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Abstract. The performance of quantitative ultrasound
(QUS) measurements of the tibia and calcaneus was
studied in 109 elderly people (age range 65–87 years).
Broadband ultrasound attenuation (BUA) and speed of
sound (SOS) were measured at the calcaneus and SOS
was assessed at the tibia. Short-term precision of tibial
QUS was studied in 16 volunteers. The coefficient of
variation (CV) was 0.4% and the standardized CV (sCV)
was 4.4%. We compared the calcaneal and tibial QUS
measurements with bone mineral density (BMD)
measurements of the lumbar spine, femoral neck,
trochanter and total body assessed by dual-energy X-
ray absorptiometry (DXA). Calcaneal QUS correlated
better with BMD at various skeletal sites than tibial
QUS. Calcaneal BUA showed higher correlations with
BMD values of the lumbar spine, femoral neck,
trochanter and total body than calcaneal and tibial SOS
(r = 0.48–0.64, r = 0.30–0.47, r = 0.35–0.47,
respectively; p50.001). Body weight modified the
relationships between calcaneal and tibial QUS and
BMD measurements of the hip. Higher body weight was
associated with higher BMD values at the femoral neck
and trochanter for the same calcaneal and tibial QUS
values. After adjustments for body weight correlations of
tibial and calcaneal QUS with BMD improved and were
very similar. This suggests that correction for body
weight is important and could add to the predictive value
of QUS measurements.
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Introduction

One of the most important risk factors for osteoporotic
fractures is low bone density. Several measurement
techniques have been developed to assess bone mineral
density (BMD). The most commonly used method is
dual-energy X-ray absorptiometry (DXA). With this
technique BMD can be measured at specific fracture-
related skeletal sites, such as the hip, lumbar spine and
radius [1].

Recently, quantitative ultrasound (QUS) has gener-
ated widespread interest. This method has some
advantages over DXA: it does not use ionizing radiation,
it is less costly, it is simple to use, the equipment is
portable and it provides information about quality of
bone. The great variety of different QUS devices
available makes it possible to perform QUS measure-
ments at several peripheral skeletal sites such as the
calcaneus, ulna, patella, phalanges and tibia [2–5]. QUS
measures the speed at which sound propagates through
or along bone (SOS) or the pattern of attenuation of a
wide range of ultrasonic frequencies in bone (BUA). It
has been postulated that QUS may reflect more than
bone density. Qualitative aspects of bone, such as
elasticity and microarchitectural characteristics, could
also be assessed by QUS [6]. Additional qualitative
information regarding bone may improve the ability of
QUS measurements to identify subjects most at risk for
fractures. This assumption is confirmed by three
prospective studies that have shown calcaneal QUS
performs similarly to BMD measurements in predicting
the risk of fractures in elderly women and may therefore
be a useful test for fracture risk assessment [7–9].
Diagnosis of osteoporosis and monitoring of skeletal
changes are two other areas for clinical use of QUS.
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However,due to precisionand accuracyerrorsof QUS
andthe moderatecorrelationbetweendensitometricand
ultrasoundmeasurements,QUS cannot yet be recom-
mendedfor this purpose[10].

Accuracyaswell asprecisionof QUSmeasurementsis
decreasedby anatomicallyinconsistentplacementandby
variability in bone width, soft tissue thickness and
marrow compositionof the measurementregion [10].
Furthermore,severalstudiesfound that anthropometric
factorssuchasbodyweight,bodyheightandsoft tissue
have a significant influence on QUS measurements
[11,12].

QUShasmostlybeenconfinedto measurementsof the
calcaneus, which mainly contains trabecular bone.
CalcanealBUA showsa high correlation(r = 0.8) with
BMD at thesamesite[13–15]butamoderatecorrelation
(r = 0.4–0.6)with BMD of the spine or the proximal
femur [16–18]. Tibial QUS measurespredominantly
cortical boneof the tibia. The latter might betterreflect
the skeletalstatusof the whole body, since80% of the
skeletonconsistsof cortical bone.

The first aim of this study was to comparethe QUS
measurementsin calcaneusand tibia with BMD in the
lumbar spine,femoral neck, trochanterand total body.
The second aim was to determine the short-term
precisionof thetibial QUSin comparisonwith calcaneal
QUS. In addition, we examined the influence of
anthropometric factors on the relationship between
QUS andBMD measurements.

Subjects and Methods

Subjects

Ultrasound measurementswere performed in an
epidemiologic study on risk factors for osteoporotic
fractures in elderly people. This study is part of the
LongitudinalAging StudyAmsterdam(LASA), a survey
on predictorsandconsequencesof changesin physical,
cognitive, emotional and social functioning in aging
subjectsin threeregionsof The Netherlands[19]. The
additionalstudy on calcanealand tibial QUS measure-
ments in the elderly was done in a sex-stratified
subsampleof the urban and rural population in the
west of The Netherlands(Amsterdam and vicinity).
Subjectswere 127 elderly people,65 yearsand older,
who came to the hospital for DXA measurements.
Eighteenof thesehad to be excludedfrom the analysis
due to edematouslimbs (6 participants)and imprecise
tibial QUS measurements(12 participants).All partici-
pants gave informed consent and the protocol was
approvedby the Ethical Review Board of the hospital.
The results presentedin this paper are from 109
participants(57 men and 52 women). Mean age was
75.0+ 6.4 years(range65–87years).

Measurements

BUA andSOSweremeasuredat the calcaneuswith the
CUBA Clinical instrument (McCue Ultrasonics,
Winchester, UK). Two transducers (receiving and
emitting) faced with silicone rubber coupling pads
were placed in direct contact on either side of the
calcaneus, using a coupling gel. The participants
underwenta doublemeasurementat the right calcaneus.
The foot wasrepositionedafter the first measurement.

QUS measurementswere also performedat the right
tibia using the SoundScan2000 instrument (Myriad
Ultrasound System, Rehovot, Israel). Subjects were
supine with the lower leg at the right side exposed.
Themidpointof the tibia wasmarked,which is halfway
betweenthe distal apex of the patella and the medial
malleolus,anda probeplacedon the skin at this point.
Ultrasonic coupling gel was used to facilitate the
propagationof soundbetweenthe probe and the skin.
The speedof sound through the tibia was calculated
from thepropagationtimeanddistancebetweenasound-
emitting sensorat onesideof the probeanda receiving
sensorat the otherside.By moving the probebackand
forth acrossthe tibial plane, a minimum of 150–200
velocity readingswereobtained.Theaverageof thefive
highest readingswas calculatedto render the cortical
tibial ultrasoundvelocity [20]. When the variation of
these five readings was too high (410 m/s) the
measurementwas consideredimpreciseand had to be
excluded(12 participants:seeabove).Duplicate QUS
measurementsof the right tibia were performedon the
sameday in 16 volunteersby one trained person.The
group consistedof 15 womenand 1 man with a mean
ageandstandarddeviationof 48.3+ 22.6years.

The BMD and bone mineral content (BMC) were
measuredat variousskeletalsites,usingDXA (Hologic
QDR 2000). Measurementswere performed at the
lumbar spine (L2–4), right hip (femoral neck and
trochanter)and total body. The precisionof total-body
measurementswas reportedas coefficientsof variation
of 0.6% for total body BMD, 0.5% for lean body mass
and4.2%for total fat mass[21].

Body weight was measuredto the nearest0.001 m
using a stadiometerand body weight was measuredto
the nearest0.1 kg using a calibratedscale.Body mass
index(BMI) wascalculatedasbodyweight (kg) divided
by the squareof body weight (m).

Statistics

Thecoefficientof variation(CV%), andthestandardized
CV% (sCV%) for duplicateQUS measurementsof the
tibia were estimated.CV was calculatedas the ratio
betweenthe pooledstandarddeviation(SD) of repeated
measurementsand the overall mean (=[Snd2/(2n)]0.5,
where d is the differencebetweena pair of measure-
mentsandn is the numberof pairedobservations)[22].
The sCV was estimatedas the pooled SD of repeated
measurementsdivided by the 5–95%rangeof the study
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sample [23]. In this study we have determined the
precisionof the tibial QUS only. In a previousstudyin
our institute[7] we examinedtheshort-termprecisionof
thecalcanealQUSin a comparablegroupof 20 subjects.
Differencesbetweengenderin BMD measurementsof
the lumbar spine, femoral neck, trochanterand total
body werecheckedby Student’st-test.The relationship
between anthropometricparameters,QUS and BMD
measurementswasstudiedcalculatingPearson’scorrela-
tion coefficients.Multiple regressionanalysiswas used
for the evaluation of the relation between QUS
parameters,BMD or BMC of the lumbarspine,femoral
neck, trochanterand total body. Body weight andbody
height were enteredin the regressionmodel to test for
modificationof the relationshipbetweenQUS measure-
mentsand BMD at severalskeletalsites.The variables
gender,body weight andbody heightwerecheckedfor
interaction.The effect of body weight on the relation
betweencalcanealand tibial QUS and BMD of the
trochanterand femoral neck was assessedby adding
body weight to the regressionmodelseparatelyfor men
and women. Body weight was transformed into a
dichotomous variable, categorizing the participants
above or below the median (for women, 69 kg; for
men, 78 kg). The sensitivity and specificity were
calculatedfor the lowest tertile of QUS measurements
(calcanealBUA, 52 dB/MHz and71dB/MHz; calcaneal
SOS,1574m/s and1595m/s; tibial SOS,3822m/s and
3874 m/s; for women and men, respectively) to
determineBMD valuesat the femoral neck lower than
2.5 SD belowtheT-value(50.65g/cm2 for womenand
50.70g/cm2 for men).In all analyses,themeanvalueof
the two QUS measurementsof the right calcaneuswas
used.All resultsarepresentedusingtwo-tailedp values.

Results

Detailsof thesubjects’characteristicsarelisted in Table
1. All BMD measurementswere significantly higher in
menthanin women(p50.001).The resultsof the QUS
measurementsandcoefficientsof variationareshownin
Table2. Sincethe CV is highly dependenton the level
andthe rangeof values,the effectiveprecision,assCV,
was also calculated.Values of sCV for various QUS
measurementsweremoresimilar thanCV values.

Body height, body weight and lean body mass,
assessedby total-body DXA, were significantly corre-
latedwith calcanealBUA, andwith tibial SOSandBMD
measurements(Table 3). BMI showed only low
correlations with BMD. A negative associationwas
found betweenfat mass,assessedby total-body DXA,
and calcanealBUA and BMD of the total body. The
correlationsof QUSandBMD measurementswith body

Table 1. Characteristicsof the subjectsby gender

Women(n = 52) Men (n = 57)

Age (years) 74.4 (6.4) 75.6 (6.4)
Body height (cm) 162.1 (6.6) 173.2 (6.9)
Body weight (kg) 68.4 (11.3) 78.6 (10.7)
BMI (kg/m2) 26.1 (4.6) 26.2 (3.1)
Age at menopause(years) 49.3 (5.4) NA
BMD femoralneck(g/cm2) 0.67 (0.11) 0.75 (0.11)
BMD trochanter (g/cm2) 0.61 (0.10) 0.72 (0.11)
BMD lumbar spine(g/cm2) 0.91 (0.17) 1.05 (0.17)
BMD total body (g/cm2) 0.93 (0.09) 1.07 (0.11)
DXA fat mass(%) 39.6 (8.0) 26.4 (5.4)
DXA leanbody mass(kg) 39.9 (5.1) 55.5 (5.4)

Valuesaremean(SD).
NA, not applicable.

Table 2. Resultsof quantitativeultrasound(QUS)measurementsin calcaneusandtibia, coefficientsof variation(CV) andstandardizedCV (sCV)

Women(n = 52) Men (n = 57) CV (%) sCV (%)
Mean(SD) Mean(SD)

CalcaneusBUA (dB/MHz) 57.7 (17.7) 78.4 (18.0) 3.3a 3.3a

CalcaneusSOS(m/s) 1588.2 (33.7) 1611.3 (36.3) 1.3a 12.8a

Tibia SOS(m/s) 3861.4(140.4) 3921.3(113.6) 0.4b 4.4b

BUA, broadbandultrasoundattenuation;SOS;speedof sound.
aValuesfrom 20 volunteersin our institute [7].
bThis study.

Table 3. Pearson’scorrelationcoefficientsof BUA/SOScalcaneus,SOStibia, BMD in thelumbarspine,femoralneck,trochanterandtotal body
with body height, body weight, BMI, fat mass(DXA) andleanbody mass(DXA) (n = 109)

Measurementsof bonefragility

BUA SOS SOS BMD BMD BMD BMD
calcaneus calcaneus tibia lumbarspine femoralneck trochanter total body

Body height (m) 0.43** 0.24 0.37** 0.40** 0.39** 0.46** 0.66**
Body weight (kg) 0.42** 0.18 0.37** 0.50** 0.46** 0.52** 0.53**
BMI (kg/m2) 0.19 0.05 0.18 0.28* 0.27* 0.27* 0.13
DXA fat mass(%) 70.25* 70.21 70.08 70.13 70.18 70.19 70.35**
DXA leanbody mass(kg) 0.46** 0.25 0.34** 0.48** 0.44** 0.56** 0.70**

*p50.01; ** p50.001.
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weight and BMI were lower when measured at
appendicularsites (calcaneus,tibia) than at axial sites.
Therefore,in a later analysisstep,it wastestedwhether
bodyweightsignificantlyalteredtheassociationbetween
calcanealandtibial QUS andBMD measurements.

The associationbetween QUS measurementsand
BMD measurementsat variousskeletalsitesare shown
in Table4. All correlationsweresignificantat the level
of p50.001.The resultswere very similar when QUS
measurementswere correlated with BMC of lumbar
spine,femoralneck,trochanterandtotal body(r = 0.32–
0.65; p50.001). Of the different QUS measurements,
calcanealBUA showed the best correlation with the
BMD measurements,especiallytotal-bodyBMD. Body
weight influencedall relationshipsand body height did
not havean additionaleffect,exceptfor the relationship
betweenQUS measurementsandBMD of total body in
which body weight as well as body height were
significantmodifiers.

To examinethedirectionof themodificationby body
weight for the relationshipbetweenQUS and BMD of
the hip, body weight was added as a dichotomous
variableto theregressionmodel.Themodelshowedthat
with asimilarQUSvalue,theBMD at thehip washigher
in heaviersubjects.Subsequently,an attemptwasmade
to incorporatea correction for body weight into the
relationshipbetweenQUS and BMD measurement.A
simple correction that could easily be usedwithout a
computerprogram in practical settingswas preferred.
After severalexploratorysteps,it was found that when
summingbody weight andcalcanealBUA, the correla-
tions betweenadjustedcalcanealBUA andBMD of the
lumbar spine, femoral neck, trochanterand total body
improvedfrom r = 0.48–0.64to r = 0.57–0.71.To attain
similar body weight adjustmentsfor the SOS values
body weight was multiplied by a factor of 20 and
summedwith calcanealSOS,andby a factor of 50 and
summedwith tibial SOS,respectively.The correlations
of adjusted calcaneal and tibial SOS with BMD
improved from r = 0.30–0.47to r = 0.51–0.58and
from r = 0.35–0.47to r = 0.49–0.58,respectively.When
adjustedfor bodyweight,correlationsof QUScalcaneus

and tibia with BMD measurementswere very similar
(Table4) andnot very different from partialcorrelations
between BMD and QUS measurementsadjusted for
body weight (r = 0.50–0.71).Unadjustedcorrelations
were slightly higher in women(r = 0.27–0.61)than in
men (r = 0.12–0.45)(data not shown). However, the
relationshipsbetweenQUSmeasurementsandBMD did
not significantly interactwith gender.

Sensitivity and specificity of determining subjects
who were more than 2.5 SD below the T value of
femoral neck BMD (osteoporosisaccording to WHO
standards)by QUSmeasurementsareshownin Table5.
FemoralneckBMD valuesof lessthan0.65g/cm2 (2.5
SD below the T value for women)wereobservedin 27
women and of less than 0.70 g/cm2 (2.5 SD below T
valuefor men)in 21 men.In comparisonwith thelowest
tertile of calcanealor tibial SOS, the lowest tertile of
calcaneal BUA measurementsshowed the highest
sensitivity and specificity for women as well as men.
When adjusted for body weight (see above) the
sensitivity and specificity did not improve (sensitivity
rangedfrom 44%to 41%for womenand52%to 43%for
men; specificity rangedfrom 80% to 76% for women
and78% to 72% for men).

Discussion

Thepresentstudycomparestwo differentQUSmethods
with DXA, which may be consideredas the gold
standardfor bone densitometry.The unadjusteddata
suggestthatcalcanealQUSperformsslightly betterthan
tibial QUS as a method for assessingbone massand
detectingosteoporosis.The sensitivityandspecificityof
predicting the BMD of the femoral neck were better
using calcanealBUA than using tibial SOS.Moreover,
correlations with the four BMD measurementswere
lower for tibial QUS than for calcanealBUA. It was
expectedthat tibial QUS would correlate better with
BMD measurementsat sitesthat mainly containcortical
bone, but higher correlationswere observedbetween
BMD measurementsandcalcanealBUA. Thesefindings
arein line with the resultsof Rosenthalet al. [24]. They
found in 220 patients that the tibial SOS correlated
worsewith BMD of the lumbarspineandfemoralneck
thandid the calcanealparameters.

Table 4. Correlationcoefficientsof BUA/SOS calcaneus,SOStibia
with BMD in the lumbar spine, femoral neck, trochanterand total
body.Adjustmentfor bodyweightwasmadeif it significantlyaltered
the relationship(n = 109)

QUS BMD at different skeletalsites
measurement

Lumbar Femoral Trochanter Total
spine neck body

BUA calcaneus 0.48** 0.54** 0.55** 0.64**
Adjustedfor weight 0.59** 0.60** 0.65** 0.71**

SOScalcaneus 0.30** 0.40** 0.41** 0.47**
Adjustedfor weight 0.53** 0.51** 0.56** 0.58**

BUA calcaneus 0.41** 0.35** 0.45** 0.47**
Adjustedfor weight 0.54** 0.49** 0.56** 0.58**

** p50.001.

Table 5. Sensitivity and specificity of the lowest tertile of QUS in
predictingBMD of the femoralneck lower than2.5 SD below the T
value (50.65 g/cm2 for women and 50.70 g/cm2 for men),
osteoporosisaccordingto WHO standards

Lowest tertile of: Women(n = 52) Men (n = 57)
BMD 50.65g/cm2 50.70g/cm2

Sensitivity Specificity Sensitivity Specificity

CalcaneusBUA 48% 88% 52% 78%
CalcaneusSOS 44% 80% 38% 69%
Tibia SOS 37% 72% 48% 75%
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Thesecondaim of thepresentstudywasto determine
the short-termprecisionof the tibial QUS. The short-
term precision was determined as sCV since this
expressesthe effectiveclinical precisionbetterthan the
CV. The sCV of tibial SOS, 4.4% in this study and
1.4%–2.9%observedin other studies[20,22,24], was
slightly betterthan sCV for calcanealBUA (3.3–6.2%)
reported in other studies [13,25]. The short-term
precision of QUS measurementsis acceptablewhen
comparedwith thereproducibilityof theBMD measure-
ments(sCV = 2.2% estimatedfor BMD lumbar spine)
[23].

Our results show that the correlationsof QUS and
BMD measurementswith body weight and BMI were
lower whenmeasuredat appendicular(calcaneus,tibia)
thanat axial sites.The modifying effect of body weight
on therelationbetweenBMD of thehip andQUSof the
calcaneusand tibia went in a similar direction. These
resultsareconsistentwith the findingsof anotherstudy
[20] andaresurprisingsincewalking andrunningshould
havea higherimpacton the distal weight-bearingbones
suchasthecalcaneusthanonthehip, aswasobservedby
Leblancetal. [26]. Theyfoundasignificantlossin BMD
of total body, lumbar spine, femoral neck, trochanter,
tibia and calcaneusof 1.4%, 3.9%, 3.6%, 4.6%, 2.2%
and 10.4%, respectively,after 17 weeksof continuous
bedrest,showinga graduallyincreasingbonelossfrom
the lumbarspineto the calcaneus.The higherimpactof
bodyweightandphysicalactivity on thehip thanon the
calcaneusmaybeexplainedby the fact that runningand
other loading exercisesgive more stressto the anterior
foot thanto the calcaneus.

After adjustmentfor body weight the correlationsof
tibial and calcanealQUS with BMD improved con-
siderably,especiallyregardingthe SOSmeasurements.
The adjusteddatasuggestthat increasein body weight
underestimatescalcaneal and tibial QUS values in
comparisonwith BMD valuesof the hip. Our findings
are in agreementwith severalother studies[11,12,27]
suggestingthatsmallvariationsin bonewidth, overlying
soft tissueandbody weight havea significanteffect on
QUS measurements.Higher weight may influencebone
and soft tissuepropertiesand this may have a greater
effect on SOSthanon BUA.

This studyhasseverallimitations. First, althoughthe
manufacturersof the tibial QUS systemclaim that it is
completelyindependentof soft tissue,we hadproblems
measuring subjects with edematous limbs. Young
subjectsare usually measuredfor the manufacturer’s
referencevalueswhereaswestudiedapopulationof frail
elderly subjects.Edemais a common problem in the
elderly and from anotherstudy [28] it is known that
ankleedemamay causea considerablereductionin the
BUA andSOSvaluesof the calcaneus.Second,we did
not have availablemeasurementsof BMD of the tibia
andcalcaneusthatmight haveprovideduswith a deeper
knowledge about the relationship between QUS and
BMD measurementsandtheinfluenceof anthropometric
factors.

In conclusion,calcanealQUS correlatedbetter with
BMD at variousskeletalsitesthandid tibial QUS. The
findings in this study indicate that body weight
adjustmentsare important. After adjustmentfor body
weight, the correlationsof calcanealand tibial QUS
measurementswith BMD measurementswere very
similar. CorrelationsbetweenQUS andBMD measure-
mentsmay alsobe influencedby physicalactivity. Both
body weight and physical activity may have a higher
impact on the hip than on the calcaneusand tibia.
Further studiesare required to investigatethe precise
role of thesevariableson appendicularandaxial skeletal
sites.
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2. FuerstT, Glüer CC, GenantHK. Quantitativeultrasound.Eur J
Radiol 1995;20:188–92.

3. Langton CM, Palmer SB, Porter RW. The measurementof
broadbandultrasoundattenuationin cancellousbone.Eng Med
1984;13:89–91.

4. PorterR, Miller C, GraingerD, PalmerD, PalmerS.Predictionof
hip fracture in elderly women: a prospective study. BMJ
1990;301:638–41.

5. HansD, SchottAM, MeunierPJ.Ultrasoundassessmentof bone:
a review. Eur J Med 1993;2:157–63.
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