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In Vitro Study of Ultrasonic Bone
Densitometry Using Dissected Calcaneus

Yasuyo Hamanaka'’, Itsuo Yamamoto'’,
Kikuko Imamoto®, Masahiko Takada'
and Rikushi Morita'’

Quantitative ultrasound (QUS ) of the calcaneus is a widely
utilized method for bone densitometry. However, the meaning
of measured parameters, such as speed of sound (SOS)and
broadband attenuation (BUA), is not well established. We
performed in vitro measurement of dissected human calca-
neus (n = 60; male 29, female 31; mean age 81 years)using
two QUS machines and also measured bone densities using
SXA, DXA and pQCT. Finally, we investigated breaking
strength of the calcaneus and studied the correlation with QUS
parameters and other assessed parameters. The two QUS mea-
surements were in good agreement in most experiments. SOS
correlated most closely with bone mineral densities assessed
by pQCT and did not correlate with factors related to bone
size, while BUA showed the highest correlation with BMC
and association with parameters related with bone size such
as bone area and bone width. With maximal breaking stress
of the calcaneus, correlations were almost equal among QUS
parameters and bone mineral density.

We conclude that SOS is the parameter most closely as-
sociated with true bonie mineral density (g/cm®), whereas BUA
represents both bone mineral density and bone size, mimicing
BMD assessed by DXA or SXA.
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BEWIEIL 2 BRI L D To 7, o F ) EEBE L
FEFME, Lunarth# (Madison W1, USA)A-1000 & Alokafh#iL
(RFR)UXA-300% Fv 7z, BAEEZECR) 5L B0 A
N36° CIZ T30 hn#kk, ERARGI & Ak 36 I2IRIE Al
(B6'ClIcTMlmE L7z, FTEDZITEREFIOME L F L
X9 LREICR S L ICHREE KR ICAEOBEERIZT
gL, HEE &G ERPREAIEOHE GBS HEmco
W5E) BT o7z, MEE L O \ZHE o Ml ik {8k g
(SOS: Speed of Sound; m/sec) 35 & UJL A5 48 15 i1k i 38
(BUA: Broadband Ultrasonic Attenuation; 0.1~0.6MHz 4
HROF %l Y SIEORERORE DS 2 ) O E) %3k
HBHIENTELDN, UXA-30012BWTIZBUADEHICH
WOEBBEKE 7— ) TER L TREOEE 2R 2
B, EEBEFEOPMEEIC LV REOEE 2 ELL T
BHLTWAY, WIZUXA-30013# 850k OFEH T
W ZEHI % 2 212 X D FiR(Width) 5§ 5 2 L 25T
SOMELHL TS, F/2A-1000128BVTIESOS EBUA
£ D Stiffness &\ £ Ty 7 AREHT L5, ZDfED
REZIECHWSNTB W EH L. £7:UXA-300Ti3i
HIRNGE & [FEIZsingle x-ray absorptiometry (SXA) {12 T
[@] L5 #8 T Dbone mineral density (U-BMD:; g/em?) % % 3k
5 EHFETSH ) BMD % FBHIHIE L7, [/—gfk%
5 e L T% 6 N E M ENDlllEE T O 4R OflE R E
{¥SOST0.1~0.3%, BUAT3.1~3.5%Th 7. F7/-EIE
(34.5% DI THETRETDH - 7.

HEFOBEENEIZBWTIE, LunarftQDR-2000% f\v
T, HEREFRIIo EEEHEL ) ORYTEEL ) OEE
FEEOF ) EHBMD (g/em?), IXEITHIRE (Area; cm?), B
L UEFERDOFIEE BMC; g) 2k, &512, HEE%

HEFKOBEWRBEIMIZB T, EEHTEZEONHE
I 18 7 P 8T 12 2 & peripheral quantitative computed
tomography#£i% (pQCT: XCT-960; Stratec-Norland f1#4) #
FAWTEERELWE L7, PQCTH:IZ & - THIEY - ) 0F
WEDOWEDTEETH ) 2 L iEmEH8EFheh
T RETSH % 7%, K (1§ 4mm) O Bz B B % B
(Cort-Dens; mg/em?), {4 %% (Trab-Dens; mg/cm?),
ZIF R DFE)EEE (Tot-Dens; mg/em?), B & UH: EE&TH
f#(Cort-Vox), {EHSTHIRE (Trab-Vox), AWiEHE (Tot-Vox)
ROz, F—RFIZBT B 5 BOBEIZE 5 I SHIE
DOP5EHELIZQDR-20001Z & % #EEBMD, FEH, Sl
MENENL0%, 0.5%, 0.6%TH-72. F7pQCTIZ LB
IREARE, e ERE, SN0y ERE, K'Y
WA, WS, SWEERORE, FhER, 20
%, 2.2%, 2.5%, 1.8%, 2.2%, 2.6%TH-7:.

7o, HHOWEREE L OME L HRET5HIT, £T
DOPNE %L, REEREHE (MZ-500D ; <)L b —#t
B THE LI ERRESTE L Y THNOED) & b OF#
SREE (fz KM EE; Maximum Stress; kgf) % 5 L 7-.
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FET L 7-.
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Table 112 & E RO FIE & BEREZ R LT
. TG DOHIEMIERER B B REFOREEL 3
E—=F Lz T _TOMEEICBWTEEDH A EE
zRLiz.

EEWECE 2 AR O WIE X 2 DM IZ R 5%
HILL, TNZhDOMOBEE/ T A — 5 OHBIZED S

Table 1 Values of calcaneal measurements by ultrasonic, x-ray absorptiometric and pQCT methods. Mean and

standard deviation are shown.

A-SOS A-BUA Stiffness U-SOS U-BUA U-BMD
(m/s) (dB/MHz) (m/s) (dB/MHz) (g/cm?)
Male (n = 29) 1534 £ 40 97.4 +23.2 74.3+£23.6 1547 + 56 59.9+23.3 0.600 4 0.281
Female(1 =31) 1505 £ 23 B81.0£17.6 555+13.7 1525 + 41 36.2+17.6 0.291 £ 0.163
Total(n = 60) | 1519435 38.9+21.9 64.6 £21.2 1535 + 50 47.7 +23.6 0.440+0.274
Width Area BMD
(cm) (cm?) (glem?)
Male (n = 29) 3.03+0.37 256+1.6 15.2+35 0.592 £ 0.126
Female (1 = 31) 2.59+0.48 18.4+28 7.4+27 0.400 £0.115 il
Total (n = 60) 2.80 £0.48 21.9+43 | 112450 | 0493+0.153 |
Density (Total) | Density(Trab.) | Density (Cortical) | Voxels (Total) Voxels(Trab.) | Voxels(cortical)
(mg/cm?) (mg/em?) (mg/em?)
Male (n = 29) 221.3+£60.7 166.0 + 50.1 266.4 +73.3 1173+ 118 528 £ 53 646 + 65
Female (1 = 31) 145.2 + 48.0 104.1 +41.2 178.8 +59.7 927 + 149 417 £ 67 510 + 82
Total (n = 60) 182.0 £ 66.3 134.0+55.0 221.1+79.5 1046 + 183 471+ 82 576 £ 101

A-S0S: SOS measured by A-1000, A-BUA: BUA measured by A-1000, U-SOS: SOS measured by UXA-300, U-BUA: BUA measured by UXA-
300, U-BMD: BMD measured by UXA-300, Width: bone width at posterior portion of the calcaneus measured by UXA-300, Area: Projection area
of the calcaneus measured by QDR-2000, BMC: bone mineral content (g)of the calcaneus measured by QDR-2000, BMD: BMD of the calcaneus
measured by QDR-2000, Density: bone mineral density measured by XCT-960, Voxels: voxels number assessed by XCT-960.
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Table 2 Correlation among parameters measured by two QUS-machine. R-values and p-values are shown.

T Stiffness A-SOS A-BUA U-SOS U-BUA
Stiffness 0.793 0.913 0.377 0.630
A-SOS <0.0001 — 0.476 0.562 0.496
A-BUA <0.0001 0.0001 S 0.175 0.581
U-SOS 0.033 <0.0001 0.1861 e 0.516
U-BUA <0.0001 <0.0001 <0.0001 <0.0001 T

n7=hs, HEEREIZSOSH T0.562, BUAMTO0.581 & Ei\w
DTIx T H 272 (Table 2).

Fig 1A, BIZZNOBEW/T A — 5 LEREHE/ T A —
& L OB ERT. SOSIZMEEEDREMEE b 1ZpQCTIZ &
% B EAE & R IEAR (FHRI4R£20.601 ~0.742) & 7R
L, BRI (Area), WIHEHIEZ & I12iZE A EHHE
RS Lo 7z (MR -0.051~0.363). HEEBMDE L
pQCTIZ & A EHHEHEM L H HBAE L, F/HEEFBMC
EIIBEEBMD L D) E S IV R R L. o F b RFRY
YVDBBEEFOLDED - L bHENEL, BOKES
REEORTF L ZHBEI VDL VIEED L ) RETH
ANBEMBEITA o7z, T & R EE L OMIZSOS & DH
BADFEILFEE A SN H - 72 (Fig 1A).

—7J7, BUAIZ 2 #5fE & L BEFBMC L R b AH A £, LA
T, HEEBMD® 5\ S Area, T L TpQCTIZ L B HH
FEL ) NE( 2 #EEOAHB O FIETHE) TH ) SOSDH
GEHEDIETH 7. SHIZHEERLERO L ) REOK
XS ERDTHF &b 55 AHBIE ) (46 BI 1R %00.341 ~
0.392, p < 0.05) %2 517z (Fig 1B).

FHEERBENNT A -5 LEFEERE BRI VEHELT

BT A B ETRREE & OFIB & Fig 212777, U-BMD, &5 1ig, 7
% DEFEETNTO/NT A—% EFE(p <0.05) DFTVAE
BB bz, BEEEEL FERENE L OMIZIEED
HBIOREICITE A LETRDO LN o727, BBV
AT & L7z D | X Stiffness (FHBI#7%20.483, p <0.001)
THo7,

FIREEIZA L CRE R IEAE BRI E A TR
DEBR T OFIMA S Ah LR LL~BEMT, ENF
ST %47 72 (Table 3). % { DHALDORE 1T o 7255,
KESHEERASETHRFER B LI, BE
D413 Tot-Dens & Stiffness & # 28 & L7-IFIZEED bR
7298, # AL T D Stiffness AT b L BE#R%2130.483 55
0.515~EBMT Az EE o7z,

z =

HEWEIC L A ERIEL, EERE(BEL, BFL
OWEFEHBE L, bAEIZBVW TSRS & SR H
WHENTWAY, BHFHEOMKIZET 5 H#EbEH LoD
HY, Wb EHENEE 3825, BEEREOEHEIE

(A)

0.45 -
] EE A-BUA
] 3 U-BUA
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0.25

0- L

Correlation Coefficient (R-Value)

L n
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(B)

Correlation Coefficient (R-Value)

0.8
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= — [O U-805

0.6 1 = -

0.4 1

0.2 4

TotDens TrabDens CortDens U-BMD CaHBMD CaB\C CaArea TotVox Wi

Fig.1

Correlations between speed of sound (SOS)and bone mineral densities or other parameters measured by SXA, DXA and pQCT in the

calcaneus (Fig 1A)and between broadband attenuation (BUA)and values measured by SXA, DXA and pQCT in the calcaneus (Fig 1B).
Both SOS and BUA were assessed with two different US machines (A-1000 shown in dark bar and UXA-300 in dotted bar)and corre-
lation coefficients (R-values)of simple regression are shown. Tot-Dens:total density measured by pQCT, Trab-Dens:Trabecular density
measured by pQCT, Cort-Dens: Cortical density measured by pQCT, U-BMD: Calcaneal BMD measured by SXA(UXA-300), Cal-BMD:
Calcaneal BMD measured by QDR-2000, Cal-BMC: Calcaneal BMC measured by QDR-2000, Cal-Area: Calcaneal projection area mea-
sured by QDR-2000, Tot-Vox: Voxel number of the total cross-sectional area measured by pQCT, Width:calcaneal bone width measured

by ultrasound technique (with UXA-300)
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Fig.2 Correlations between bone strength and
measured parameters with ultrasonic or X-ray
absorptiometric methods.

Correlation coefficients (R-values) of simple regres-
sion with maximum stress (breaking strength)are
shown. Ultrasound parameters almost equal to
pararneters obtained with X-ray absorptiometry. A-
SOS: SOS measured by A-1000, A-BUA: BUA
measured by A-1000, Stiffness: Stiffness measured
by A-1000, U-BMD: calcaneal BMD measured by
SXA (using UXA-300), Trab-Dens:Trabecular den-
sity measured by pQCT, Cort-Dens: Cortical den-
sity measured by pQCT, Cal-BMD: Calcaneal BMD
measured by QDR-2000,Tot-Vox: Voxel number of
the total cross-sectional area measured by
pQCT,Cal-Area: Calcaneal projection area measured
| by QDR-2000, Width: calcaneal bone width mea-
| sured by ulirasound technique (with UXA-300)

T BRELFTHONTL9Y, FAIZBWTIIEEELD
HEIZE L RWb o0, FHHoFHIcBWTIIDXAER &
WL DBEENE EKER L, WEEOMERDS b +0
BRLIFFTIMENL N9, £ 2V b O TORE
L (MG SN TWED, BHEELTTIRL CBOfiE
HHVIZBEOEERDTHiEE LTHIET 55 b £ 5500,
—HCTHBESROERELMELTBY, BEKEIC L
BEZNLULOBEDOMHMEBEL TWEIDLH B4,
BAED 2 DWEERA DV T Wi F 35 8o 5 7 54l
ELTHRICEERESHSR TV D, e s

[ H 2 B TERIR ICHI ST 2 ik | 2 48
MIZTBEWR T A -5 2k, o ko TllEsh
Al & RS L, @ iklE 0E# Iz on TN L
B Efro7z, $510, BEHEBEL LTOAHWSRT
W B REHEE (SOS) & TR IS & il ME SR (BUA) 122\ T
BEERLEOKE L ELDRLEIZOWTHRIL, $7-,

bivbh 4R OMEHE L, L HIEERBAFR
WREZR 720, HBBAE (0% RV <) »FE) & w78,
RV CEENEEE ST A — 7 REREICEEY S 2
HUEEMENDH Y, ZOMIIAHEDRRATHL EEbNS
B, RN CEEABE LI L Y LoRE

FZ25PIZHELT, Aibo TR L. 2%, k6
LA (2 & A 2o A 7 B 35 0 2 24 1 (A-1000)
ICTHEFENE L, 10% k07 s CHEE L4 Clo TR
fFL, RERIISBEEIRENEHT 2052110 Hilbio
THE L7z (GO 7RO AR I2IZE vy, )%
HAIIZIZ80S131586 + 17m/sec—1597 + 2m/sec, BUAIZ82
+ 5dB/mHz—85 + 3dB/mHz L i |72 4 D DFELEIZFHD
Moz, ZOZLIYLLElEd 1EROFLTY) JEE
TEBERAE IR ELEEL S 2 w0 Bbhr:,
X724 D DOBE WP X B BIEMEERRGNI BT 5 FELD
LB TBY L= YEEZDD OILBE HIRE
I LTIR LAY 52 Wb DLiEEENS.

Al 2 DO BEFHHIEEE * H oz 2 B L b
ARG BB A O LCHlsET ARBETH Y, BHnT
VLB EE R IIRE R, L LS
b, 41X MaDBREICTHEHBOHEBOHEIEH ) 5
WL DTIE LA 272 (Table 2). ZOHENII S ThH VDS,
RIEDBRBEH LI L 2BEIROKREV DL BbI S, B
PRIIZ 3 B§Ad - CREEINE ST A — & ORI % Mt L 728k
HTIIEN SHEDOHBIIAHRIFEE00.6~0.85TH 1) X#i % H
WA FEEEHBITE Bna LB @S T W BY,

BEREICTHE S A /3T A— % DHSOSIZQCTIZT
E S Hdensity, 2F VR4S OFEEEHED K<

Table 3 Multiple regression analysis between maximal sirength of breaking calcaneus and parameters of bone densitometry or

ultrasound measurement.

Tot-Dens Cal-BMD Stiffness A-SOS A-BUA

Tot-Dens (0.425) 0.434 0.515 0.466 0.503
Cal-BMD p=0.0026 (0.377) 0.494 0.452 0.463
Stiffness p=0.0002 p =0.0003 (0.483) 0.493 0.494
A-SOS p=0.0009 p=0.0015 p =0.0004 (0.443) 0.493
A-BUA p=0.0002 p=0.0010 p =0.0003 p =0.0004 (0.401)

Correlation coefficient and p values of the regression line for each combination are shown. Single regression results are also shown in parentheses
[( )]. Although some increases in each combination of variables were observed, there are no great increment of correlation coefficients.
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ML, BOKES2ROTIRE L OIS d o 7.
DFNSOSITFORKES LN b FOEEFOL O L O
VWIRTF A—=FTHbLI EDRENT. —J), BUAHR D
WHIB 7R L 72D EBMC (F 1 OFixdHE), Tk (Area),
BLUBMD(ERY7ZY OFEE)THY, F -
(Voxel) % FlE & & 9IRS NEEE L L BIZHFOK
é-éi Lo THERINLENTTHLI EARS N, H
gz f&@fT#JIPﬁZIiWﬁ@"("/ﬁf' B LI
éhéﬁ FOY » FRITBEELHROEEND L7280
HRITBBEICHESNLETTHY, SOSITHE %ﬁ&mm
BT 5 EEZLNLTOTHAOBRIZ DI & #BfFiT7
boEBbhs, —J, BEHOMEEEE M
WZ&oThh, F/EBTI2MEORL GHET L EED
NBOT, BUADEOKE S LFEFHEHE L HET 5
&wv A ORI LIRS S FE L v, 2 F DSOSIEE
FEA ML, BUAIZBEDOKE S LBBEOW S % &
bf&%fém?f%é.mmdﬁofmm#uﬁwé
BMDEWIHTEEE M TWBE LW B, ZOfkmd, B
%Vﬁwfﬁﬂxmﬁﬁﬁmﬂﬁ%ﬁﬁfwﬁ%fhékm
9 B R, HEEBUADERZEILAEEDXADERZALD
I8y — /amm¢%aw7&&”t% YT 5.

IR TEADXAE 2 LI TSN ABMD & v ) f51E |
WLEMEL EOREMESEH L0 L) P a2 HM
T, WAEHICTEMIEERR 21T o 72, THTEER Tld Table 31273
T < e RBETRREE & i & S B ATRL 5 L7z O 13 Stiffness
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fli(-2>F DSOS LBUADF) T - 7z(Table 3). & WSHiE
IESXARPQCTIZ & & EE M5z (2 LA SELL O i &
O R L, IS { ORRERT Y & 5309 5 Al
THY, XrHwTEEREFIET 2 78:E, BRIz
HHEEIITERTFAICBCTIIEACRETHL LV I
METFE L2, 4 EEEHEE L FIEENED L O As
e EHE LS A S X ) K E BRI o
FIHONLDho. TOZ EIEIXMITE B HiELBEWRKIC
B FFEEIFIIEAERICLDERDDLTWAE L & iR
LT, &b, 4hOFHEFERIEFRIL <) >»EE L
FEHTBY, HETOFMEE L IEHRL > TWD I EEME
DhHnHIERIONMEDRATH VIERHL TR

.,

w ®

1 ¥ FOOFEEIZ X DSOSRBUA & W) IR
TR A MR L 22 ATSOSITBHE L, BUAIRFOKREZ LF
FHEDEDES7-bDF ML TWwAI R, T2
FEE AR XA & 258 & ML, LB & OREE
ALz, BEkEC L A HE RSN vk v 5T
fiETHY, LobaisiE DXARL &L 5 HEE
ELR EHRBEICEDT ETIUE, BEMIZEZDOT
HLTHD., SHBEROLRIZED, XVHBEOEWIIEE
NEEREINIEFOFREIISHIIET LI EEDNRS.
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