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F1E i
L1 BHRIEAE & 12

BHLRRIE L, BN & B TR O FHERRBE DIRFEIZ K 5 &R (BEEIRT) &
LA N L ADERER EIZ L BEOHIC LV BFREMET T 25EETH 51,
e b 2 b LA SIIRBEDANICED AT N D ERIZHAT HIEHRE BRI 2 5
WEODZLEZIN, ZHICLVERNO T —FrRnELL, BEOEVITEOMK
AR, B ERES, UNET, AR SICEREE RITT, BHRRIED S b,
BInRYFER, ATEEE, PRI X O X TRIET 5 b O 2 R HERIE &
S\, ARG OLMEICE S RIET D, B, B TRERKEENERZ B> TR
V. ORI & 2 MR E 1A FAROE 52 & MR 2 # e 2 B TR S T
Do ML 30 R b NEROUEMRE OB Zeh3 D Uk od AR 12 E O D3 IE T
DS, IMZE B Y BT REEIIBAR S N DD LIS L, 20tk RS HEREIC
ELZENWESNTEY 2], WRE & RET IR B a8 D, —,
BRSO B BT 25 & 23 (R FUR AR RE TOHERE  BERIP | 12 s |
BT Y v~ F 7 &) RFA - 18 (AT A R BRI AR LT VK
TR E) PERER>T2RMITHEE I SND b DLk HERIE (2 )
PEEHRRIE) & FW, I TR BHTHRERMEL 2> TV DI, #iF
P HERIEIZ 31T D R DAFZE Tl EE DIEH DR TRZ LA, HERFECR
FOR RS RE TUHESE N BER & 72 > TR BIE Z 5 [1,3]— 7 T, #EE S o5 &K T
WY T~ F IR ENER o THFICEITT 2 Z &3 > T 24,5l Zinub o
K0 BEEADIERIZE D CIEMIZ BT O AW TR E 2 3l 2 212
BEMRT D RER LT ENENICEBW T, M Th o ERESCEE &
HERECTH DR SRR Z D Z L NHENTH D,



12  BEFOFBEFMLE

2000 O KENLAFHAENZEHT (NIH) I8 23t o A3 T T 70 %
DEFEL 30%DEELVHATES & Lic, Lo UB'E & EHHE 5 Tk
VMTETBLT, BHEEOTHICHE > TWDONRBURTH D, 55O 7 IEIC
FREL DT, X MELBERERS D, X BiEDOH S DXA (dual xray
absorptiometry) IFEIEHK HIL HWHN TS FETH S, DXA LT 2 FEEHO
BARLTFNF—0 X BREMA L, M L 2MINEDOEZ O CREEZHIEY
DV AT LT, B HFRIEOZW AL RIS X OKRBRE A O DXA OF
BEPANHITWD,, 205 OEMLORIE DK #7255 1 3B i (1/3 $8An)
D DXA OBBEENHNLN TS, DXA FHEMEREY 70 OF& (HEE%EE)
ERERL LTHATHR, O OZEEZ EE TE TR O/ AT VE
DHTLEIRED DD, FIEOMEITITLER EWHEETORITNREENTEY
B &g (85 ORI F BRI AR FTRE T H D,

DXA OXREZFTRLIZFHEL LT, X #® QCT (quantitative computed
tomography) <> pQCT (peripheral quantitative computed tomography) 2% 5%,
FARERALL QCT 23 M, pQCT M EeF=Aim & I EE I CThH D, T bk

L ey 3125 I SN Ol N5 4= 12 b a1 R N T ' =
BONDEEE L HRAAEYTZY (KEEFEE) THVEOREELEAD, HE
HIIZ DXA LW ENTZFIETH D LRI GERRIZHIH STV 7223, JHIE R RO
BREZ C OB L RITIEE S TR, ITE, B OR B m O EEE D
pQCT 7385 L, WHFEHEBICHH SER 280 T\ 5,

—J . BEEEE X BREIC R R AR, SRENES THDH LB E
WTIKS EL L, BZIZHWLI, BHEEO RIFELICEBRL TV 5, BB
B3 72 <0 2 DM B APEDRES MK L ORENIE LT\ 5, BEFOB K
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EIX, WREE2L<GATHIEAZESME LTEBY ., 5o 5 EREIT SOS

(speed of soud) & BUA (broadband ultrasound attenuation) T %, SOS i
HAZRFF S 72 0 OB ERACERE (m/s) THY ., BEELEOMENEEZ G AT
BTHD, —BINTHFENZNELE SOS ITRE < EMVVEIZE SOS Tk <
2%, BUA [THE BR80T (dB/MHz) TH Y | HENZWNIEL
EEWE COWEENRE L b0, BUA FEEEZD6]l, ZhbD/RT 2A—X
LR, O F D ITIREZ B AT RT A =2 ThDHZ b, BESE
PrU A7 DHE~OFERE, LarL, SOS, BUA &, KEE SEE 05y
HEREAT X X ¢ DXA FIBRICARAIEE T, BB E SRS OB 2 3D icfi R Fom L
THEY., SHRLIUBRMBRDENTND,

I, BE 2 AW REE Ol T Td 5 Axial Transmission {E23HFSERR
FINTWH[7,8], BEE ThDHEEE OGO RE G O Rl O &A= iE
ZMETLHLFETHY ., TOEERNSEFOMMENMEEZHEL, BT 27 %
L LD LT DD TH D, MEEIIREN R oL bx RHICmETE 5
—J7. BB BB 2 5 REICEEED - T 70, BB E OIS
ZRET L EE BT A7 OFEICAE EZEZ N TW D, ERERRFHEZ 5
B 2720, H02BEROEE, REFORS. REETOERD AL —M
RS &L DRAENIEIN TR Y | 2% OMIERBES IS TV DB EH
FETH D,

13  HFEDEAH

IR COMK L WMEDIRAG R Z RS L L CHERZE L CTHEEROMGEZ FEh L T
% 7= Maurice A. Biot (1905~1985) % 1956 4 ZHEMEIRIAR Clifi 7z S AL7= 2 AL
PERN ZAntl 2 PRI B 2 BEm 2 6 R U, T Bf 5 FLMEBRME RN TIEES 1
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R E) (Bd) L0 2 B (REE) ST 2 EMeREN R 25 2 FEO
e & 1 SORBRENFET D 2 & & TRl L7z, FEMKRE TR Cilz Shiz
R 2 Al L 72 B OMIE 217 - 755 2 @ Biot OFGGEIHTE 5 2 LI
SATE . BONEIREOZELE L0 &SI 2 Tk (BEE 2 KB otz
1ToT& e, BEW 2 BIET, BEREPERET N2 sl LB C 5 2 R O
WMo D L AR AR L. ZORMEAFRIHT 2 2 L1280 e OB
BEEORMAZFEBL TWD, BT XM CIIRERIC R ATEETH 5 T FHITRE I
BEER 2 M B P E R B IE T D,

KL TITBER 2 BEO b MERERIE~OBEHIZOWTHRET 5, in vitro
TOFREIOME X, FEZREICHE LRI T35 Z 81Xy, #BEK 2
WO A FBTED Z EBWMEOHIETHREINTE T, Ll EEOFIZE
WTIIE 2 7oA AOIRDEIET D70, IR ORI A M & 72 0 | Y
B A AR L7z 2 B DAAMT . VR 2 08 O VBB O JE BRICAATE T 2 BB B oG
AP LR EE L, 2 WO A NEEC 2 28R H 5, Z OJEEREOfF
TEERA SN L, FAEROREZZ T R WFEZ R LT,

F72, invivo IZ TR LIEHRAIE S A7 L2 HWT, e 72T Cldn &
HE O B EESRT 5H, T 3 — %0 BE— RE{{gIC TREE IR ORI 2 7 7%
BT E I 2 WORHEZ A0 LT BB AR ORI i 2 et U, BRRERIC T
ZDIEDZEMEZBGET D,

BEEZ MW, b MEKRICBT 5, REF ST ThEhO, BEE, B
Ry B OFHIIC K 2 AR TR E W FIE O JERUR 2 5T 2.,

1.4 X DIERL
AL, AEZELESETHRINLTWD, UTICZEOMELRT,
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S 2 IR, HEW 2 PHEIZE DWW THERIR S e MERHIE S AT A
IZOWT, EOREFE, WENT A =223l L, BRREBRIC T, BEEK 2k
(2 K015 DAV MR B &V T E R A  pQCT OB JE & iR 5,
UBEDETIXZ OV AT AEFIH LRI OW TR~ 5,

¥ 3E TR, BRAESATIREED in vitro TO b MERE B2 FW TSI 2
WABLRIL, BEESCERMEED 2 HA~DREEFD,

HAREEE L ETIL, b MR EHE OIS 2 AT O IZ72 % 8
[EIZDUNT, in vitro TOEMWOFREEZ HVTHRET 5, H4ETIE, P X
D/hEWE MNROBEE AL 2B LT, R E TR A T o R T
AUBHAICRCE L, WIEATT 5, BEH 2 OB T & 7 2 J8 R D FAE % iR
L. EBEFEOKEGEHT 2EEHE E 8T 2T 2 —HFEZEOBFREV 50N
L. b NERZHET HERCE OB 2 B 5 5k 2 Retd 5.

55 W IR, EE SMERE D BRICH S LIz £ £ 0REBO 7 # R @M%
WT, k0 MEEBEEMIRIEVIREA B L CHELXTT 5. BEE L E 2 A
RITHE G LTRBBIZIB W T, BEK 2 BIRDIELZHI LT 5 & & bic, E
D BB Z ARl T 2 JE B OFAE 2 DD 2.

%6 L 7T ETIL, in vivo TOE MNEROREFRHE T EEBRGT5, & 6
ECIX, WRZEBER Lo BEE e MAERRIE Y AT A0 = o —EIERREE VT
AR Wi B € — RERZ ST 5, B E— NEER) S BREE O 5E 4 kB2
Z LRV BREBEORSG AR, R —#EHRE O pQCT i) &R L EEE
& DI X0 24P E GET D
BT BT, MBS L E R e MERIE S AT A0 a—EHIE L B
W 2 W E & AL G DT BUE B TR FIEIZ DWW T~ D Se T3 B 250 L
in vitro TO U VFREZ W TE OMEREA MRS L7, in vivo TO b KRR
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(Fn R & AR A2 R U 7238 L B R ol R E 2518 O B S
2.1 oIz

B BCE HEE T X AT U, JEREE, 22, VRS, AP B OB AR Y
PEAEMECEXAREEEZA L TWAL Z el BARRANE 205, L UEBEE
WIEIIE, WERT A—2ThHDH S0S (m/s) X° BUA (dB/MHz) 23 EEEDH %
(mg/em?) & DERRAFETH D &V O BBERDBZET 6N TW5, £72, FBIE
DIREAMEE SN TWDHD, ZHUTE W AUT, JENT A —&05, JIEEHAL
DML BT FTIR . W O RBVEME7R & ORI R OB b Z K L T\ b &
B, ARRREBLE A D, AETIE, 26 0BERIEICEET HREL W
fRU. FLRAZFIH L3 6, FERAOFEE (mglem?) & OMMEELR (GPa) %
BufF L. pQCT Dfiff & B FIRE Cdb 5 22 fifRE 2 A LT, T LWES I # &

s 27 AOBRIZHOWTIBR A,

22  [RE RO
WEDOHZEIZ BT, Wi E N2 B SRl 2BRICEL S 2 DOREK TH 5
W L AR SOV TR Shl1-8l. 20 2 Iz W TERRICER LS AT
5], 2o XA | BEIRBUGIC CE SR 2RI B E 8 B & W g oM e 5 & T
T2 T2 OIZBRE S8 LUWVERE FEICE 3 2, FEHEN ATREZ: X pQCT
. BEEIZEAL 4 %ERAL, O F D ITBEEEARD S AEE R OUE TN 5B H &
firti) O 4 %DALEZ IS T 2 Wrid O F 80N & £ OBEREF LN BNV AT
LTH D, AFFEIZL VL BA%E LIZBE > 27 4 (LD-100) 1%, Z @ pQCT
L HHE AR E D720, pQCT L IEIER UHIERNIC /25 L Hs#at &z, A
MAFFERTEF TH Y | JEHESCKIRE 72 ST AR EOZE-CHEB O L 21T 72
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WEWIFIEA D B, LD-100 DAEL A Fig. 2.1 10, 71 v 7 W% Fig. 2.2 IR T,
BEEEM A B FERZ, Ur—2— "y 7 &S LR BICEE S —xt

D KT VAT a—HTHRAALy, N T VAT 2 —ILERE 20 mm O L IE
FRTHY, EAEHHE 40 mm &5 TW5, FBREE— RIZBWTIEX, —FHo0
FI VAT 2= NEREEGRE R b IR ER L R D, FEEE— FTEK
ZHE 1 MHz E5%3 1 CHEh S, 2 OB AT TOE—AREIEHN 2mm TH 5,
W A5l 2\ X 1.6 MHz DL EOERHcoEERIRE (1], $7oKkE
B2 Aot Lo EHE S S 1 MHz UL EO A TP RE < 25720, 1 MHz
T2 PN LA Ao TN D, 20D T AT a— W E RIS

2 FINZRE) L7 &, JIESAOEENFE S D, JET Ist AF ¥ & 2nd
AX X NTIIVTED | 1st A% ¥ 2BV T, X-Y FA) (28 X28 mm2) |2 2 mm
[FIFR T 2 IE Lend B, mdik & AR & & A 72 Z iR E S R ORIE 4 5
UL UEENL OB E R M &2 BT 2, AE SN IEEREITAICER S,
HEENL OB 5 L 2 A5 U7z ity (B Ao, R EM, FREO—H o~ v
7)) L LTHBEEOGMENERIND, 1st AF v T b IV B# EEAREE w4
XL HESA.OTIR AR T 272D & | BEE L HMEEREZ IG5 2nd A ¥ ¥
RIEFALOPEICFIH S D, 2nd A% v o ORIEFFHIL 4X4 mm2 T, pQCT O
BEEAL (BEE =M 4 %) LE—. b LIXFDIIBICEHRE SN D, WL st
AT Y TR LIV 2IRTT OB # AR R O TR b BE) T 2nd A % ¥ > OHIE
HPHARET D, ZHUC L 0 BEIRIEE X BIEOBBEMNE CEAIZI L ClHE T
A7 (mg/em3) CTEAEHITE D Z ENAREL 2o TV D, —fRANIC Z OERALI IR
BNEEIAE L, Bl S IR 2 OV E N THAET 5 @i - R 2 8l
T 2008 LIAETH D, L LEKRIEICEOTIERROBAZEICLY B
BIRED 2nd AT ¥ HIPH TIEmEE - AREE S EFRCBHITERWEERH 5.
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FEFRZE DJE D OGHERE Z sl U CE 72 EEREASRA U TRl - AR 23555
TERWZER—DDERETFHREND, ZHITE DRSS T XA L THRA
T2, TOHEIE, HEH1 LD Ist A% ¥ L FATHITARER OB AE Z ORI
& ERB A G WA DRI L. @RI & AR AME & 2 B A B B AR A k23K
RTAHZEICEY BEENTFENT2nd AF v UNLEEARTET HZ ENATREL 22>
TW5, 2nd AF ¥ Tk, 2200 N T VAT a—HC L DFBBRTHE L, ThT
NO KT AT 2= XD a—HEN 1 mm R TEMIND, ZEEILE
W & AR E NI ORI & AR 2 B 5 7ol v b, = a—iix
WOHARE . SE R, MM E R 2 S 3 2720l n b s,

Ist 2% ¥ TH LN 2RILHE & 2nd A v TH O - HIEM O F] % Fig.
2.3 |\ T, EEOmEG (E4) 25 1st AF ¥ > O#IPAOEE EIRZ & ie T 550
D EERBEE B L [ U 1st 2% v OO SOS Eifg Th 5, 2 WITHEEN D
RUARHBNRE SN 2nd AF v VR TH D, FHEIC 2nd AF ¥ U THRHIL
T, BEEOBEWREE (dB)., KEEE (mm). VEEHEE (ng/emd). WiHE
WPEES (GPa) OWIEMEIMEREE T — 7 & iR ER A —7 Blc 7' m y R &
TN 5,

B HIEIT I T, KR B S S E R, K — R — BOEE — T
Wi — B
MRS 2 AT D BRI, 2 DO Cd 2 @ikl L AR I D,

T

— R — K DNEZ ISl L Tl BlE 5, BERISBEENo

=

MR A B2 BT DBICHW BN DBER DO /NT XA =213, BEDHTE TR

ENTEYM]., sFEElcRON IR TEENS,

B, |E
Ty Ty =| —o— |2, 2.1
e {AT@““}EO -

IR IZ W TR TR SN D,
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i ! B, |E
e 44T34 T45 =|:A—;_':|E—2 (22)
0

BN S OKDAR) O TR S N ol ORI, E, (T8ERM )
& % BT e TRLI S 7o @ O IRIE  E 7 1352 s TRLR S 7o AR I AR

o VEWERRE PN O O TE R oy VMR PN O ARG B R B A, A IR 2 TR
W BEIRAE T OWEE, By 13ROI GBI EWGS) | xR E R, TIdK &8k
KRR OBER & WK & BE T OBER OFBMRILDORE, T3Tys T'3eT s 1LEHHE &K
W NZ N OVERE O W B HE TORBRBOFETH 2,

X@.DEXQAEL L HAMITERE & EH L L TR DBEW AT A—FT
&Y | FELDUERE OB p KA L CELT DT OB T A—FTh
%, R2.1DEXRQDMUFIZEBNT, HENLDLIDDI/INT A —F LHFHE T EE p,
OEMRZRE L TR Z &I &0 | AUOSEANED DU E B 5B p, ZIRET 5 2
EWBTED,

TR E PN O End I OAHR L o [TRA TR EN D,

=Xt (2.3)

LV KHERYE N O EER ORI CTH D, 1 & 103 2nd AF v o CHEI S N5
Wlra—ELoRDD, WEHEETEEIL 2N TE=pic/ TREND,
BA%E 72 LD-100 T B L7z in vivo TO b b KRR OFE R % Fig. 2.4 & Fig.
BITRT, PEBRE X 23~T9 kD, Bk 94 (V¥ 36.9 1%) . ik 14 4 (V¥ 64.7
%), GEk 23 4 (Y 53.8 5%) Th 2D, R2.2)ZFIH L TR UGG B E D
R % Fig. 2.4 1 2R T, ¢ & py L0 RO TIMBHE HMEEE E % Fig. 2.5 (219, £
Lo LBERMEE RECRE - EMZRE L, 2MEE 590 pm @ pQCT
(XCT-960 : Stratec Medizintechnik) O¥EMEBHEEOME L LTHLTND
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Fig. 2.1 Outside view of LD-100.
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Fig. 2.2 Block diagram of LLD-100.

12




MHame: tezt
Gender: male Heightizm): 1500
fge A7 Wizight e 60.0
Attenuation rmap Speed map
B Radius thickress 1.3.9mm
Iii‘f~+-f—~+~+«;-q_+ i % 5 i, G 5 4 4 & & g
T _ Diagpsisard observatiors
har e o ek
+ i
______________Radiuz
Lo =— Ulra
ALA BEREY 50 METTT 236 MERECST 52 s
B0 — 10 = T
E 0 o
£ o 500 AT
o os £ B
—-50¢ i =) G
2 L = =
= = : -5 a0t w o Gr
g -2 bt A -a 8 o % 5 a
& = - [
=40 = B F\ : 4 2 4 /\/\/
2 Loyl : Qomol /N N 5 I —~——
[ =z : =} ¢ \ =2 g
Lol = ' o 0 Lt
<L m ol [ ', a 2t
0 =100 : =
gl 2 T 1l
=] T o
=20, ; n A J O Dk i i i Jdow A A i i 3 g 0k A A 5 7
20 40 &0 8O 100 20 40 &0 80 100 g 200 40 60 80 100y 20 40 &0 80 10d
Age Age ] Age Az

Fig. 2.3 Display of 2D images and measured values of LD-100.
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Fig. 2.4 Bone mass density deduced from slow wave level and bone mass density
measured by pQCTI[5].
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Fig. 2.5 Elasticity corresponding to fast wave and bone mass density measured

by pQCTI5].
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2.8  HRELOESE
R - ARG OIS 2 T 7 Ak LIRS E L S 7= Biaa (4] &2 — A 12 B

SN E B EEF LD-100 12X 5 T, invivo TO b ~MEKROUEREH % & &

VAR R E N RIE S 7z

(1) LD-100 (Z & 0 | ¥ifE OF#E (mg/em3) & MEEH (GPa) MAHIE ST,
MR OB LTI BUA (dB/MHz) & SOS (m/s) (Z K 2% B2 B85 FERT
i Todo7olosd X Bk & OBBHEDHENEEECH > 7223, RIS CHRE L
& XBUED, [F—ALZI T 588 E 4 B TR L 2 o7z,

(2) LD-100 THELNZBHEEIT pQCT O s B —H L TRV, MBEREKT r =
0.87 Th o7z, WEME OB EHEITE T OB L LTI, 2 AYE TH
MR RS MEZFr o T D, IETBALO BB E OB EIXhE Ch 5720, B
WDEITIIRET BV, TS OARFENRRBL T D in vivo JIEIZFVT,
BtRE r = 0.87T MG LN Z L%, BRI AT LOEFEMEREWI EZRLT
W5, HIEOHHMIL, v 8 % Th ol

(3) LD-100 ORENLE DT H7iE T K DWEEOET L, > AT LOLZEMER
HEMEDOKS AR L T2 O TR | MHERE OB RSO JRFTH 2 B8 %
R L TW5 Z &8, pQCT @ 2 IRty & DHEIC LV R T& /e, 2D 2
SliE, BERICEHEESHHEED 2 Wonlg b rRettnd 5 2 L &R
LTW5o,

(4) in vivo HIE T & 72 E M EEUE 2.3 20D 6.7 GPa ORIC/H M LTz,
PIEITH 3.5 GPa T, FAKMEA 2.3 GPa Th o7z (BHEE 5 %ibhn), Z Offix
IKOMIEES (2.2 GPa) B RIOBMEES (2.0 GPa) &g LCH %Yl
L5 x5,
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FI3FE HEW2WEFHEE

(b MEMREREHT T 285 AR

3.1 1ZCDIZ

ARFETIE, BEWH 2 MHNEEIC OV TERERZ AV ST 5,

TR (SRR I 2 PR L 72 BRI, 2 D OMEN T 5 mdil & RE AMEiRT 5.
D DO Biot DEER[1-6] & KL< —ET D,

R O E T, WERE OBEE (ERENOBROEE) O bR LLICEES
725, EEREORIES ., WERE OBEED LA L ITEE L 7250, I OIRIE

5

T, 2R ETSICHERE OB BEO ISR LR & 22 5[4-7], MEREI. B
OfE BREEDORIBR 281 (PR ThZ-ShiofiE L o Tnb, mdl & AKE
B OWFIL, R EHHBROBER COEAREDL - TL 720, HROZR TR
BRNOEREIC b RESEEIND, MBRICEREDGEE 72 FORIET, WEHER
B O E AEIREEEZ R 5 Z L%, BORELZEFZICRET5 L cEELE
ZHND, 4 E TS OWRENOmEENE - KT BEES 2075208 Thn T
WHN[8-13]. T HDOWFETIX, BIBROB AT RN T, ROV ICKEFTIES
HTEREZIT>TWD, £ TAETIIEMZIY BT, BIBICEHZZ AT E
F D in vitro TO b MEREBEZ AW T, S OB RZEEE 5 E DSBS 2
B RIFTHELTRD, ZORREBEEOFBIZORT TV,

WEDOHFFICIBV T, WERE & & T OB E R Al OE T b, &=k,
2 W (R - KR ROFICB W TEmSNTE T, £, BEREHEE
LD-100 23B%E &AL, @5 2 WENMT 52 LI2E 0. b MEEIZEBT Sl E
BHE (mg/em3) L¥EMEHIEELR (GPa) NREIHFREL 2o T 5 [14], F72i
EOHFET, a5 # B - AR Z NN ORI, MR E OB 2%
EREREAN T AN R E AKAFT 5 2 LR STV 5 (5,6],
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B OARIE D IEMEZLFHM O 72 DIZ . W O A% 1E DO 5 BRI~ D R & Rl
(CIHET D MEN D D, AT TITEER - KR 08 RIS B 5 {aiRr it
FERCTH O L, BEEIT I,

3.2 FEBLE
RIBEE ALHRE - 0 N TR BRI E AT TR S v/, 79 i M B LR E A
KREREHEHZHEE LTHWE, Fig. 3.1 12T X912, BHITRRE S OBl

b

X LHEE S MICE S 10mm TUIWRrs vz, Fig. 3.212, #iikz 5 A 72 £ £ 0alk}
DEEA T, MEROHOREZ 3 OITT-, Zhb LiFilic, FoBEIcTE e
RERRDPEBICHERTE D, ABEE LD-100 2 X— R Z/ER L 72 EBRH v 27

WO AT THE 21T > 72,

BIES AT 2L, KN THREIZRIET 272012, BT U AT 2 — it
MRl T %, Fig. B3I T LI, —HOEFRAFT AT 22— (FHds
SZUEER) DANIZEHRE S, BREHT b T VAT 2 — VB OEFRICEE S,
KT U AT 2 —HIWT & b EERIC PVDF (poly (vinylidene fluoride)) % i /]
LTHY ., B 20 mm OME CHEAERMX40mm Thd CRL=r =71V 7
BER AL . DI ERIE 25 V p-p @ 1 MHz [Fi%l 1 ¢ CEEEh & 7-, Fig. 3.4 12,
IEGZHE 11T K DB RAHED B — AR 2779, Fig. 3.5 (B2 EEL VIREE T DK
LT EEIREE L~ T, ZOREEEEREE LTHEL, Z0OEE B %
FLUERE & U O U7z, WERE SR & 8 L | 32 IS CRLI S 7= i1, 100
MHz TH 7Y 7 Edu, mnd - AR OIS & &l Ol 23R S 1
T2 B IT A CT/KIR 23.1 FE CiT b7, Fig. 3.6 I3k 2% L =R FEM R &
I OARMR S Ep S OIRIEE B %773, 36D 30X 30 mm2 #iPH (Fig. 3.2)
[CHRNWT, XY BFHIZ 1 mm B CHIBE OB AT > 72 GAIESE : 961),
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Fig. 3.1 Cancellous bone specimen cut from a human femoral head.
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20

Fig. 3.2 Photograph of a 10 mm thick slice of the femoral head and scanning area

(soft tissue in situ, three drilled holes for positioning).
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Measurement system
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l

-
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Fig. 3.3 Experimental arrangement for transmission of ultrasonic wave.
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Fig. 3.4 Beam width at focal point of focused transmitter.
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o
o
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Time [us]
Fig. 3.5 Transmitted waveform though the reference medium (water). The

transmitter is driven by a single cycle of sinusoidal voltage at 1 MHz. Ep:

peak-to-peak amplitude of the reference medium, the reference level.

0.2

Voltage [V]
o
o

45 50 55 60
Time [us]
Fig. 3.6 Typical waveform of transmitted signal through cancellous bone

specimen. FEr: peak-to-peak amplitude of fast wave. FEs: peak-to-peak

amplitude of slow wave.
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HEW S AT LORERITH I LB EESmE, X v A 7 r CT &
(MCT-12505MF : HYXL AT ¢ =) ITCTHIE L7z, Fig. 3.7I2 X#t~A 27 CT 4
B L DB OB HENMEZRT, WEHIEROBHIRIEDRE L VERIRLIZ729,
s 7o Cd D BARFELE 0.28 UL E O ITFEI O R D TH - 72 (FH
HRARL 0 0.14), Fig. 3.8 [T BRI K9 2 88 I B I o 3 RIS O 4y
MzErd, (BEEREL ST, BREEEAETE ThOo LGN 1, 2 THHTH
STEHEN 0 LRDHET, BEELEMOMETHD,) BEWMEEREOZE SO
ElEIL dB THT, KEEEYE L LTRY ., REREV KD ZORRETOZ G
HOIRIES I (0dB) &72> T3, Fig. 3.8 I2BW\TC, M EIE 5%
(ZEEBI LTI L T2 023 5 (7], JE S 730BHE 79 s B HERIE Ltk DB
Pr LT RERE 2 BERIRS N 7o W E RURH IO TIRWEEETH Y | B
IR 0 LIRS G AWHE L TV D Z I3 A TH 5, Sl elilaL a5k 961 T
& 2 W3, EEIARNE 23 237 0 /N SUVAE2S B 0 | I 3 ER B S vz DX T 166
RThoT-, Fig. 3.9 1TV TEEE DB S 72/ % Zone A & Zone B, 3
TE Do T28#4y % Zone C T/r9, Fig. 3.8, Zone A O & RIE 2 B AL TR
L. Zone B O EIEA A =4 C/rd, Fig. 3.10 (21X, B EEELICHT 28
BRI DAR ARG 2 737, AR IR 38 IS B LT LT D o
D [7], AR ARIE L 961 DR TOBBELS THAI Sz, LarL, Fig 3.10 12
AT XD IIRIEIEIN 2 0 BB H 5, @Ol EE A Fig. 3.11 12, (KK DI
s EE %4 Fig. 3.12 12779, Fig. 3.11 1238\ T, Zone A & Zone B O & &I 7 H (1T
VI &R R FEN A BV DH, Fig. 3.12 128 T, Zone A, Zone B, Zone C DK

R E R, BEEIERFETIRIE - ETH D,
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(1) &k R I
Zone A IZBWTHEE 0.25 UL EOFEETIE, m#EIRIEIEN 2 0 EZH R H Y |
=13 LT s (Fig. 8.8), Z4UIE. Zone A IZH\\ T HE# E OEK Tl
HRREENY) — TN EER R LTS,

(2) AR5 AR
ESoR  AR S 1 s SR R 2 0 @28 K& W (Fig. 3.10), Zone A OB 0.25
VL O REIRIZ 350 C AR I ARG 1 M BRI X 0 A SR &0 (10 dB BLE),
Zone B OXH I RIEIL Zone A, Zone C (ZHARZEEIN/ NIV, T 5 IR
IR O E VINERREITEHBEZ T TRBEBEICOREKFELTND Z
xR L TS,

(3) rEn R I ek
R AR B R L RIS 5, LA L Zone A I8 1T 2 mid s R
O IX, BEEEFEE LTS (Fig. 8.11), Ziui. Fig. 3.8 D&y
R & RIRRIC . % B REk & B EE R I B R 3 i e 5 Z L A B
LTW%, Zone B Tldm B ARMOE L KM TH 5, DOWFFEH 5 (5], Zone
A OB F BRI C LB RS 7 B S AT i L < —& L TRy,
Zone B OB ZEH 7 AT E WA M &RV AEEZF o TND EBZ B

)

B OFEMEEIFTECEFREICRELS 20D 2 enb, mEETHLY
BEEREZHE TE D REEZ R LTV 5D,
(4) AR A ok
B AR, BB OB E R R L B L TBh ., HEEL TR
HEEIIZIEIRAT LRV, AU PN O 2O R 20 72 35 Bk D 7 %
EARAASHE L CE AR A B L T Db e EZIbD,
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Fig. 3.7 Local bone density of a specimen, measured using microfocus X-ray CT

system. Bone density is expressed by bone volume fraction.
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Fig. 3.8 Fast wave level as function of bone volume fraction (0 dB : reference

level, peak-to-peak amplitude of transmitted signal through water)[15].
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Zo"ne B

Fig. 3.9 Measurable zone of the fast wave. Zone A and zone B : fast wave is

detectable. Zone C : fast wave level is very low or not detectable.
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Fig. 3.10 Slow wave level as function of bone volume fraction (0 dB : reference

level, peak-to-peak amplitude of transmitted signal through water)[15].
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Fig. 3.11 Propagation speed of fast wave as function of bone volume fraction[15].
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Fig. 3.12 Propagation speed of slow wave as function of bone volume

fraction[15].
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4.1 oIz

FHAREIZPARBEOLMEIC S RIEL, BT A7 2RI ELHEBTHD, &K
PEIX 16 I CRRBEREICEL, 20%, WL LoRELH L Z b1l
HOMIN O+ B RAEEH L T ZEREEN TN D,

B MEROBFZBNTIT X BE L BERIEPHW LT D03, X BRES IS
IR AW BV, BEBRIEIZERBRFEL o TWD, R E N2 EE M
HERTAE T D 2 BEHOMEE Th 2B EW 2 1 (FER & RE ) B, £ < Off
FEE I L VR ERE A W THER 2 ST & 72[2-14], & HI2IE, Wk E BUR

TIE7e < BEE BB CE DI E REHI B W T O E R 2 RBIR PN FET D 2
E PR STV 5[15,16], EAEWE# G LD-100 13 MK T 15 OB E 5 07 i
ZRIEEALE L, #8F 2 WHEGERICESW TR &Sz, LD-100 (& - Kk
B DR &, EEE T o — ORI A TS5 2 Lic k0 WS O
BEE (mg/cm3) &HMEEH (GPa)., HIZIFEEEOEAL (mm) ZHHATHE
LTWn5([17-21],

BEE, X BEICHARZ OIFZ M) b FREBOME R OZWNICE LTV b,
L LEEOLDOBENGEFEE D L )T A XD/NE 2 ORES AT LD
FF LA LT TR, BBEED 128 LT, e 2 et Uz sl &K
WAz, ECALE R REE 20 A A T E 78 BRGS0 B E & O SMAl O kA ik 2
BIVAATEIJEAENEAEE L, @i & AREHE DT CERWSEaRH 5, A
T, in vitro (C TEMW O F RN Z FIV FHED X 512 A XD/NSRFIckiT 5,

W - AR A~ DJE R OB A MR L. [ERET 5 FIEICOWTHRE 21T 9
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HIEIZIE LD-100 2N — A AER U 72 B & A7 Lz vz, KFERNIZ—%Fo
EARIEBEW N T AT 2 —% (RS - <) 2ty FL, BRBZ R 702
F o —HEOEFEICEBE Lz, FT v AT 2 — W IIEEBICMHE O PVDF % f#
L TRV, ERERET 40 mm, F.0EEHEIE 13 MHz TH 5, ROHROT ==
FT7LVAFTERHALTEY (Fig. 4.1), EHHOERIX 20, 14.1, 10, 7.1 mm
FOBIRWREL o TS (L= P=7 U o VRS ), Zo 5 HiEgk 20
mm (1+2+3+4 % 1) &, ER 10mm (1+2 % 1) ZHWTERZIT- 72, KR
OBRENE 513 1 MHz IE5% 1 & L, IREIEEL 20 mm O%5E13225 V pp &,
EEMRE R 10 mm OHA1X 50 Vpp OELEZHIM LT, FHtoBE im0 3 A
R ApdE Lo MRER O REERE (M2 18 mm, N9 mm, £ 21 mm) &2V
TRBRE B SR Uz, 2 OB E RN TE 2% 1 X0l a R
B UME9mm, £ 17mm) % v UEEEME» HER L,

Fig. 4.2 ICFEBRROBXK L | BB E LWERE 25 b o alB N & sl L7z
B AT, Fig. 4.2a 8 F T VAT 22—V OERE 20 mm DA T, Fig. 4.2b
N7 AT 2a—YOEAE 10 mm OHAETHD, ELOLOHESL, ml - (KK
WEDSBLI Lo KD 0T, Ve E OB GRBL A A AN E AR T 1A 72 D KD
Ao L72[22-24], B oM AN ERE S TH Y . BEPKTHTZ S L7
BRCdh D, B SI-ERACIT, @l - R L. D L FERFCERE L 72
BUEENZ st L72EAERE, S BITIEREE OIMUOK Z st L7 E B A £
TW5, L2, Enb 2RI T5 2 ITmFRETH L, ZNbDREL
DBEL CHRS T D720, L FOFREEZRAT,

Fig. 4.312 b 7 > AT 2 —H DOEFE 20 mm DA D45 EBR R ORI & % ik
W&~ 7, Fig. 4.3a & Fig. 4.3¢c DX R-T L 91T, BEE WO BN D54

31



wPHIE T o720, REFEREZ 2 21I20% L, JES 0.3 mm OFJEAT v —/LZ& 2
DORAMNZEEA AT L O IZEE L7z, F£72. Fig. 4.3a & Fig. 4.3b OEAXIZRT
Loz, BEEOIMUDKPOEENE O Z LT 5720, FEv L2 D7 n
v 7 & REEREIO ETICEE L7z, S 51203 Fig. 4.3b & Fig. 4.3¢ OfAXIIR
T E I, W EN AT D msE - ARERE 2 L U, EER O 281113 5 7

OIZ, MR ORIEA T v — L 2R E RO IR EFREHNICEE LT,
Element4: @20.0 mm

Element3: @14.1 mm

Element2: @10.0 mm

r 40 mm

Element1: @7.1 mm

Fig. 4.1 Annular array of transducers.

cortical bone transducer

(a) \ >
7 > ]

cancellous bone E
B
(b)  fast and slow waves (b)
=
o)
I I I I |
+—>
circumferential waves in cortical bone 2us

circumferential waves around cortical bone
Fig. 4.2 Transmitted waveforms in the cortical and cancellous bones measured
with the (a) transducers of 20 mm diameter, and (b) transducers of 10 mm

diameter[25].
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urethane foam slow wave

S (a) fast wave
— —> 5

(b)
»@» +
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P20

50mV

o (d)

$20

polystyrene foam

T T T T T
+—>

2us
Fig. 4.3 Transmitted waveforms measured with the transducers of 20 mm
diameter. (a) Fast and slow waves, (b) circumferential waves in cortical bone, (c)
circumferential waves in water around the cortical bone, (d) compounded wave of

these three waves[25].
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Fig. 4.3a-c DT, ZTNENEAEZ 20 mm N7 AT 2 —HFICI DAL

FIEIEIE Td 5, Fig. 4.3a OWIEIILE B PO AR & 7K o o 8RR ASPLIE S 41,
WA E N Z Al 2 E i - AR O A0 ek L 72 ©d 5, Fig. 4.3b OFIT

Y N 2 ARl 2 MR - IR & K O AR AN Sav, FREE N O JE R
DBl LTZIEIE T %, Fig. 4.3¢ DOWIEITMERE N 2 sl T~ 2 m g - sk

& REENOJE R NI S dv, KPP OFERERE O A PMEH LT-EE TH D, Fig.
4.3d DWIHIT LFL 3 DO 2 BURIR IZFHHEE L CINE L2 E Th D, Z0 Fig.
4.3d DI L. TD Fig. 4.2a DWW T2 MO TR —HLTW5DH, 2D
ZEEARHBRIC L 2 TN TN OPIE ORI FENHKI L TS Z L 2R L TWD,
HRIE L TWRWAER 10 mm O b7 VA7 2 — XD BRI Sz EIcs 0D
T, FERICH S 7z 3 A OB 2 BUHIR ITNE L 72 i%, oo Fig. 4.2b @
W LMD TR —& Lz, UBIZ2 SOFEED > 5, FEEOIMUDKT %15
W 2 BEEREICE B LTI 21T o 72,

Fig. 4.4 OFERIEIZIT, Fig. 4.4a O K OREKL T (Fig. 4.3a & [F—), E 20
mm D~ T AT a—HC Lo TH LN, mEl - RO E k& L2
TH b, Fig. 4.5 DR L FEERIC, Fig. 4.5a OFXXOMEK T, B 10 mm
DEIT AT 2a—HFICLoTHLNZ, Bl - REROHZ R E M LIZEE TH
5, EHLHLDOWEEHKFUZOTHEA L TWD KL HIT, mid & AR 4 B3R5
TE TS, O IFHFEERE RO 2 TRIE Lzl - RS ORR (2
IR LAWY & k< —F L Tuv/=, Fig. 4.4 & Fig. 4.5 O SR EIL. Fig. 4.4b
& Fig.4.5b XK O T, B 20 mm & 10 mm D R T VAT 2—HTL o
THRLITE, KPR L7 FE R & @ - (N2 EATRKE Th D, KFo
JEIRI 28 il « AR IC R IF T B A B3 5 7212 Fig. 4.4 & Fig. 4.5 O
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45, Fig. 4.4 OSBIERICRBO T, K20 L7 IE 53.2 ps (28
Aoy ARHEE O T BEICEE L TWD, —J7. Fig. 4.5 DRBEIEIZBWT, K
W 2 Asiilk U728 B 1T 54.4 ps IZHNL TV A28, Rl E o 1 BICIFESE LT
W, ZOXALTTIE, BN T VAT a—H Oy VEZH N T AT 2 —

POy PRIOFEREOZEITEFE L T 5, Fig. 4.6ab DL, Fig. 4.6a,b DR
BICRLIZE DI, BRBZ D RV AKOADIREETO, B 20 mm & 10 mm
N7 UAT 2—FIZ LD ZBK Th D, ENENOWRIEIL Fig. 4.4, Fig. 4.5 DI
EIAEE 53.2 us, 544 ps IZHNTWVWD, TNHLORMIZ NIV AT a—HV Dy

MEEEE & K OF B HEH L2 B B OERE R —E& LT\ 5

(a)

20

i~ | slow wave
O\
fast wave [ o

(b)

S

50mV

®20

T T T T T
—>

2us
Fig. 4.4 Transmitted waveforms in the cortical bone with 2 polystyrene foam
gaps and the cancellous bone measured with the transducers of 20 mm diameter.
(a) The solid line includes only the fast and slow waves. (b) The dashed line
includes the fast and slow waves and the circumferential waves around the

cortical bone[25].
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50mV

slow wave

fast wave

B e e at AR NGV S

2us

Fig. 4.5 Transmitted waveforms in the cortical bone with 2 polystyrene foam

gaps and the cancellous bone measured with the transducers of 10 mm diameter.

(a) The solid line includes only the fast and slow waves. (b) The dashed line

includes the fast and slow waves and the circumferential waves around the

cortical bone[25].
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Fig. 4.6 Transmitted waveforms in the water measured with the (a) transducers

of 20 mm diameter and (b) transducers of 10 mm diameter[25].
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Fig. 5.5 Cross-sectional
1images of specimen obtained
by micro-CT system (a) before
removing surface cortical
bone and (b) after removing

surface cortical bone[27].
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Thd, ZOfEITpQCT mg (Fig.6. 2a) L VHELKEHFE (1.6 mm) & L<—
FHLTW5D, Fig. 6.3b 1T, 20 %ELOFEMNTI T 2 EEAFHEWIEOT 2
— W&, BB D OMUOBER S O a—% EDo )’ 58.8 us (+0.75~-0.70
V). BEE DOWNRIOER GO a— EDi7 60.6 us (-0.13~+0.10 V), %
BEH CONRDOERNS DT a—3k ECin 67.9 ps (+0.03~-0.03 V) ([ZiR#H T
5o EHITIIEEE COMIDEERNS D= a—i% ECo BNBE LE 69.7 us (2H7
INCERH#CE D, EDilX, EDo 'kt ECiD 2 &% LRI & 7225 T
05, T ERERER, REE A aik LTS VERE (AR L OB E T
2B A O KEREICENT 5, EDo & EDi ORIFERFE D7 L FEH OEH
FOVBEHLIEREE DOREAE, ECI Lt ECo DRIFEREOZE L B HOFHEL Y
BHLEZREE COERTIELHE 3.1mm Thorz, ZOfEIE pQCT Eftg (Fig.
6.2b) L VHBIEEHE (3.0 mm) & X< L TWD, EDi L ECi DEIEFRFH]
DL FREOEH (1.6 mm/ps) [12] & 0 HH U 72V E 0L 0E A% 5.6 mm T
H V. pQCT E (Fig. 6.2b) X V572 (7.0 mm) IZHb~_DTNKETH - 7=,
Fig. 6.3b (BT, EDi & ECi OMICIX, HEE DN TRF VLS ET
o & B SEIROE R A B ARG OB RN L O a—EREEN TN D
EEZ b A[18], Fig. 6.3b @ Pl s @ FEI COMERIEIL /) 4 XORIEL
KEWV, T HOWEFIL, Fig. 6.2b ® pQCT Hifg Tk T 2 E T C L HEH

DONPNCEE L T D ED W OB RO DT 20— T 5 AR & 5,
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Fig. 6.1 Ultrasonic echo images of distal forearm: (a) back side at 5.5 % site, (b)
palm side at 5.5 % site, (c) back side at 20 % site, (d) palm side at 20 % site. The

sound velocity is assumed as 1530 m/s in the images[14].

backsside

45mm

Fig. 6.2 X-ray pQCT images of distal forearm (pixel size: 0.332 mm): (a) at 5.5 %

site, (b) at 20 % site[14].
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Fig. 6.3 Ultrasonic echo waveforms from distal forearm: (a) back side at 5.5 %

site, (b) palm side at 20 % site[14].
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FBTE EEWK2KEEHOELEEEIE
(BEWIC L D e NMEREEEIEOFHT)

7.1 1ZC®IZ

EARE IR S RIEL . BRENHMD T2 2 LICXVEY 27N
I 2R TH D, Lhhid, BB IIPARA B A3 2 23, Wi E 1% 30
RS L O AR D 23T 5 (1], Fesstg MARIEIZ BV T, B8
MOTHTLERY A7 L0 EEROEH Y A7 NEWGENH D, Bl 21E 2 TFER
FERFICBWUIBEENBME CTHLDOICHLELLTEINE S BEL TNDHD,
pQCT % H W ZFi8 T, M ESMITm OV EBEZ A L WD oI L, BEE

DOEE N/ NS L o TND EDOWENH S 2], ZHITEEBBEEDOEDFITY A

@

JICHBEGATNDEEZLND, —TF, WREOHFHRIER (7 A7)
IREEORELEHRIELRN DL L oWE b HD3,4], B A7 &2 EREIC
MG D 7o OIS, R BREN R A IEMIZEHE T 5 720X, Wi E & BUEE T &
{8 2 \ZFHES 2 ONEE L, X R DXA B HEIEOBZWNIC L < & LTV DA,

SONDNTG A—H T EH MR E O G ENTEEEE L 72> T\ D, HERE
& BB O 2 OFEmIE, QCT (GANEFRALIZFICEME) & L <L pQCT (HIEEBHL
(TEICEEEEAS) TEBTE 5, LaL, QCT & pQCT 1, miliTth v Hiz X
KPR DD 68 AT IEE > Ty,

FHIE A FE LD-100 1EEE 5 2 0 (Rl - GH) OB o U 5k
ST &N (Fig. 7.1a, b), RS OFERMEICET 2B B0 T, it
WTH D EER & AR N B R OTF N> CTHRE R E2EET 52 EBNHL N
IZENTWD[5-7] @ EIZFITEROZIMER Yy b U — 7 &I B L Tsiit L
B RAEE OB LR JOTERE IR LT D, IR R ORI A D TV 5
HOHAR (B OB & B EREIC B U Tail 95, TER O S L 23 B A K
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fEPEEE & BUA (dB/MHz) & 353 SOS (m/s) OBFH /ST A —H 12 f > CHlBE
2B OIRAEZ -9~ 5 OI2xt L, LD-100 (@i - (K & = a2 —E Okt &
BRTHIEICED, BEEBETM CX 2HMO/NT A= Th DT HE

(mg/em?) | MR E HIEEE (GPa). (CHREHE (mm) #EfS T 5[8-11],
LD-100 OflEEKIL. pQCT (XCT-960 : Stratec Medizintechnik) I EH#BAL &
PRI, T HEEEENL 5.5 %6 (Fig. 7.1c, 7.2) IZREINTH Y, pQCT
OfE & BB ARE L e > TV D, FIEMM THLFEIT2OD N T VAT 2—
TN T 4 —F— Ny T E2 L TRIESINHENMTON D, EEHAND 25 1 (4
X4 mm?, 1 mm fFE) OZNENOEOELEEFERE L TERRT D,

ABETIE, INETHEADKNETH -2, BEELZ MWz invivo TOE MEED
FEEENETEL, BEEMEICBW TR 5, F10I2 in vitro [I2 T OF
B2 W2 HE 7 — & TRIETEDOBB 21T £ 0%, invivo Tt MEKRTO
BRI TR 2~ D,
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scanning area

{4 X 4 mm?)
1 mm pitch)
b cortical bone water bag
(b) soft tissue
transducer transducer
(transmitter) (receiver)
slow wave
3 fast wave
S
:l: -
a time
€
©
transmission wave received wave

Fig. 7.1 New ultrasonic bone measurement system. (a) Photograph. (b)

Schematic diagram. (c) Scanning area.
distal 5.5 % of length
|/ / length of radius

- radius
[[k— measurement site
1

ulna

Fig. 7.2 Measurement site of the new ultrasonic system.
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7.2 ZEBRLE
7.2.1 U EEALE S e BTG

HEITIE LD-100 2 _N— R /ER L 72 A A7 L2 Hvwiz, (Fig. 7.3a), —
SFOEPFEER N T AT 2 —F 2 KIENOEEBEICRE LT, FT AT =2
—IIEBBEIZMEO PVDF Z4EH LTk v, FEAEREX 40 mm, #REhEEALS 20
mm ThHDH Rl =71 ZHRASHR), FEEREOBRIZIZ, FT R
Ta—H 1 (L) ZELRK 13 (1 MHz, 25V pp) THEE)L-, E5ZE 13
2 X DA D E— L A Fig. 7.4, A TOMBEE B — A 08134 1 mm
ThHYH ., ZNPHEMBOZERHREL 725, —a—KNEDHEIL, NI AT
=1L T ATa—F 2085 1 (0.25 ps, 12.5V) THHE I L7z,

bt MR YA X L RO BEEREE OME 183 mm, A 9mm, kS
21mm) %V RIREEHNOER L, ZOREEREHIMATE Lo, [
FEROWERERE (B 9mm, B 17mm) %2 7 UEEE RSN OER L, 1
FE OB ROESNITAIL, EndE - AREE 275 L3 < 95 T2 oI E R OIsi
FHIANZ A TRE L7z[12-14], ZFl e OBRIZ, BEENZ BT 2 R O
B AT 5720, REEREZ 2 2128 L, £ ORMIZES 0.3 mm OFE7E
AFa—)EtkHriA TS (Fig. 7.8a, b), Fl=. FEEOIMUDKF OJEENE DI
WAEBLIET 5720, By L X077y 7 & REEgaReo EFici®E L7z (Fig.
7.3a), ZNDHIZK > TR - REEOBANNES & 72 5[15],

FE Bk L iR B B A G DRI N T AT 2 — OB RIZ
FRE S AL, B D FICEARRIC 1 mm MR T 21 fEAE S (Fig. 7.8a), LIBED
FEMT CIEEE O HLE Sy CBUIA (Fig. 7.3a) SR a5, MfricfiH L

T4 /3T A —24 L [EEE %A Table 7.1 1Z7R7,
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(a)
urethane foam
cortical bone polystyrene foam
cancellous bone - / transmitted wave
(fast and slow waves)
echo wave 1 ) echo wave 2
- £, . N
AR EE: : : cal |§
o © O © O )
v o3 A = < =53 a
3 / -~y ) =
@b © @@®
v Dbc:1.95 |/ \‘ ' Dde:1.87 v
IS 2T 1S
Dbe:13.07
<
water = Daf:81.88 -

(b)

cortical bone
cancellous bone

‘ polystyrene foams
(gaps)

Fig. 7.3 Experimental setup. (a) Schematic diagram with bone specimen. (b)

Photograph of bone specimen.

0.8

0.6 ”

0.4

Amplitude [V]
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0 L
6 -4 -2 0 2 4 6
Bearing position [mm]
Fig. 7.4 Beam width at focal point of transmitter.
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parameter fixed value |memo
Daf : distance between transducers 81.88 mm
Dab : distance of water between transducer -
1 and cortical bone
Dbe : outside diameter of cortical bone 13.07 mm  |measured by vernier caliper
Dbc : cortical bone thickness 1 1.95 mm |measured by vernier caliper
Dcd : cancellousl bone thickness -
Dde : cortical bone thickness 2 1.87 mm  |measured by vernier caliper
Def: distance of water between transducer -
2 and cortical bone
Cwtr : propagation speed of ultrasound in 1.496 mm/us|measured without specimen
water (water temp: 24.2 degrees)
Ccrt : propagation speed of ultrasound in 3.552 mm/us{measured with only
cortical bone cylindrical cortical bone
Cslw : propagation speed of slow wave 1.496 mm/us|equivalent of propagation
speed of ultrasound in water
(Cwtr)
Tb: propagation time of echo wave 1 -
reflected at boundary “b” (between
water and cortical bone) by transducer
1
Tc: propagation time of echo 1 wave -
reflected at boundary “c” (between
cortical bone and cancellous bone) by
transducer 1
Td: propagation time of echo wave 2 -
reflected at boundary “d” (between
cortical bone and cancellous bone) by
transducer 2
Te: propagation time of echo wave 2 -
reflected at boundary “e” (between
water and cortical bone) by transducer
2
Tslw : propagation time of slow wave -

Table 7.1 Parameters and fixed values of experimental setup.
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7.2.2 K E B EDE M %

Fig. 7.5a DFEFIE T v AT a—H 1 THLN-=a—§K 1 Th b, Tb (Fig.
732 \TRLTWAHKEREF L OFRE b TR L= a—jk 1 Ofaiikfi]) 23
46.09 ps (ZF%BITZ 5, Fig. 7.5b OFEIX N T v AT 2 —H 2 TH L= a—
K2 Thod, Te (Fig. 1.3a IR L TWHIKE FEE & O e TR L7cz=a—

B 2 ORHEIFR) 23 45.96 us IZFEBICTX 5, 2 b &2 AW TREEIME Dbe 13k

AXNTKRE D,
Dbe = Daf — (Dab + Def) = Daf — Cwtr Th+Te
=81.88—1.496w=13.03 [mm]. (7.1

ZORHINMEIL, 2 FATHE L REBIME (Dbe: 13.07Tmm) & BH &
Z—HELTWD, BRIt MEAREEREHE S AT MIEEENME (BEEE)
ZHEHT BT DE AN TN D,

FEBEARET 2 FEITRD 2 5035 %,

7.2.8 KEBEDE MG 1

Fig. 7.5a l28W\ T, T (FEE L/ E OB ¢ TR Lic— 22— 1 D=l
iFE]) 2% 47.15 pus [ZikBI T & 5, Fig. 7.5b 1B\, Td (FEE & E OB R
M d TR Lo a2 —J 2 OEMREF) 2% 47.01us IZF&BITE 5, 2o Z W T

EEIE 1D Dbe & F'EEIE 2 D Dde 1l FIRTRE S,

Tc—-Tb 47.15-46.09

Dbc = Ccrt = 3552# =1.88 [mm], (7.2)

Td —Te 47.01-45.96

Dde = Ccrt = 3552# =1.86 [mm]. (7.3)
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ZORMINTAEIL, /XA THE LI REEE (Dbe:1.95 mm, Dde: 1.87 mm)
LBBLE-HLTWD

Fig. 7.3a TRT L OIT, JHE LM E OHEAE c & diIcma— 1 Lo a—jk
2 NEEAFT2HEGIE. Te & Td PHRESGRIITE 5, 22 CREIOFLED 1
mm N TEH SN NI AT a—H 1tk b= a— 1% Fig. 7.5¢ 1R T,
Th I 5B FRe CTh D, LinL, Te ITZWRECITHAICTE RV, EREO v MMEFRRE
IZBWTIE, BORIRNEIERN 2 FIfE Tl nwiob, REE &g OB 28

FHEEEAN SELHE, TN EMRT D2 L3O THREEE Bbh 516l

7.2.4 KEFEDEH 7% 2

Z 2 CIHERE AR ] Tslw 28, — 2 —Asilie ] Te, Td DRV IV B
%o FBEBFICEODNIMAAEREHIRBW T, @i - G OGRS BT ET D
ZEMEIE EBEOHENTNCB W THER SN TS, SROREHZB VT Fig.
7.5d OFIEBPPITZ O, mdE &ARHEE @ TE 2 (Of47), FREE D& H
TEHOETELFAETHY . BEESCEIMEREET. BT -EHThd &
Do TS [18], ABFE T, MR EFREIOMBRITEHOMRD D ITKTHZ S
TS, KOFRZARFEE FHEE LTHEM L TWDS (Table 7.1), Fig. 7.5d (T
BT, AR O Tolw 73 53.25 ps (i B T 5, Tlw & £ 5 R

H. KDEZ Dab & Def TIHE T 2RMOEGFHE., =3 —ORMFRFME XL 0 &k
ATRIND,

Tb+Te

5 Ll (7.4)

Tslw \ZEZENLREM O O B, JEE 1 DRI Dbe & FEE 2 DI+ Dde TIH%E:
THRHOGEHIRKA TR EN D,
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Dbc + Dde

Cort [ass]. (7.5)

Tslw \Z & ENDRERI D D B, T OIES Ded THE T HIFRIZRATE S
E)o

Dcd  Dbe — Dbc — Dde
Cslw Cslw

[as]. (7.6)

TsIw 1 33(7.0)(7.6)(7.6) L v kLTSN D,

_Tb+Te+Dbc+Dde Dbe — Dbc — Dde

Tsiw +
2 Cert Cslw
Tb+Te 1 1 Dbe
= +(Dbc + Dd. - + . 7.7
( ¢ e{ Ccert Cslw) Cslw Los] .7

FEE 1 DEI Dbe & B 2 DJER Dde DEFIE. R(1.DEERL T, £
WERATHZLICky, kX TRES,

Tb+Te Dbe

+
Dbc+ Dde = 2 I CSZM{

Cslw_ Ccert
46.09 +45.96 N 13.03 5305

- 2 1 1-‘{96 ~3.84 [mm]. (7.8)

1.496 3.552

—Tslw

ORI, ) XA THIE LT-REEIE (Dbc+ Dde=1.95+ 1.87=3.82
mm) EBBLF-EHLTWD, HL., FREAICAKRTETIE Dbe & Dde % 5Bl % IZHL
B2 LIIARAEETH D, ERTHEB LI KTOTHEIL, BB REETE

ANCHIE LTz, £, REBENOEHRIIEEEREO L% AW TERNIZHIE LT,
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0.00

-0.05

Al A
1 1
1 1
. Tb:46.09us Tc:47.15us
40 42 44 46 48 50 [ps] 52
4\ A
1
1 1
Te:45.96ps  Td:47.01us
40 42 44 46 48 50 [HS] 52
v
1 1
Tb Tc
40 42 44 46 48 50 [HS] 52
slow wave
fast wave
|
1
Tslw:53.25us
48 50 52 54 56 58 [us] 60

Fig. 7.5 (a) Echo wave 1 measured by transducer 1. (b) Echo wave 2 measured by

transducer 2. (¢c) Echo wave 1 measured by transducer 1 which moved 1 mm

down from center of specimen. (d) Fast and slow waves in transmitted wave[19].
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7.2.5 £ FEKBERFEN I DRE

in vivo TO b MM FREFRAMEOREICB W T REH R EiR((7.8)% T
Woh, ZOHE. FEENOEHRITCEEL Y 3300 m/s & L72[5,20], —F . K
B ORPIZIIAKRIZT TER L SRR FET D, KOER L WHAFRDIE AL, X
(7.2)(7.)FERIC, ZNENOEERE DS O 2 — R OB, K OFH,
BoOTERLVEHLTND

50~86 kD, HE 30 4 (FHE 65.6 %) . &Mk 814 (K 65.475%) . Ak 111
% (P15 65.4 5%) OBEBRE DS R BURFLE FHEMHBIABE & KRBT S22 5 b 7
Bt CORRMIFEICSIN LT, ZDOW 57 ZITEHRIEDEE Th o7z, D7 1
kA UEZENENOFREOMEF ELZ B S TR I, 2EBRENLRIEFEZH,

FERE G AL 5.5 %D R B AME (BEER) & REH R4 85 % R LD-100
THlE L, 72/ —#BRE o — &A% pQCT (XCT-960 : Stratec
Medizintechnik) T [FE HICHIE L7z, #E pQCT OFEE TIL, EEIME L KE
BEIZESNARV, AFZE T, pQCT b REEIME L KEBIEL155 -
pQCT THEM SN 7-Wrimmifg (HFEH A 2 0.59 mm X 0.59 mm. ZT A AfF 2.5
mm) (Fig. 7.6a) ZF|H L7, BEKEHES AT LAOEANE (4 mm) &BEEK
E—AtE (1 mm) O&FHIADE T, Fig. 7.6b & Fig.7. 6¢ (2R K 512, Wi
% 5.31 mm 1§ (9 Hi58) 38R L1z, Z O@RE > O FEEIMEDOVH)EE pQCT
DG EIEL LT (Fig. 7.6b), F7@RE 0 O REEEOVEE (B E Tl
DEEEREOEE) % pQCT OREEE L L= (Fig. 7.6c) . WiHHE NI T,

B 355.8 mglemd ZBIME & L, Tl EEREEERERE LT, = ORIMEL

BWT, 2 TCOFHRIELREOREEDRMAREThH o7z, TNV BENR KT
&L REENRIMTCTETREEHEESES Ao T LEIHANEL D, T, Zh
L OBERN NS WE | RS A R o CTREBHEEE LTLEISANEL S,
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outside
diameter
of cortical
bone

radius

cortical bone
thickness

5.31 mm (9 pixcels)

Fig. 7.6 (a) CT image of distal 5.5 % site of left wrist yielded by pQCT (pixel size:
0.59 mm X 0.59 mm, slice thickness: 2.5 mm). (b) Image for outside diameter of
cortical bone corresponding to measurement of the new ultrasonic system. (c)
Image for cortical bone thickness corresponding to measurement of the new

ultrasonic system.
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7.8 FER

ERPRFBRIC T, AEBEEIEALG 5.5 %D B FIME (BEE) L EREREN, B
BHRES AT 5L pQCT I & » TRIE STz, Fig. 7.7TI1RT L O, BEEE
HES 27 5L pQCT IC XV JlE SN i- HEEME (BEE) 3@ W FHBRER (r=
0.77) BFH iz, BERBNE S AT LERO pQCT #&F I3 2 [ElF E#R L
AT O0OTHY, HEBHIFTT L Tholo, TOFMRIX, BEWHFRES AT L
DTa—EEHM Lz MEKROREBNERL GERZE L THLZLERLT
W5,

Fig. 7.8 lZRT X D12, BEWHEHEY AT AL pQCT I LV JIE S - KB H
JEIZEB N THEWHBEREMR (r= 0.76) 2MEbh7, BEEEHES AT LERO
pQCT fERIx T B EIFEAIT, BIr23-2.25 TH Y, HX1X1.32 Th-ol,
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y=1.03x-1.36
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outside diameter of cortical bone [mm]
(new ultrasonic system)
[EEN
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r=0.77
p <0.0001
0 |
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outside diameter of cortical bone [mm]

(pQCT)

Fig. 7.7 Outside diameters of cortical bone measured using the new ultrasonic

system and pQCTI[19].

10

y=132x-2.25

cortical bone thickness [mm]
(new ultrasonic system)
(9]
0

r=0.76
p < 0.0001

cortical bone thickness [mm]
(pQCT)

Fig. 7.8 Cortical bone thicknesses measured using the new ultrasonic system
and pQCTI[19].
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74 E£
WEOFK A OWFFETIL, BEREIES AT 2L DEEEENR 5.5 %D R EH
JE & pQCT T &L B EEE M 20 %D R EEEITEWAEBERR (r=0.72) 56
hTniz[21l, L L 5.5 % & 20 %13 LEENL TV 5728 [R/—EBAL & 1L 5 WV,
ARFZE I, BEHFWARE Y 2T AL pQCT I & 0 JIE &7z [l — L OB E L
Ui 5.5 %D FEBIRIZIBV T, mWHERBIMR (r=0.76) MRSz, E2R0iE
EOF A2 OBFZETIE, BEWRENE Y AT AL pQCT I L 0 HIlE SN, [[—EL
DEEF A 5.5 %OWEHRE BHEEIZBWT, @WK (r=0.83L0F) 3k
BINTVDI[9,10l, Znbhb, ABEFEFNES AT A&, invivo TOE ME
B RALG D B E &R EHEICB T, pQCT & AN H EF 2 5,
—J. BEBEREICSN T, BEREHEY AT LR pQCT #ERIZHT 5
JREMIL, AR 0000 LT TlY, HEb 106 LTz, Zhic
KV BEREHE S AT LT O RCEE R, REEEIZB VT pQCT F5 R
LV DLTNNEL 7> T5D (Fig. 7.8), ZIUIKEBFENOFHZ [EEE (3300
m/s) 2L TWDFITER T 2 ATREMED @V, T, FEB N OB IRITE 5 B O
DRFEDOHLE KT T 5 Z ENHL N> TETWBH[22], FHIZTEUE
ZRFIHL TS Z EMN, Fig. 7.8 IZB T AU F0HED XLV OERKEBEbb, 2
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Outside view of LLD-100.
Block diagram of LLD-100.
Display of 2D images and measured values of LLD-100.

Bone mass density deduced from slow wave level and bone mass
density measured by pQCT.

Elasticity corresponding to fast wave and bone mass density
measured by pQCT.

Cancellous bone specimen cut from a human femoral head.

Photograph of a 10 mm thick slice of the femoral head and scanning
area (soft tissue in situ, three drilled holes for positioning).

Experimental arrangement for transmission of ultrasonic wave.
Beam width at focal point of focused transmitter.

Transmitted waveform though the reference medium (water). The
transmitter is driven by a single cycle of sinusoidal voltage at 1 MHz.
FEy peak-to-peak amplitude of the reference medium, the reference
level.

Typical waveform of transmitted signal through cancellous bone
specimen. Er © peak-to-peak amplitude of fast wave. Es

peak-to-peak amplitude of slow wave.

Local bone density of a specimen, measured using microfocus X-ray
CT system. Bone density is expressed by bone volume fraction.

Fast wave level as function of bone volume fraction (0 dB : reference
level, peak-to-peak amplitude of transmitted signal through water).

Measurable zone of the fast wave. Zone A and zone B : fast wave is
detectable. Zone C : fast wave level is very low or not detectable.

Slow wave level as function of bone volume fraction. O dB : reference
level, peak-to-peak amplitude of transmitted signal through water.

Propagation speed of fast wave as function of bone volume fraction.
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Fig. 3.12 Propagation speed of slow wave as function of bone volume fraction.
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5.5

6.1

Annular array of transducers.

Transmitted waveforms in the cortical and cancellous bones measured
with the (a) transducers of 20 mm diameter, and (b) transducers of 10
mm diameter.

Transmitted waveforms measured with the transducers of 20 mm
diameter.(a) Fast and slow waves, (b) circumferential waves in
cortical bone, (c) circumferential waves in water around the cortical
bone, (d) compounded wave of these three waves.

Transmitted waveforms in the cortical bone with 2 polystyrene foam
gaps and the cancellous bone measured with the transducers of 20
mm diameter. (a) The solid line includes only the fast and slow waves.
(b) The dashed line includes the fast and slow waves and the
circumferential waves around the cortical bone.

Transmitted waveforms in the cortical bone with 2 polystyrene foam
gaps and the cancellous bone measured with the transducers of 10
mm diameter. (a) The solid line includes only the fast and slow waves.
(b) The dashed line includes the fast and slow waves and the
circumferential waves around the cortical bone.

Transmitted waveforms in the water measured with the (a)
transducers of 20 mm diameter and (b) transducers of 10 mm
diameter.

Ultrasonic experimental setup.

Swine distal ulna bone specimen (a) before removing surface cortical
bone and (b) after removing surface cortical bone with handy router.

Transmitted waveforms in specimen (a) before removing surface
cortical bone and (b) after removing surface cortical bone.

Transmitted waveforms in specimen (expanded scale) (a) before
removing surface cortical bone and (b) after removing surface cortical
bone.

Cross-sectional images of specimen obtained by micro-CT system (a)
before removing surface cortical bone and (b) after removing surface

cortical bone.

Ultrasonic echo images of distal forearm: (a) back side at 5.5 % site,
(b) palm side at 5.5 % site, (c) back side at 20 % site, (d) palm side at
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20 % site. The sound velocity is assumed as 1530 m/s in the images.

X-ray pQCT images of distal forearm (pixel size: 0.332 mm): (a) at
5.5 % site, (b) at 20 % site.

Ultrasonic echo waveforms from distal forearm: (a) back side at 5.5 %
site, (b) palm side at 20 % site.

New ultrasonic bone measurement system. (a) Photograph. (b)
Schematic diagram. (¢) Scanning area.

Measurement site of the new ultrasonic system.

Experimental setup. (a) Schematic diagram with bone specimen. (b)
Photograph of bone specimen.

Beam width at focal point of transmitter.

(a) Echo wave 1 measured by transducer 1. (b) Echo wave 2 measured
by transducer 2. (c) Echo wave 1 measured by transducer 1 which
moved 1 mm down from center of specimen. (d) Fast and slow waves
in transmitted wave.

(a) CT image of distal 5.5 % site of left wrist yielded by pQCT (pixel
size: 0.59 mm X 0.59 mm, slice thickness: 2.5mm). (b) Image for
outside diameter of cortical bone corresponding to measurement of
the new ultrasonic system. (¢) Image for cortical bone thickness
corresponding to measurement of the new ultrasonic system.

Outside diameters of cortical bone measured using the new ultrasonic
system and pQC'T.

Cortical bone thicknesses measured using the new ultrasonic system
and pQCT.
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x5

Table 7.1 Parameters and fixed values of experimental setup.
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