Japanese Society for Medical and Biol ogi cal Engineering (JSMBE)

AR TS
44(3) : 445-453, 2006

MR Elastography (CE I DEFEH SV EEFIRBI ZRAL
W2 ED S

HH O ORE - BE EET-R B OR
£ A E7T-R O XET-BRHE BH

Comparison of Steady-state Oscillation and Non-stationary Oscillation in MR Elastography

Takenori OpA,* Takuya Funwara,* Akira AMaANo,*
Yubong KanG, ™ Sadami Tsursums,™ Tetsuya MATSUDA™

Abstract Magnetic resonance elastography (MRE)is one of the non-invasive methods to measure the vis-
coelastic properties of tissue. In MRE measurement, viscoelastic properties are estimated from the wavelength
and damping factor of the viscoelastic waves in the object; however, the influence of reflection and refraction are
not considered in the estimation methods applied (e.g., algebraic inversion of the differential equation and elastic
wave fitting). Therefore, in general, reflection and refraction are avoided by shortening the interval between ob-
ject oscillation and acquisition of the MRE signal. However, the viscoelastic properties of transient-state oscilla-
tion can be measured using this method, since a specific time period is necessary to realize steady-state
oscillation. This may lead to a less accurate measurement of the viscoelastic properties. In this paper, we first
show that the viscoelastic properties in transient-state oscillation are measured when the interval between object
oscillation and MRE signal acquisition is short, and show that the accuracy of viscoelastic properties is high when
using steady-state oscillation. Then, we propose a reflection reduction method using a spatio-temporal directional
filter (STDF). The experiments using a silicon gel phantom showed that the viscoelastic properties during
transient-state oscillation were measured when the interval between object oscillation and MRE signal acquisi-
tion was short. These results suggest that steady-state oscillation improves the accuracy of viscoelastic property
measurement, In addition, the reflection wave could be reduced using the STDF, which leads improved accuracy
in measuring the viscoelastic properties of MRE images with reflected waves.

Keywords: MR elastography, viscoelastic property measurement, steady-state oscillation, reflection wave sup-
pression, spatio-temporal directional filter.
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2. MR Elastography
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Fig. 1 A pulse sequence of MRE measurement.
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Fig. 2 A silicon gel phantom and coordinate system.
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Fig. 3 MRE images with various delay times.
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Fig. 4 Root mean square error of fitting 100 Hz oscillation
with MRE measurements.
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Fig. 5 Oscillation methods for imaging viscoelastic waves un-
der steady-state conditions.
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Fig. 6 The resultant MRE image with a delay time of 80 ms,
and the area where the wavelength and damping fac-
tor are estimated.
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Table. 1 The results of wavelength and damping factor esti-
mation using the NSO and SSO methods.

(a) The results of wavelength estimation.
Average SD
NSO 43.9 3.31
SSO 43.7 2.59
(b) The results of the damping factor estimation.
Average SD

NSO | 0.0340 0.0141
SSO | 0.0333  0.0109

IREER 100 ms & U 72 HAREIEEIC X 0 5 L 7o#
REEFERHEICLVRE LBRTRBET 5L, EFiER
BEICBWTHE - BEERE S IREREINS RS T
Wh, ZOZEph, RERE & BEER 2 K& CBREL,
EFIREOMEMERE 2 W9 5 EFREB: L ) b, #ik
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5. Bk BREEHEKRECZEZELD
|E/NT X ZICET BG5S

MEIZBWT, EERDZ AV L EHIREEC X 2H%
A, BE - BREFRREBEON LICAMTH S & IR
T&7. AETE, EFERHLAVEERBECBY
T, MREEEUSANOEBIE ST X 5 3R - RERHEEHE
25 2 B HBIZOWTHRET 5.

5.1 ERERFRE(CRET 55t

EWIREE:TIE, BERICED S TRBEDIRRE 2 2
THZENMETHLEEZONDL., ThEEET LD
2, EFIREFICBVCEERM%Z 20 ms BX P80 ms &
LCHREEREZIT). ZOMOMEE/ T 2 712 4 BEOER
ERBRET 5. F72, WEREICBITAEE - MEXRHEER
EOFHIIC D 4 EOERRFRE, R - WEFHEEHROE
BREEEHWA.

5 724 A MRE B0 U CitE ik d Cid ok
FHEAL, ERBIVEBEFLHELEREER2ITR
T. 2B, RERIZBWTH KEOREN NS WwEE
2 ONAHHEPH%Z MR & L2720, STDF 2 & 5 K5
DOMFIIITHLEVIDE L. MBEKBVWTEER - BE
e IEEFAIARENETSH ), BIERMICL5#
ERENOBBIINEVWEZEZ OGNS, T, 4BOER
IZB W THNRFER] 100 ms, BFIERER 100 ms, BIERER 80
ms & L72HWBITBITLHEER - BEFHEEHR L BT S
L, WFhOBRBIBWTHHEKERIMELTBY, &
FIREEOWES, BERMAEL T, BEENZERE

i

x£2 EFERHECBVWTCEEHRBA2EEL2BEICL 5%

Table. 2 The results of wavelength and damping factor esti-
mation for different delay times when using the
SSO method.

(a) The results of the wavelength estimation.

delay time [ms] | Average SD
20 43.8 2.58

80 43.7 2.59
(b) The results of the damping factor estimation.

delay time [ms] | Average  SD
20 0.0329  0.0115
80 0.0333  0.0109
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5% MSG % Ny FHIENIN$ 22 L 2 2 5.

G(t) = Gysinwt (5)
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Asin(wt—0) LEDbEh, ity 7 MR ¢

NuT
o=v[, " GOuwd
=yNyTGyAcosO (6)

tRbEND, TITC, yIIBRANELTH S, LS
T, MM 7 ME ¢k, MSG ENINBEE Nux T & MSG
FE Go, IREYOIRIF A ICHBIT 5. RO EDS L CIRIE
IR ELTVAHA, MHY 7 PEZIEMT 2
MSG ORJHA%L N & MSG HE Go x B S & THET 5.
T2, NuXGo® —EIWZT L2 EICEVMET 7V EE—
FBRXTAHIENTWEEE 2D, 22T, NuXG ik —EL
L7238, Nu& GoOEREDHE - MERHEEICH 2 55
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H¥EHY, S/NOWESHFTEA[13]. LAL, Godsk
EL B2 lICXY, AREEEAERT S I VOHEFA
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T/, MREBEICBWT, #HllRICE 2 2SI
MSG A EBUNDHBERE G PEETN TV IHEEE R
5. ZZT, G #®

G(t) =Gy sinwt - H(NMT ) (7)
2 1(jg Vo
H(N—MTt)z OEothewZuis]e) (8)

LEBEETE, RN(6)iF
o=7 GOU ()H(————tj e’ dt

[0 T35 () ea] (9)

EEDLTIENTEL, FR7-YVIERET S L,

F[H(NiT tﬂ = Nul'sine ( N;T T)

Thy, R(DEHLEMTS L
S .

T)-U(a)—‘t)d‘l’

= f Ny T sinc (NgT

U(z) = Flu(t)] (10)
ERDLTIENTESL., HE—HIIOWTh t=-¢ LB}
Z, IR AE S h S, K (10) 1, u() ORER
AR L, o % HOiS sine B CEARH) L2FESET
HHTENDbIS. ZIT, MSG JE LA JE B
GERBEBRTEIESCEHRBGERELIFRLE TS L, 0
WZIREN B L OV MSG DR TH S Z L b, sine B
DRI HET &R LT 5.

TITR, BRELER - BIERMEEITER % MSG H
TNEER & MSG BEOMASHLE 2 ERICL VRET 5.
zl:ﬁﬁ W R IR E 52 E T, TR 4550 ms O

&, EVd % MSG OB Ny 1 L 202 Y ICERET

% %. £ T, MSGFVMBEFE Nux T & MSG HEE Go 33K
R-BEEHEEICEZ 5B EMFT 5720, (Nu XT, Go)
=(10,24), (20,12) ® 2 DA LG HLEIZDOVWTHEE
9. 22T, TRIE50ms & 100 ms @ 2 2 Hw, B
MEREEIX20ms & F 5. T, FOMOEWEINT AT IiL4
BEOEBLEFMEE TS, 312 TR, MSG EUMEERH, MSG
BEOREET LS.

TR, MSG FInEsf, MSGIEZZL S - HEDOWK
B -BRERECHEREYRAICTET. 2B, RERIZBWT
bR OEERTH/NEWEEZ N5 HF T M E
L7z7:®, STDF IZ & A EOMEIIfThEwbDE L
7z, ENHNEER Nux T & MSG S E Go DRLA A DD (Nu
XT, Go) = (10,24) TH 5 Nol BL U No3 &, (NuxT, Go)
=(20,12) THHNo2B XU Nod LDOLEEITH. WE
MR ROV TS, FIINRERE Ny X T & MSG BB Go DHL
AEDED (NuXT, Go) = (20,12) TH 5 No2 3 & UF No4d
DOF TEEREFDITPINELL o TwDE. F2, BE
REEHRTIR, ERFEEFZEZREEL -7, LA2L
BHS, WTFNOERE D MSG EIINER & MSG EEDRE
WCEBEIPEL, AEBRTEIREICL2EZINEVEN
AERTH- 7.

%3 TR, EVINEER], MSG BEDHRE
Table. 3 The TR, application time and MSG amplitude used
for parameter effect evaluation.

TR application time MSG amplitude
No.
[ms] [ms] [mT/m]
1 50 10 24
2 50 20 12
3 100 10 24
4 100 20 12
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F4 FEIREBEICBWCTR, FINEER, MSGREDREEE
BHLWEICLDEER - BERREHR
Table. 4 The results of wavelength and damping factor esti-
mation for different TR, application time and MSG
amplitude when using the SSO method.
(a) The results of the wavelength estimation.

No. | Average SD
1 43.9 3.17
2 43.5 2.82
3 43.5 2.85

4 434 2.75
(b) The results of the damping factor estimation.

No. | Average SD
1 0.0327  0.0130
2 0.0337 0.0114
3 0.0314 0.0116
4 0.0333 0.0110

6. REHRIEIFiE

FEFHIRBYETIZ, WRAEICE U5 KR masHE
5. 38T, spatio-temporal directional filter (STDF)
EWHEND T 4 V5 [10] % IS L2 X b ek
WS 5.

STDF %, Z&ENMAHMRE Bt L CHMZEEL, #
DHMICETTH2HEEMYBT LN TEL T4 NI TH
%. STDF Ti¥, KM —RXx, ZM_RIEDFH=ZRTO
7= ZERET, COREREBIIBNT, HEL
Hie ORI DOART NG AR 02T R, 2Dk
&, WEREMBERBORL ZEBPHERETLE, AR
b7 L% 0ICTHPREICHEET DERIEDLNRL I LI
%5, TORE, STDF EAEOBERILEN T OBEE & H
BLTHILTEY, KE - BELECHEMET 5L
WO HEND B, RRFRTIE, ZOMERHERT LD,
STDF %@ 3 2 IC BB HW/-aiBE %2475 HiE%
TR’ETSH., 22T, B8 (a)Iimd &) % YZ FHZHE
L7: MRE B0 Y @i FMOKRE &% S, ZHWH oKX
&% 8. kL, STDF THET 2 FMDOHHRT ML % s,
EEDOHLE o, MIEDMENZ PLErETs. 20k
&, d=r-rn&l, DFOZ200X5 v 712k Y STDF

HTLBEZ AT .
1. ZENMAHMRE HEIZUTOXRTEDENL BEK
W) Z&EHT5
0.5+0.5 cos (2z|d-s|/S)
W(r)= 0 (ld-s| < S8/2) (11)
(otherwise)

ZZT, S=min (5, S.) &7 5.
2. BREEZEHL/F—%ICSTDF OUE %475
3. |d-sl<S/2 @Bz 1. TR L7 BB 0N

ZEHT 5

Aot Tix, X 1) ® &9 &= 7% (Hanning win-
dow) [14]1 & V>, MR - WIERHEC ICHR 2 BB E B
72 STDF ORI T 2 2179 . ABFETIE, WhE
Ry #F L7 MRE BEOBREZ R SRV,
BT A X EREDROBEKBHT LI L L L.

RERTIE, kL2 ELEB2IRE ST 570, o
YNAYTNT AR ZEAMICCREE AL IR Y
FRMRFEEICREL, =00 YZ FHOE G ZIET 5
(B®7). WEICHIRE S X 0° MSG O JE %I 100 Hz
&L, Fov2¥128 mmX128 mm, A 5 4 AJE 258 mm @
W T % f# (% BE 128 pixel X 128 pixel 12 THE T 5. T2,
ML U CERIREE % v, TR 100 ms, TE 164 ms, &
FERFR 20 ms, EFI1EFRER 0 ms, MSG FAIERRT 20 ms, MSG
MEIZmT/me L, ZEMMHEGBREKIZI0LT5. 2L,

% L 7% EfAH MRE Ef2i2x L, STDF 3@ 0% 4,
STDF %#&H L7236, BEKIC X 20 % o STDF
ZHEHALLHED3E) OMEED TIIOHEICLIER -
WEREEHEEL LT 5. REBRTIE, LHOEHED

direction of

the propagation
propag Y bed-type

oscillator

soft silicon gel

hard silicon gel

X7 KEHHEBRTHVSYIYZF VT 77 b AL EER
Fig. 7 The silicon gel phantom and coordinates used for the
reflection reduction experiment.

> -
(b) T1-weighted image

(a) MRE image

8 EIERH 20 ms D% 10 Hi{gh L O T1 HABEGEEE -
TS E iR
Fig. 8 The resultant MRE image with a delay time of 20 ms,
T1-weighted image and the area where the wave-
length and damping factor are estimated.
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(a) The results of wavelength estimation.
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(b) The results of damping factor estimation.
9 FEOBE - BERHEHR

Fig. 9 The results of wavelength and damping factor estima-
tion for each layer.

FMEEE LT, B - WEABOWER - BIRFIHEEHR
OERRFELHVD. FOB, BORREEISS5V Y
Ia—{EIC KB T HRAEBR> SHEET 5.

8 IZBEEHEH 20 ms D5 10 H{E B L O T1 i ER 2
R, AREBRTIE, WATHEPIIN8(a) FICKREITHRTY
By=2522<z<T5OHEHMAE LA F/2, K8(b)25,
BOERMEIL2=48 THHZ LHHATE 5. STDF &
Hogs L B8R &MY 3 STDF 2@/ L%a, BH
BB %IC STDF 2 @A L2803 iconT, #
HHEHTIIOEICLVER - BERLHEELHERZE 9
WRT. B, EMES TIOEICBITAMY LB 4
BEOEREFERICW=11 £ L7 BBCBIHER -BE
R EHROERFEBIPEYERSG IIRT. 22T,
D TIROBEICBT AW LIEELZ W=11 LREL
TWh 70, BOBEREOH I 5 pixel Ti&, Y19 H LIEN
R BEXRORLZLIBFRELTCVWA I EICRY, E
FERBE - MEERHREITZI RV, LD oT, £BICE

Medi cal and Bi ol ogi cal Engi neering (JSMBE)

EERETY 44%3%5 (2006469 A)

£5 KBOER  BEFREEEROBERE
Table. 5 The resultant SD of wavelength and damping factor
estimation for each layer.

(a) The resulting SD of the wavelength estimation.

STDF hard silicon gel soft silicon gel
not applied 2.70(40.4) 1.89(34.6)
applied 2.44(42.8) 3.14(35.8)
Hanning 0.83(42.1) 0.53(32.4)

(b) The resulting SD of the damping factor estimati

on.

STDF hard silicon gel soft silicon gel
not applied | 0.0147(0.0310) 0.0078(0.0562)
applied 0.0033(0.0403)  0.0093(0.0400)
Hanning | 0.0012(0.0314) 0.0055(0.0513)

The numbers in parentheses show the resulting average of the

wavelength and damping factor estimation.

FEEE - REREEHEROERREBIUEYHZ RO S
BRIz, BEFE ORI 5 pixel OHIZERALL7-.

B A AT STDF 2@ L7234 & STDF JE#
FAOSRESZRET 5L, WHBICB RN E L REE
BT LRERETICEDND DH, ThPUIMNIIZIZRED
MBREZoTWA., 72, BEBEERIC STDF Z#H L
7234 & STDF @M OgGE& % ks 5 &, B ZEH
LAl BV TEEREINES L ho T A, BRI,
BEBCGEARICSTDF 28 L7256 &L BEKRLEAE
§ STDF %@ L2 a2 ki3 5 L, BEHE#EH L
BB THERZEIVNS L Ro T 5.

7. #& ]

MRE 12 BT, FHIR 25383 2 K20
BRI A U AL L DRTCHERA 2 RET 5Tk
B—BINHC SR TV DA, FHETIEZOHEDME
HERRT 5720, REOEHRBLIRE T 5 THIZOW
THE L. 3, YVarysFiuvry v Az fv-ER
XY, BEREOMALEDIRBAEZEL TN E
RRL7. E518, COEBRICED, BIEKFH2Z&T 5

MRE #2128 W T, BERR %8 3R E L - 3iRE)
DBERBEHREELTWLIE2BERL. £, EHO

EEREBLZRETHTHEL LT, IR & BIERHZ X
XLRETHTFEL, Lz REE T EFESz AV
AFELOREZITY, EHIREL AV A FEIEE -
HEREEHEOM LA THAZ LR L. 35
2, EEREOERSZHRETLIHEICHMEL 25 KEED
BB 5720, BREGEM%KIC STDF 2 @HT5F
ERREL, YUIUFNVT Y P ARHWIERICLD
ZOEEEHRL 2.

LSHOBEE LT, AETIYIAVTFNVT TV AR
V72 EBRIC X 0 ARV % HER U 7 o 15 R0 SUSHB

NI | -El ectronic Library Service



Japanese Society for Medical and Biol ogical Engineering (JSMBE)

KWRHIEIH I MRE BT 583050

TS, MEZBRELHECLRRICEYTHLZ L2
WS HLENHDLEEZOND.

B AU SOE R ER (B) 17300150 B & O

HASERFZE 16659317 DB 2 CER I /-,

10.

11.

12.

13.

14.

X 73

Muthupillai R, Lomas D], Rossman PJ, Greenleaf JF, Man-
duca A, Ehman RL: Magnetic resonance elastography by
direct visualization of propagating acoustic strain waves.
SCIENCE. 269: 18541857, 1995.

Manduca A, Muthupillai R, Rossman PJ, Greenleaf JF, Eh-
man RL: Image processing for magnetic resonance
elastography. SPIE. 2710: 616623, 1996.

Oliphant TE, Manduca A, Ehman RL, Greenleaf JF:
Complex-Valued Stiffness Reconstruction for Magnetic
Resonance Elastgraphy by Algebraic Inversion of the Dif-
ferential Equation. Magn Reson Med. 45 ; 299-310, 2001.
FHRHE KELM XY B £2 AEHARX BE B
EEE OB R OEE RHEE g, TIREIc LS
MR Elastography 2 H O¥ M EH OB, BFIFHEE
4 LR, J89-D (10): 23482360, 2006

Sack I, Bernardinga ], Brauna J: Analysis of wave pat-
terns in MR elastography of skeletal muscle using coupled
harmonic oscillator simulations. Magn Reson Imag. 20: 95—
104, 2002,

Suga M, Matsuda T, Minato K, Oshiro O, Chihara K, Oka-
moto J, Takizawa O, Komori M, Takahashi T: Measure-
ment of In Vivo Local Shear Modulus Using MR
Elastography Multiple-Phase Patchwork Offsets. IEEE
Trans on biomedical engineering. 50 (7): 908-915, 2003.
McCracken PJ, Manduca A, Felmlee JP, Ehman RL:

‘Transient-Based MR Elastography of the Brain. Proc of

ISMRM 12th Scientific Meeting. 574, 2004,

Weaver JB, Van Houten EEW, Miga MI, Kennedy FE,
Paulsen KD: Magnetic resonance elastography using 3D
gradient echo measurementsof steady-state motion. Am
Assoc Phys Med. 28(8): 1620-1628, 2001.

Van Houten EEW, Doyley MM, Kennedy FE, Weaver ]B,
Paulsen KD: Initial In Vivo Experience with Steady-State
Subzone-Based MR Elastography of the Human Breast. ]
Magn Reson Imag. 17: 72-85, 2003.

Manduca A, Lake DS, Kruse SA, Ehman RL: Spatio-tempo-
ral directional filtering for improved inversion of MR elas-
tography images. Medical Image Analysis. 7: 465473, 2003.
K BE BAE KH B EAHEH R TF BMK
BE, TIRB%E, B B MRE % B 72 flkER & iR ost
#Hl. Medical Imaging Technology. 19: 389-399, 2001.

Oida T, Kang Y, Matsuda T, Okamoto J, Azuma T, Taki-
zawa O, Amano A, Tsutsumi S: Bed-type oscillator for
MR Elastography. Proc of ISMRM 12th Scientific Meeting.
1773, 2004.
HABSEBRAEHERZESH: MRI L 7 F v — 5>
LFEREMRL 4 v F—EVa >, 2001

N, BRLCE: FYINESUEY Y — 5 2 &E%
7= xRk 2 oIRA. R, WA, 1992, pp.87-89

FH & (X145 yrU)

2003 S IEABRFE R EBER LR RS L3R
BT, FAERAXKFERERFFIEREL %
BB, BIEICES. AR MME
B, EAEGLEICET 55,

ISMRM, EFEBEEYS, AARSILE
E¥#%, HAERETH#SK4H.

BR £X (7V95 %7%)
2006 4F FUAR K KA G M= 7e R s 135
BET. MEZREBRRASTICAK, BE

IZE 5.

X R (77 T7¥%I)

1993 4E MR F R F B L A58,
F4E T2 EBY . 1995 421K BT 3 K2 Bh #
. 2002 4 s KA F B BRI R Bl 2
#, BEIIES. AT Ialb—-vay, X
EEGUE, 2025V g ORI
e,

IEEE BME, CS, ISMRM, B F#HEE%S, AT

&, HAEBETLPRERE.

£ A (hv 2EY)

2006 ERCAT#BIEAHELHBRB T, FE
BB KFEF A R A se 2. A%
¥Y3Ial—¥ 3, MRE OWFICHEE,

HAMEA&E.

2 EE (YVI H¥3I)

1967 £ AR R LAk SR A 2. [l4E
KRR FHREIRBIF. 1980 4E 5TER K% 1L 220F
ZRELREGT. NEXKERNSS %
¥y —B)F. 1988 4E [t v & — Bh#ig.
1994 4E R ARR IR LEMF L v & — 8.
1998 4 st K F AR R B 2N Jepr 4%, etk
BT A RFZEIC .

HABMELSEE.

BE @ (xv¥y FUY)

1981 FF AR K F RSS2, 1988 £ FTHR K
FPREGEREMEMELREL . BEE
T FEFRBRFERZRREWRRES 3 WA
F, 1997 47 Al R ARAF IR B #E, 2000 4EHHR
RFERFREREMER R, BAEICES.
By Ialb—vay, BRESERO MRI #
BB X ORI BRI HEE.

(453)

ISMRM, SCMR, IEEE BME, HA&AAKE T4, HRPR

%%, DANERES, BARAKBEZS, €

&, &&H.

TEHREES

NI | -El ectronic Library Service



