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Noninvasive Measurement of Stiffness and Density of
Bone for Its Diagnosis Using Ultrasound

Hitoshi Asa1, EISUM, and Hiroshi KaNAI, EJISUM

Abstract

Because the acoustic and elastic properties of bone evaluated using ultrasound-based methods have proved so useful in the
direct evaluation of bone characteristics, many workers have developed methods and systems based on the in vivo measurement
of velocity, attenuation, or both, of ultrasound in bone. These include the acoustic emission (AE), apparent velocity of
ultrasound (AVU), and speed of sound-broadband ultrasound attenuation (SOS-BUA) methods. Bone stiffness is accepted as
an effective index in the diagnosis of such bone diseases as osteoporosis. The literature contains reports of the estimation of bone
stiffness from velocity (speed of sound [SOS]) and attenuation (broadband ultrasound attenuation [BUA]). The physical
explanation of how these methods of evaluating stiffness from the obtained values of BUA and SOS remains obscure, however.
Here we propose a new diagnostic method and system based on ultrasound measurement of the stiffness of bone. The proposed
method determines stiffness from the velocity of the leaky surface skimming compressional waves (LSSCWs) obtained with the
microdefocusing method and the acoustic impedance obtained with the reflectance method. Thus this method can evaluate
stiffness without exposing the patient to X-rays ; moreover, the physical basis of the calculation of stiffness from velocity and
impedance is well understood. We applied this system to the human tibia in vivo : stiffness and density in a young volunteer were
successfully evaluated at 24.9 GPa and 2.01 X 10% kg/m®, respectively.
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Fig.1 Block diagram of the measuring system. The system can measure

both LSSCW velocity and acoustic impedance of the same local area

of a sample, and sample stiffness and density is calculated from the

values obtained.
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Fig.2 Block diagram showing the system used to measure the tibia.

1030

J Med Ultrasonics Vol. 26 No. 10 (1999)



TRANSDUCER
i
Ow |
i
|
[}
WATER | z
| I
0
mese N/
| im—-
| 8
1 B
BONE ' .
o :_/
| 9Lsscvv"_
| :

Fig.3 A refraction model for measuring LSSCW veloci-

ty in bone in vivo.

KEHZEZRZVOEABROL S TEXRINS.,

sinf, sinfgeew 1

(12)

Uy U Vrsscw
T T T vy, Vs, Uissow RENF N, K OHEBEE,
WA OMEBEREE, BAES/ BEAE a2 iR
REBROUMBEE TH 5. WERSTOMMHOMERE2 i
W BEMRIKO L S cRSNB.

2k,
cos 6,

4rf

) 2
v, [ 1— 2 )
Ursscw

_A=nf v,

2
Ursscw  / 1 v, )2 :
Ursscw

TN IR R T B DURE B wLssow 12D W TS
MWL, BiIToEEBEER L TARMEOZE(L
b S IRERERLUMBEEARET 2700}, K
(14) THHES W ZAHOERHBRAES Wi BHicF
ULKTBB LD vpssew EROBLHBIRE - TR
FALENSB. i, KEBOoTHEIC>VWTE, #

E:

—2 kpssew tan G ssew 13

(149

J Med Ultrasonics Vol. 26 No. 10 (1999)

EERRET 2HBENH 5.

BEA v E— 5 v 2EHlIcBVTIE, REBRmEIC
B 55 ERMBAOBEEZRICVR 3 MLEND
5. BiriZ, TTRINLOEEBEERT 2HEEL
T, MEHMEEERE SV TREL, BHSEE
Do DR B & BRSO ORKMEEREL, BEK
DR EBREERB L TEESA YV —F Vv 2EMET
BHEERRELTVWA®, LhL, SHEOAEHPLT
» D BEEE, KHBOES BHEWY, BRI
O O GHE & B RED» 5 ORI EXA L TRIHT
5l EEEETHY, TOHEEBEHATEILRTE
BV,

HUFHEFEEOREHRIcBW TR, BoRFEE
BT 208N 5. AOFORAHIC>VWTIE, Katz
LRIV BORME ZEE LALAHREFNVTRE
NBTEMWRENTVSEY, FEBA v -5V RHE
KB HETFROERA M, Bo&ARH (11 FR)
THBHDT, BEe EELROBEERK cn ZHVT
The,

Zy=ypXc, (15)
ERT. INERREELREEERE T O BT I,
EEORIEZZR L CHOAE B34 LT5&
HIE S h 2 RERERUMREEEIFEE o S#HN
OBMER e AW TR TRS N 3.

%fmx%zax/%i (16)

TIT, K i3, SR OREBHERE v, & ETE ORI
REEUMEEEE v, OHLTH 5.

cu & ey DEE Ki=cu/en £33 &, K idin vitro
HERLBF— L OoRHBTENTE, Katz 5200
BEHOCCHETZE, 81.17TH5B. LEh-T,
HHEER cu, cn, HEo OESKRRICIDRETE
5.

Zy Xy,
—_ 33
‘T g YK, an
_ Zyxu XK, a8

Cs3 K
1

Z
p=—1XK XK, a9

TOWEMEREERROEEE LT}, VvI—HOER

1031



Table 1 ‘Experimental Results of the Measurement of the Stiffness and Density of
Phenol Resin, PMMA, and the Human Tibia

Proposed Method
Zuy Uras Zy/vss Zy X v Ui 14 oXuid
kg/m’-s m/s kg/m? GPa m/s kg/m? GPa

Transmission Method

Phenol resin  5.31X10° 3515  1.51 X 10° 18.7 3718 1.36 X 10° 18.8
PMMA 3.31X10° 2696 1.22X10° 8.92 2727 1.21X10° 9.02
Tibia (a) 7.08 X 10° - 3522 2.01 X 10° 24.9

®) 7.08 X 10° 3638 1.95X10° 25.8

REHBEZIESR, 7+ L ATERSNTVLS

Stiffness=0.67(BUA —50)

+0.28(SOS—1380) (20)
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