Jourral of Clinical Denstromerry, vol. 4, no. 3, 239-248, Fall 2001

€ Copyright 2001 by Humans Press Inc.
AL mights of sny natuve whatsoever reserved.
1G34-8950/01/5:230-248/512.50

[P

Multisite Bone Ultrasound Measurement on Norf
Female Reference Population

Original Arficle

Pt

h American

Williame M. Drake,’ Michael McClung,? Chrstopher F. Njeh,? Harry K. Genant’

Clifford Rosen,? Nelson Waits,® and David L. Kendl

Osteoporosis Research Centre, University of British Columbia, Vancouver, BC,
*Department of Medicine, Oregon Osteoporosis Center, Portland, OR; *Departinent

oyl

Canada;
of Radiology,

University of California, San Francisco, CA *Depariment of Medicine, Maine Center for Gieoporosis Research,
Bangor, ME; and *Department of Medicine, Emory University, Atlanta, GA

Abstract

The Sunlight Omnisense is a portable quantitative ultrasound device that measures spe
at multiple skeletal sites and therefore has the potential to provide a more complete assess
wal’s overall fracture risk than single-site measurements such as the calcaneus. To provide]

ed of sound (SOS)
ment of an individ-
a robust normative

emaie database, 345 healthy Caucasian women ages 20-90 were recruited at five cdnters across North

Arerica. SOS measurements were obtained from the distal one-third radins, proximal thir
tibia, and ffih metatarsal. The results demonstrate that peak SOS ocours around the age of
mean values of 4161, 3928, 3786, and 4092 m/s seen at the radins, tibia, metatarsal, and p)
Maximal rate of decline of SOS was seen in the decade following menopause (-12.4, -9.7

1 phalanx, midshaft
{140, with maximom
alanx, respectively.
,—12.1, and ~18.8

m/s at the radins, tibia, metatarsal; and phalanx, respectively). Reproducibility between shccessive measure-

ments indicates high precision, with standardized coefficients of variance ranging be
the metatarsal. Further work is reguired to clarify the biolegic significance of
mudtigite SOS measurements and their use in the assessment of fracture risk.

Greatest precision was seen at

Key Words: Bone uitrasound; female reference database.

Introduction

An increasing number of strategies for measur-
ing bone mass have been developed, aliowing new

insights into skeletal biology (7). An assessment of

an individual’s global risk of fracture may be based
on measurements of bone parameters at any of sev-
eral sites. Ceniral sites of hip and spine may offer
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een 1.5 and 4.5%.

additional advantage in assegsing site-specific risk
as well as offer the opportunity to assess longitudi-
nal changes in bone mass. Most devices used for
estimating bone stfength (b th dual X-ray absorp-
tiometry [DXA] and ultraso nd [US]) at peripheral
sites are limited by their abilily to measure only one
skeletal site. Furthermore, bgcause of discordance
among skeletal sites, it is not unusnal for patients
with normal bone mass at ope site to have 2 low
bore mass at another (2). In lilght of this, it has been
proposed that most patien*g measured with a
peripheral device will also npguire a central mea-

ot (3).
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A clear understanding of the differences in the
attainment of peak bone mass at different skeletal
sites, as well as the different patterns of loss, is
required for appropriate interpretation of bome
measurerments at muitiple skeletal sites. Although
longitudinal measurements are preferable, earlier
information may be cbtained using cross-sectional
data frem healthy, free-living volunteers. Later,
prospective comrelation with fracture incidence may
determine the relative fracture risk associated with
different levels of bone mass at different sites.

The Sunlight Omnisense™ (Sunlight Medical,
Rehovot, Israel} is a noninvasive device that measures
US velecity along the length of a bone (4). The tech-
nigue is applicable to superficial bone sites: is not sig-
nificantly affected by the thickness of SC tissue (5);
and, unitke other quentitative ultrasound (QUS) tech-
nigues, Permifs measurements o be made at muitiple
peripheral sites. The ability of cortical bone speed of
sound {SOS) to predict fracture is likely to be OWing
o excess bone resorption at cortical, as well as ta-
beculer, sites following menopause. Given that osteo-
porosis may affect different bones to varying degrees,
and that therapeutic decisions freguently rely on
sequential observations in a single patient to establish
the patiern of bone loss in ome or more sites, this
portzbie technique has the potential to facilitate wide-
spread screening for osteoporosis. This, in turn,
requires the creation of robust reference databases on
which o base patient management decisions.

The purpose of the present study was io create a
reference database of SOS values in a North American
Caucasian femele population. The patterns of attain-
ment of peak bone mass and its subseguent decline in
later years will serve as a basis for future investiga-
tions aimed at esteblishing the fracture risk associated
with the changing US properties of bone.

Subjects and Methods

Subjects

Wornen were selected for the stady if they had no
history of osteoporotic fracture or chronic condition
aifecting bone metabolism such as hyperpara-
thyroidism, dizbetes meliftus, hyperthyroidiem,
inflammpatory erthiritis, endogenous or iatrogenic
giueocorticeid excess, or malabsorption. No st bject
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had bad exposure for more than 1 vr within the pre-
ceding 3 yr to a medication affecting bone such as an
anticonvulsant, an immuncsuppressive, a chemo-
therapeutic, a gonadotropin-feleasing hormone ana-
log, a bisphosphonate, estrogen, a selective estrogen
receptor modulator (such ag raloxifene or tamox-
ifen), calcitonin, or fluorifie. Al patients gave
informed, written consent.

Description of Device

The Sunlight Omnisense Plirasound Bone Sono-
meter measures the speed of cpnduction through bone
of inaudible high-frequency agoustic waves produced,
at a frequency of 1.25 MHz, By two signal generators
in a handbeld probe designated for different skeletal
sites. The same probe containg two different transduc-
ers (signal receivers), such that the speed of conduc-
tion of the sound waves (SOB) that travel along the
length of long bones can be measured, using the “crit-
ical angle” concept. Briefly, the transducer generates
an array of US waves that mave through the soff tis-
sues and enter bone. On reachipg the bone surface, the
sound waves are refracted an: l;-ﬂaﬁ:ﬁr direction of prop-
agation changes. Those waveg that enter at 2 critical
angle are refracted such that their subsequent direc-
tion of travel through the bong is along its long axis,
within the bone and parallel ffo its surface. A small
fraction of the original bean is detected by the
receiver, and the first waves tolbe detected are nsed to
calculate the SOS. The value ggnerated is compared to
a young adult and an age-matched population, to gen-
erate T- and Z-scores, respectiyiely. A1l machines were
cross-calibrated by the mangfacturer before being
shipped to each center.

Measurements

SOS3 measurements were
the distal one-third of the radins
lanx of the third finger (PLX),

ade in each patient at
{RAD), proximal pha-

ifth metatarsal (MTR),

and midshaft of the tibia (TIE
Iimsh. Tn all cases, the probe
direction of the long axis of
acoustic couphing was achieved

} of the nondominant
was positioned in the
the bone, and good
with a thin layer of US

gel. For the radius, a point midway between the elhow
and the tip of the third digit wis used as the centring
pomt for the US beam. For e TIB, with the kuee
flexed to 90° and the heel op the ground, a point

equidistant between the plantar

surface of the foot and
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the soft tissue above the distal portion of the femur
(ovez the region of the tibial crest) was used. For the
MTR. a straight line was drawn from the tip of the lat-
eral malleolus to the head of the MTR, with the ankle
rotafed medially approx 15°. A second line, drawn
redially at 90° to the first, was then used ag the posi-
tioning point for the proximal aspect of the US probe.
For the PLX, 2 gage was used to measure the length of
the mediel phalanx of the same fingey, with all pha-
langes flexed to 90°. With the finger still flexed, a point
was marked on the proximal phalang at 2 distance
from its bese equal to the measured length of the
medial phalanx and used to position the proximal por-
tion of the US probe.

To document the reproducibility of repeated mea-
surements, the SOS was measured three times at
each skeletal site in 15 patients (10 premenopansal,
5 postmeropausal), generating a total of 45 pairs of
measurements at each site. Six different operators
participated in the stody. :

Subjects were said to have discordant results if they
had a T-score of -1 or ebove at one site in association
with a T-score of —2.5 or below at another site.

Statistical Analyses

Normative reference curves of $OS measurement
over the age range of 20-90 were generated by the
moving average. Each point of age is represented by
an average over 2 window of +5 yr. The moving
average technigue was applied to the reference curve
build of points for each year, in order to smooth the
curve. The annuai dechine rate between 40 and 80 yr
of age is estimated by the slope of the linear regres-
sion. The possible association of SOS with variables
such as zicohol consumption, body mass index
{BMD), physical activity, cigarette smoking, and
family history of csteoporosis or hip fracture was
tested by analysis of variance with age as a covariate
in the model. Correlations of SOS measurements
among sites were determined using Pearson’s coeffi-
cient correlation. The rate of ¢isconcordance in SOS
among sites, defined by a T-score of ~2.5 at one site
and a T-score of 1.0 at another site, was evaluated
for each pair of sites (RAD-PLX, RAD-TIB, RAD-
MET, TIB-MET, TIB-PLX, and PLX-MET), by cal-

culating an odds ratfio (OR), in a logistc regression”

ity of disconcordence is given

model. The probab
by the OR for an imervel 10 yr since menopause.
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Tahble |
Demographic Characteristigs of Study Population
Age (1) n (%)
20-29 ; 107 (159.6)
30-39 115 (21.1)
4049 102 (18.7)
50-39 86 (15.8)
6069 67 (12.3)
70-79 46 (8.4)
80-90 22 (4.0
Total 545 (100.0)
Mean + SD 475+17.3
Range 20-90
Physical activity
Seldom/never 94 (17.2)
Once per week 89 (16.3)
Several times per week 266 (48.8)
Daily 96 (17.6)
Total ; 545 (100.0)
BMI (kgfm?)
<25 314 (57.6)
26-30 158 (29.0)
31-35 55 (10.1)
35+ 18 (3.3)
Total ' ' 545 (100.0)
Mean + SD 250+448
Range 1748
Alcohol consumption
Never 173 (31.8)
Past - 41 (7.5)
Current 330 (60.7)
NR= 1
Total 544 (100.0)
Smoking
Never 380 (69.7)
Past 121 (22.2)
Current 44 (8.1)
Total 345 (100.0)

¢ NR, no response.

Resuhﬁé

In five centers across North America, of 573 healthy
Caucasian females who answered advertisements in
newspapess, and at educationa] institutions, commu-
nify centers, and nursing homes, 545 (mean age of
47.5 £ 17.3 yr, range of 20-90 yir) were eligible for the
study. Table 1 presents the demégraphic details.
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Table 2
Mean SOS + SD by Decade at Four Skeletal Sites

Age Mean SOS £ 8D Mean SOS £ SD)  Mean SOS £ SD Mepn SOS £ SD

at radius at tibia at metatarsal it phalanx
20-29 4103 £ 107 3620 + 143 3735+201 4033 + 165
30-359 4150 +93 3928 + 144 3777 £219 4092 £ 165
40-49 4161 +£130 3925 £ 119 3786 £ 211 4068 + 168
50-59 4095 £ 131 3878 £ 150 3670 £223 4034 £ 208
60-65 3846 £ 125 3801+ 134 3588 £225 3821 + 197
70-79 3921 £ 149 3829 + 153 3408 + 189 3753 £ 163
80-90 3921 149 3739 £ 159 3353 £ 244 3663 + 166

SOS Measurements

Mean SOS measurements by decade and according
to site are given in Table 2 and reference database
curves by site are shown in Fig. 1. The moving average
SOS {averaged cver an age window of =5 yr around
each age point) increased {o a peak at around the age
of 40, with an overall plateau between ages 32 and 44.
Thereafter, in the phalanx, radius, and tibia an acute
decline foliowed, with 2 maximoum rate of fall of SOS
around the age of 58, 8 yr after the mean age of
menopause of the stady group. Between the ages of 05
and 80, this decline was slower. Linear regression
- models show that both a streight line and guadratic fit
are highly significant {p < 0.001) in this region of the
graph. In the metatarsal, SOS declines in a more linear
fashion from midiife. Table 3 shows the rate of decline
of SOS, for each site, between the ages of 40 and 80.

Associations between the age-adjusted mean SOS

combination of sites {radius

-tibia, radins-metatarsal,

and so on), there were severs
of —2.5 or less at one site and
at another. The numbers of st
scores between any two skelg
6, which is divided into th
menopausal status (premen
menopausal, and >15 yr po

1 subjects with a I-score
a T-score of -1 or above
bjects with discordant T-
tal sites is given in Table
ree groups according to
opausal, 1-15 yr post-
tmenopausal). The num-

ber .of subjects with di

rdant T-scores was

significantly less in the preménopausal compared with

the two other groups. The ]
when applied to postmenoy

ygistic regression model,
ausal subjects, revealed

that this discordance significantly increased with

increasing years since menoj
for 10 yr since menopause f
was 1.50-1.60, and it was by
sites (OR = 2.12-2.14}.

vause (Table 7). The OR
or radins with other sites
oher for tibia with other

apd smoking {either previous or current), alcohol . .

consumption, physical activity, BMI, family history Discussion

of osteoporesis, or family history of hip fracture At present, bone mineral density (BMD) is the most
were not statistically sigmificant. important measurable factor that is able to predict bone

For the precision study, data are presented as the
standardized coefficient of varmiation (SCV), using
two models (Table 4), In onre, the range of parame-
ters is defined as the 93th-5th centiles of the norma-
tive database, according 1o the model of Miller et al.
(6). In the second, the full range of measured para-
meters (maximum-minimum SOS8) in the normative
database was used. For each of these methods, the

fragility (7), and its measurefnent therefore represents

a vital tool for the identifican
of those mdividuals most 2
axizl DXA is now the acg

assessing osteoporcsis, perippe:

peripheral DXA (pDXA) an

bo and possible treatment

risk of fracture. While
epted standard tool for
ral approaches such as
QUS have some advan-

tages. These include the relative cost, size and porta-

bility of the devices, and &

¥ of ionizing radiation.

SCV was in the roage of 3-4.5 and 1.5-2.7%, Further, it is known that the gheleton matures at vary-
respectively (Table 4) ing rates, such that peak bonp mass may occur at dif-

orrelation coeficient of SOS
statistically significant for each

A
4

Tebie 5 presents the
[o)
=

among sites. Although

Jowrnal oF Clinicq! Densitometry

ferent ties in different ske
measurements may reveal

letal siies. Hence, BMD
significant discordance
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Table 3
Rate of Decline of T-score at BEach Site Between Age 40 and 802
Annual change m SE
Site AT-score (ASOS) (AT-score)  p value R?
Age 40-80
TRAD —0.072 (7.3 m/s) 0.007 <0.001 0271
T_TiB —0.026 (3.9 m/s) 0.005 <0.001 0[091
T_MIR —0.058 (~11.9 m/s) 0.008 <0.001 0l273
T-PLX —0.068 (-11.7 m/fs) 0.006 <(3.001 3321
Age 50-65 )
T-RAD —5.122 (~12.4 mfs) 0.024 <(.001 07
T_TiB -0.061 (-5.2 m/s) 0.018 0.001 (.08
T_MET —.059 (-12.1 m/s) 0.021 0.005 006
T-PLX —0.109 (-18.8 m/s) 0.022 <(.001 0[i7
@ R? denotes the relative amount of the total variance that is explained by age.
Table 4
SCVs at Different Skeleta! Sites Using Two Different Model
Mean SOS Root 5th 85 95th-5th  SCV¢
A (m/s) MSE® CV (95% CI)# centile centile centiles (%)
Radfus 45 4136.3 16.7 0.4 (0.39-0.42) 3820 4295% 475 35
Tibia 45 3889.4 17.7 0.46 (0.36-0.56) 3613 4118 506 3.5
Metatarsal 45 - 3625.8 241 0.66 (0.52-0.8) 3265 407 813 3.0
Phalanx 45 3935.9 324 0.82 (0.65-0.990) 3814 4331 719 43
Radins 45 41263 16.7 0.4 (0.39-0.42) 3532 449 i 475 1.8
Tibia 45 38804 17.7 0.46 (0.36-0.56) 3418 4324 506 21
Metatarsal 45 3625.8 24.1 0.66 (0.52-0.8) 2897 4559 813 1.5
Philanx 43 39559 32.6 0.82 (0.65-0.99) 3361 4614 718 2.7

¢ MSE, mean square error; CI, confidence interval; SCV (%), standardized CV as a percentage.

Journal of Clinicat Dens

Sitomery

Tabie 5
Pearson Cormrelations of SOS
Measurements
Among A1l Four Sites?

RAD TIB MET PLX

RAD 1 04 0.45 0.5
7B : 0.26 0.32
MIR 1 035
PLX 1

¢ All correlations are statistically significant
with p < 0.001.
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Numbers of Patients with Discordant T-scores Between
Any Two Skeletal Sites, According to Menopausal Status

Table 6

Drake et al.

Premenopausal (7 = 344), T-score = -1

Rad Phalanx Tibia Metatarsal
Rad —_ 5 5 5
Phalanx 0 — 0 1
Tibia 3 4 — 3
Metatarsal 1 1 1 —
Postmenopausal 1-15 yr (n = 97), T-score = -1
Rad Phalanx Tibia Metatarsal
Rad — 7 11 7
Phalanx 2 — 7 2
Tibia 1 3 — 1
Metatarsal 2 1 3 —
Postmenopausal > 13 yI (n = 97), T-score = -1
Rad Phalanx Tibia Mesata.rsai
Rad — 29 3 |
halanx 6 — i3 4
Tibia 1 1 — 0
Metatarsal 3 1 9 —
Table 7

AT L TN U T, sty ipmTy 3 £ Q3 1 a
OR for Discordance Between Pairs of Sites for 10 yr Since Menopause,

Estimated in Logistic Regression Model

B-Coefficient SE (B)
Site (AT-Score)  (ATl-score) OR# 05% C1 p value
RAD-PLX 0.044 0.017 1.55 1.11-2.17 0.009
RAD-TIHB 0.047 0.015 1.6 1.19-2.15 0.001
RAD-MET 0.046 0.018 158 ° 111225 0.011
TIB-MET 0.075 0.019 212 1.46-3.07 =<0.0001
TIB-PLX 0.076 0.015 214 1.59-2.87 <0.0002
MET-PLX 0.068 0.024 197 1.23-3.16 0.005

¢ OR for 10 yr since menopause.

among various skeletal regions (2,3). pDXA units are
able to measure BMD at sites other than the hip and
spine but, Hke mest QUS machines, are single-site
Gevices. Aliernative fechniques will be required if a
more complete assessmnent of an individual's risk of
fractire 18 o be made aveilable. Given that it is well
known that the risk of fracture changes with age, it is

Jeurnal gf Clisloal Bensiometry

mmportant to establish for any new modality of mea-

surement ifs refationship fg
ment decisions are to be myg
infermation will be reguirg
vance of the measurement b

The present study clea
speed of conduction of U

age. If, in turn, manage-
de using such fechniques,
d about the biologic rele-
cing made.

ty demonsirates that the
, through bone, as deter-
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mined by Sunlight Omnisense, shows a decline post-
mepopausally in women. There are, however, impor-
tant differences in the patterns of age-related values,
suggesting that SCS is not simply a surrogate measure
of BMD. BMD cheracieristically reaches a peak in the
middle of the third decade of life (8,9}, whereas our
study demonstrates a peak SOS around the age of 40,
with a plateau between ages 32 and 44. These data are
virtually identical to a recently published database
from 1521 Israeli women (10) and are in keeping with
other studies indicating that QUS properties peak later
in Iife {1]) than measurements of BMD (12). In tum,
this would imply that, i additicn to the acquisition of
bone mass, some biclogic property of bone continues
to change, and therefore aiter SOS, for the next 10-13
yr. Thereafter, SOS declines, most dramatically in the
decade following menopause at the phalanx, radius,
end tibia and, later, in a more gentle Yinear fashion in
alf areas studied. This sharp postmenopausal decline is
interesting, given that it is well recognized that estro-
gen withdrawal is characteristically associated with
decreases in BMD that are more marked in trabecular
than cortical bone. Given that SOS measurements are
dictated by the outermost 3-5 mun of (cortical) bone,
this dramatic postmenopausal decline would imply a
change In some boue properties that affect SOS prop-
agation, possibly related to cortical porosity and thin-
ning. This factor is likely to be mechanically relevant,
given that cross-sectional studies indicate that SOS
measured by this technique at multiple sites is better
abie to discriminate hip fracture than a single-site
determination (73). Furthermore, there is evidence that
SGS measured at peripheral sites is able to distingnish
bip fracture from nonfracture subjects (74). The poten-
tial pitfalls of using a measurement at a single site to
quantify fracture risk throughout the skeleton are

emphasized in the present study by the numbers of -

patients showing discordance among sites (Tzble 5).
Here, we have chosen to take discordance as 2 T-score
of 2.5 at one site In association with 2 Tscore of -1
at another, to reflect chnical practice in which deci-
sions are ivequently meade on the basis of BMD mea-
surements in fhe osteopenic/osteoporotic range. The
number of subjects to which this zpplies increases pro-
gressively with dme after menopause, suggesting that
the changing bone properties are estrogen dependent.
However, this is dstinet from the chamcteristic pattern
of cheages in BAID observed In postmencpausal
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women, in whom there is fre, Juently considerable dis-

cordance between lumbar sp e (LS) and fe
(FN) sites in the decade aﬁeifmmpause, fﬁgj‘g’%
progressive concordance with each subsequent year
(15). Together with the diffgrent age at which SOS
peaks, this suggests that SOS is dictated by bose prop-
erties other than stmple B The higher discordance
with tibia is expected, given that this site had he Jo.
est annual slope during the décads Postmenopause
The pattern. of change in SOS with age reportec'l in
our stady contrasts with pretions studies (16,17}, in
which peak SOS measured by Lunar Achifles oce u;r ed
around the age of 30. Such differences are likely owing
to the different bone composition present a e differ-
ent sites used in each study iiand that Lunar Achilles
technology uses through tansmission of US. as
opposed to the axial transmisgion utilized in our st:.my
For a technique o be useful in the serial assess-
ment of bone, precision (the 8xtent tq which multiple
measurements at the same kite deviate) is ¢ritical
Ithough the conventiona] ¢oefficients of xrériaﬁoﬁ
(CV) (defined as the ratio of absolute Precision to the
mean) appear impressive (0.30~0.99%, Table 1
indicating high precision, it is important to recoomize
that this figure is, in large papt, governed by th;‘ unit
of measwement (in this cage SOS), Gy et
measurement valve of zero has no meanine in the
context of SOS (the lower |limit of SO ?‘h}:ouch
water being 1500 m/s), a [conventional CVv al?o
becomes less nseful as an indicator of “fryen preci-
sion. Alternative measures ¢f precision, known ag
SCVs, have therefore beep proposed (6,18)
Although the details of the cd] culation differ sﬁ;hﬂ ,
between each of these models of precision, 3 Eoms_l
mon principle is the replackment of fhe ’abs olute
mean by an alternative value 4s the range of the mea-
sure. Miller et al. (6) have proposed the 5th-95m
percentile as the range of pargm eters, whereas Blake
and Fogelman (18) replace the absolute meap it
the po;aulat;ion standard deviktion. Herein, two cal-
cuiations of precision are présented: ope ye o
model of Miller et al. (6) an another in ;:;iﬁ g;:
95th-3th centiles is replaced by 95% of the ranee of
parameters recorded in the ehtire study. Tht‘secm.-o
models give SCVs that are in &: Same range ag those
achieved by most DXA techmglogies, suggzsﬁng that
this techmique has the potential 1o provide informa.
tion on which to hase pzfient anagement decigions.
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The preciston exror 18 of the order of the maximum
rate of decline of SOS.

In sumrmary, the present cross-sectional study has
shown that Suniight SOS, a new, portable, noninva-
sive techmique, is able to detect changes in the bio-
logic property of bore, in a healthy female Cancasian
population ages 20~90, that resemble the changes
seen with central skeletal DXA. Although, like BMD,
there is a sharp decline in the SOS measurement
immediately following menopause, important differ-
ences -are noted between the characteristics of the
decline measured by SOS at different sites and DXA,
most notably a later peak. This study further high-
tights the discrepancies in the biologic properties of
bone at different sites, emphasizing the potential for
underesumation of skeletal invoivement in osteoporo-
sis, It is possibie that SOS may provide information
about fracture risk assessment additional to simple
measures of bone mineral mass. These ultrasound
measures may relate to changing structural and
mechanical properties of bone: Further work is
required in order o elucidate the biologic properties
of bone that dictate SOS and to clarify how this trans-
lates into an individual’s sk of fracture;

Acknowledgment

el nootet =
E0al 4s8isignce.

References

1: Jergas M, Schmid G. 2000 The role of quentitative uitra-
sound versus other cechnigues in osteoporosis assessment.
I Quentitztive -Ultrasound: Assessmment: of ‘Osteoporosis
end Bone Status. Njeh CF, Hans D, Fuerst T, Genant HK,
eds. Martiz Dunitz, London, pp. 1-21.

2. Deng H-W, LiT-L, 1i J, et al. 1998 Heterogeneity of bone
mineral density across skeletal.sites and its applications. J
Clin Densitom 1:338-353, .

3, Fuoulimer KG, von Stetten E, Miller PD. Discordance in patient

.. -ciassification using T-scores. ¥ Clin Densitorn 2:343-350.

Joumal of Clndcel Densiomeny

We are indebted to Diklah Geva for expert statis-

s

10.

11

i2.

13.

i4.

16.

17.

18.

. Barquero LR, Baures MR, S

. Riggs BL, Melton LIL 1985

. Greenspan 8L, Maitland-

Drake et al.

T. et al. 1998 The potential

- T = ITI L
. Singal C, Danielli A, Schwar . 1Y o€ Hoen

interest of multple skeletal sites SOS measurements using a
novel QUS technology. Osteoporos Int 8:47.

. Njeh CE Hans D, Kantorovich E, Sister M, Fuerst T, Genant

HK. 1999 Ap in vitro investizatior of the dependence on
sample thickness of the speed|of sound along the specimen.
Med Eng Phvs 12:651-658.

. Miller CG, Herd RJ, Ramalingam T, Fogelman I, Blake

GM. 1993 Ultrasonic velocity measurements through the
calcaneus: which velocity shopld be measured? Osteoporos
Int 3:31-35.

. Marshall D, Johnell O, Wedgl H. 1996 Meta-Analysis of

how well measures of bone miineral densify predict occur-
rence of osteoporotic frachwey. BMY 312:1254-1259.

JP, et al. 1992 Bone min-
eral density in two differeny socio-gconomic population
groups. Bone Miner 18:159-168.
volutional Osteoporosis. N

Engl I Med 314:1676-1684.
Weiss M, Shiloma AB, Hagag P, Rapoport M. 2000
Reference database for bone fpeed of sound measvrement
by a novel quantitative multi-kite ultrasound device. osteo-
poros Int 11:688-696. |

Langton CM, Langton DXK. 1997 Male and femal normative
datz for uitrasound measuremant of the czicaneus within te
UK adult population. Br J Raciol 70:580-585.

Bonjour JP, Theintz G, Law ¥ Slosman D, Rizzoli R 1995
Peak bone mass: facts and| ancertainties. Arch Pediafr
2:460-468.
Hans D, Srivastav SK, Singal|C, et al. 1999 Does combin-
ing the results from multiple Bone sifes measured by a new
quantitative ultrasound devic# improve discrimination of

hip fracture? J Bone Miner Res 14:644-651.

Hans D, Danielli A, Singal C; 1998 In Search of the Most .

Informative Skie for }:T:lpl Fractore Diserimination:
Comparison of QUS Measureshent at the Proximal Phalanx,
Radins and Tibia. Osteoporos [nt 8:59.

ey L, Myers E. 1996
Classification of Osteoporosis|in the Elderly is Dependent
on Site-Specific Analysis. Caldif Tissue Int 58:405-414,
Truscott JG. 1997 Referencd Data for Ultrasonic Bone
Measurement: Varjation with Age in 2087 Caucasizn
Women Aged 16-93 Years. BrjY Radiol 70:1010-1016.
Cepoliare C, Agnusdei D,| Gonnelli S, et al. 1995

Ultrasonographic Assessment
Males ané Femsles, Br T Radi
Blake GM, Fogelman 1. 1997
X-rzy Absorpticmetry. Semin

of Bone in Normal Falian
1 68:510-914.

Technical Principles of Dual
Nacl Med 27:210-218.

Volurme 4, 2001




