X-ray source.

X MRFEAELE @wahﬁt REKED AR — N I V7 2R E, SIREIOMMHIT & D
HREHRE Uz, 92T —RINEY =7 YV A%RT, ¥ IV z 85 m~HRE &
115 Hz OIR# 2 5 2 72, 4 ®D 150 Hz £ 0 /NI WL, IREAKREEZ NS L<TEH5Z 6T
YU TNVHAR TR LIRIEEZHR T 2720 THD, TO XMABEKEIX4HETHEHALZ X HFHE
U CTHARDOT A X0 1 mm x 4 mm & KEWZD, HEDRT DK E NS IR IXHERR
DEEL N,
POV ZAIRD X AR ORI RRNIZ 1.3 m B e o7z, X MOBEGRE —HIRE T 572012, X fiiR
HERD Y v v X —% 6 MBI TWA A, EBIZY » 7IVIcBR I N T»W AKX 0.9 e o
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oo Eio. REBBIAOMINHEZ(L S, 5 HEORL S 21 IV 70K (0, 2, 47, &
51) & XD/ OV A LIRBIED X 1 IV AT 5 Z LTI L7720, 0.9 x 5 = 4.5 Bk
UZze RODIZAFROWESRMZ2 £ LT,

Vibration Vibration Vibration Vibration Vibration
phase:0 | phase: 2?” " phase: 4?”
\

w 1.30 msec (X-ray duty cycle: 15 %)
4 115 Hz (8.69 msec)
Pulse X-ray

EssEEEEEE
source

phase:%ﬂ | phase:s?’I time

<+ 4.68 usec
Trigger signal
(5V)

Trigger signal

Continuous wave
Acoustic device (Phase: 0)
(Vibration stage) mEemEmmEs >

Detector .

L» Save image
Keep the detector’s shutter open (6 sec)

Fig. 9.2. Image acquisition sequence for dynamical X-ray elastography using a small pulsed

X-ray source.
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Table 9.1. Parameters for X-ray elastography using a small multifocus X-ray souce.

X-ray source

Small multifocus X-ray source

X-ray energy White
Target Tungsten
Source size 1 mm x 4.5 mm
Tube voltage 30 kV
Tube current 20 pA

CMOS flatpanel (Dexela, 2923)

Detector
Scintillator Rare earth phosphor(GOS:Gd202S:Tbh3+) (Thickness 150um)
Pixel size 74.8 pm x 74.8 pm

Detection area

290.83 mm x 229.79 mm

Imaging method

Absoprtion contrast imaging

Exposure time

4.5 second /1 Elastic modulus image

Yo7, AL TV (Exceal Co., Ltd.) ZMHU TEKR L7z, K 9.3 IZ/EK LYY T
DOEEAK %2R, FEBAEADO T IVER X A T (7 A A —E CO: HO0-100J) ZfEFH L., +
JUZENFEM (7 AA—E C7: HO5-100J) ZfH U THOIAAT, £HARERIZBINIT Y MF

AMA A=YV CRBMEEZ T 572, £ DOEE H O RDEIZ I,

MK ZEEAZ ATIEHU 72,

Y U T ZrO,
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Fig. 9.3. Schematic diagram of the Hitohada gel phantom.

AETHHAUZEEL FLOTEI2ITRT, REEEZEERERZNULT S 72OITNI VA
C—N—%2Y v TIIVORICEEEE, 2IrodINsE&REZH Wz, ZO/NMNIZHELRX
FRIFIE SOV ZRD X MREFEIE LN TE D, TDOH/NL R X AR % kB 285 & [F
XELHZET, MEEY Yy R—2HWEZ R A NAREHE2T o7z, XBRIGEE2HWT, A
ALD 7N DHIZ ZrOy MK Z ANTIER U 723 > TV 2 HIE Uiz, B IEFEERE X AR
BN Z L Z2ENTHIZT Ty bRV E W, BEGRUEEIIENAL A L —vav e
oy iR EEY REE (AIDE) %2 HWVW5,



Table 9.2. Summary of devices used for X-ray elastography using a small multifocus X-ray source.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron

X-rays

Monochromatic synchrotron

X-rays

Small multifocus

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam
Mini AX 100)

Large area detector

(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Absorption contrast imaging

X-ray crystal

X-ray grating

Phase contrast imaging interferometer interferometer
5-1  Evaluation Exposure dose
P Agarose, agar Polyacrylamide ICNgel Hitohada gel
Fabrication sample Position detection index
5-2  Evaluation Exposure dose Pig liver, Pig pancreas . Rabit liver Mouse liver
Rat liver

Biological sample

Position detection index

Pig mammary gland

(formalin)

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure
(Fostex FW168HR)

Air pressure

(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method

K T6

|
7

WOV £ £ 4N Y &2 N % Eak 3608 X 3 2 i\ B o2k

261
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9.1.2 Z=RERHER

XECTH Y TN Uiz T 2K 9.4 12RT,

FTERIZEY., BIRFOMAHE R L 72 X Sz 5 W7z, X 4.12 &3 4.13 12 B#44
ERT, B LIRS BOAE, TOMHMEEOEROMKT 2R T 572018 AZ AT 710y ¥
;Ebt“%éo

Fig. 9.4. Example of an X-ray projection image of the Hitohada gel phantom.
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THRE A M DZEN ERZERR U 72855 % X 9.5 @ (a)-(e) IZRT . TDHE, Mo A A B
% (AIDE: algebraic inversion of the differential equation) % FI\N"T. Hyeksiip: SR i & 8 e
PERM R %2172, RBICHEEE 2D 50T 572012 median filter %8 L 7=,

RED. K95 D (f)-1 & (f)-2 OfFEEERIIZENEN 12 £ 25 kPa 3.4 = 0.78 kPa T
bHotz, — i, BREMEIL (g)-1 & (g)2 TENTN 44+ 21kPalk 28+ 1.0kPaTho7=,

INSDfEinrSs, CNR ZRDD e, (f)-1 & (£)-21&45 THho7z, —H. HU ROI THEEH
TCNR 2KDDE 1.1 THolz, o T, IEEMEREAIIBEBR LD BV ZXHTET
Wb EWZ 5B,

FROMREED, SVAXBEAWCTIANT T T4 27 LN TELI L RMRTE
SBRMEY VRV AETV, YTV OMMERD SRR ERE I ENTEHEEALOND, B
EETIZPMEREZITN, PEYVRVREIIANT T T 1 2ffladbE, Y TVHNEIZTD
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Fig. 9.5. Images of displacement map, storage and loss moduli maps. (a), (b), (¢), (d), and
(e): Displacement maps with the phase of vibration are 0, %’r, 4%, %’r, %’r, respectively. (f):

Maps of storage moduli in phantom Fig. 9.4. (g): Maps of loss moduli in phantom Fig. 9.4.
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CTZIANI T 74 %ilkATz, WHEDOCTZV Y TNVOF 2REEETEILICED, 3
OLHZRE R DR 21T 5. LU, EROEKIGHEZZEAS L &2, YV TVOAD & —JH
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TEDMSBENEIIEZAR, £2. ZOHPWVWH U TLERNRE L TWE D, AMEPSNZ NG &
TEHELT Y TUVBRGET 2R D 0 BRI O Tl RESRZIFT 5 Z & iE
72 L R N D

ZIT, ~ECT 2B¥THILTH Y FNIZD 3 RTHLRIEREEZZeNTES, TDH%
2D-3D f1 A=Y LY A ML= a3y [95] 247D 2 & THATA RO REZ 52 HIED AT HEDMEGT
U7,
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2D-3Dregistration+Elastography
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Fig. 9.6. Schematic diagram of 3D elastography using the 2D-3D image registration.

ARFERRTIZEERYT Tz UThITE 2 AW CEGEIE L7z, Y IV AR#Z252TT
DM FEIE S 2 e 4K CT 21T\, T O/REE 25 2 T3 0 A NENITER L T
WAKT 2, EEOMETAD O EGRERY L. WO T 0RO EEOM T 28] A5 Z LT
ERANN T Gl O

921 ZHRAXE

U TNVEHEE LTS HEED S Y OlEEZ AW, HERKER %X 9.7 1IZ7R-3, —iRT
DXMMTIANT T 74 LABRIZES 1 mm, BF SO mm DX V7 A7 vHBCTEHEINZ
FavX—2HVT, YU TNAGZREOMM & R U TEE 2170 72, XEREIX R
M X 4% (Rigaku, Ultra X18) # X Y Z' AF v &=y b THEM L, Xk #1E Hamamatsu
C12849-102U sCMOS #AF (Y vFL—4& : Gadox 20 « m) ZfH\W\W7z, EEY 1 XX 6.5
pum TH O AFET YA X% 13.312 mm (H) x13.312 mm (V) THo7z, & 9.3 IZAREFHROH]
ERME LD,
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Table 9.3. Parameters for CT by X-ray grating interferometer.

X-ray source Rotating anode x-ray tube (Rigaku, Ultra X18)

X-ray energy White
Target Tungsten
Source size 0.1 mm x 0.2 mm
Tube voltage 40 kV
Tube current 30 mA

Detector sCMOS (Hamamatsu C12849-102U)
Scintillator Gadox (Thickness 20pm)
Pixel size 6.5 pm x 6.5 ym

Detection area

13.312 mm x 13.312 mm

Imaging method

Grating interferometer

Number of CT images

60 images/180°

Exposure time

30 second/ 1 image

GO Lattice spacing: 30 u m
G1 Lattice spacing: 4.5 pm, Thickness 500 pm
G2 Lattice spacing: 5.3 um, Gold plating thickness: 60 um

GO0-G1 distance 1.35m
GO0-G2 distance 1.59 m
Talbot order 0.5

?Ez@fl

BLU7Z, A= —D00RET 5 HIE

BECHREIVLZELQELZHWT, YV IV EREIES5, 7V 8.1 ETHIA L 72
SIWZEFAEFNED TG0 DT A NP ERE720, TE 37 EHE
ﬂ%?éx%~§%$ﬂ&éﬁé%%#%éo%@tw\23~ﬁ~®ihﬁ%#/7w%&
7 — ZUINEE > X 7 L data acquisition module (DAQ)

BYY I E

(National Instruments, USB-6002) & AW TH A ViK% FAE I, N7 —7 > 7 (Bose, FreeSpace
1ZA250-LZ) ZFHWTHEHIEIEAY - —D o F2HBEIETW5S,

AREBRTIE, NBHEDOEMN 2R T I 2 HNE LTH Y, EMREEEFEOMEIILEL LT
WRY, Z D7D EHHE T OREEZ1T > THANMHEEZE5 Z 13 7h3, BbkEoa v b7
A b DVE &R WG TS & G Uk 2 17 o T,

BN HRE 25 2312 CT g & fio 7, ¥ 7% 180 HEEI T, ZOME 60 Hrd 5
W L. — 4720 O X MIRAIREIX 30 B T1i7 5 72,

%@%ﬁ%ﬁ%@@%ﬁﬁ%ﬁméﬁ-5@%@%@5&4syf®@@(&%§fﬂ\@\@)
EFavR—DRAIVILRAMT S TIREL,

FayN—id, THEED S5 1/9 HHEEA X AREANC 22 K5 ITFRU 2 4 BEFRRO S D%
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Fig. 9.7. Schematic diagram of X-ray dynamic elastography CT using a laboratory X-ray

source and a grating interferometer.
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Fig. 9.8. Schematic view of the jig for fixing the sample used.

Fig. 9.9. Photos of CT measurement system and the rat liver.



Table 9.4. Summary of devices used for laboratory X-ray CT elastography.

Ttem

parameters

1 X-ray source

X-ray spectrum
X-ray energy
X-ray intensity

Source size

Rotating anode x-ray tube
(Rigaku Ultra X18)

White synchrotron

X-rays

Monochromatic synchrotron

X-rays

Small multifocuse

X-ray source

2 Detector

Spatial resolution
Time resolution
Detection efficiency

Synchronization with a vibration system

High speed detector
(Photoron Fastcam
Mini AX 100)

Large area detector

(Dexela 2923)

High spatial
resolution detector
(Andor Zyla5.5HF)

High spatial
resolution detector
(Hamamatsutsu
C12849-102U)

3 Other equipment

X-ray shutter

Synchronization with a vibration system

X-ray chopper

4 Imaging method

Absorption contrast imaging

Absorption contrast imaging

X-ray crystal

X-ray grating

Phase contrast imaging interferometer interferometer
5-1  Evaluation Exposure dose
P Agarose, agar Polyacrylamide ICNgel Hitohada gel
Fabrication sample Position detection index
5-2  Evaluation Exposure dose Pig liver, Pig pancreas Rat I Rabit liver Mouse liver
at liver

Biological sample

Position detection index

Pig mammary gland

(formalin)

(formalin)

6  Vibration device

Vibration method
Vibration frequency

Synchronization with detector

Air pressure
(Fostex FW168HR)

Air pressure

(Fostex M800)

Rotary motor

Piezo motor

7-1  Image processing

Displacement caluculation

Non-rigid registration

Feature point detection

Correlation method

7-2  Image processing

Elasticity calculation

Algebraic inversion of

the differential equation

Local frequency

estimation

Phase differential method

k 'C6

|
7
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922 ZRERIER
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Fig. 9.10. Three-dimensional image of the rat liver by grating interferometer.
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Fig. 9.11. Images along the time axis when vibration is applied to the sample. (b) is an

image taken by rotating the sample at 90 degrees compared to the position of (a).
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Table 10.1. Characteristics of the developed 2D dynamic X-ray elastography.

Exposure time 2.2s

Spatial resolution 75 pm

Precision of storage modulus | 30 %
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