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Can the WHO Criteria for Diagnosing Osteoporosis be Applied to
Calcaneal Quantitative Ultrasound?

M. L. Frost, G. M. Blake and I. Fogelman
Osteoporosis Unit, Guy’s Hospital, London, UK

Abstract. With the increasing number of quantitative
ultrasound (QUS) devices in use worldwide it is
important to develop strategies for the clinical use of
QUS. The aims of this study were to examine the age-
dependence ofT-scores and the prevalence of osteo-
porosis using the World Health Organization Study
Group criteria for diagnosing osteoporosis and to
examine theT-score threshold that would be appropriate
to identify women at risk of osteoporosis using QUS.
Two groups of women were studied: (i) 420 healthy
women aged 20–79 years with no known risk factors
associated with osteoporosis; (ii) 97 postmenopausal
women with vertebral fractures. All subjects had dual-
energy X-ray absorptiometry (DXA) measurements of
the spine and hip and QUS measurements on three
calcaneal ultrasound devices (Hologic Sahara, Hologic
UBA575+, Osteometer DTUone). A subgroup of 102 (76
on the DTUone) healthy women aged 20–40 years was
used to estimate the young adult mean and SD for each
QUS and DXA measurement parameter to calculateT-
scores. The age-related decline inT-scores for QUS
measurement parameters was half the rate observed for
the bone mineral density (BMD) measurements. The
averageT-score for a woman aged 65 years was –1.2
for QUS measurements and –1.75 for the BMD
measurements. When osteoporosis was defined by aT-
score4–2.5 the prevalence of osteoporosis in healthy
postmenopausal women was 17%, 16% and 12% for
lumbar spine, femoral neck and total hip BMD
respectively. When the same definition was used for
QUS measurements the prevalence of osteoporosis
ranged from 2% to 8% depending on which ultrasound

device and measurement parameter was used. Four
different approaches, based on DXA-equivalent pre-
valence rates of osteoporosis, were utilized to examine
which T-score threshold would be appropriate for
identifying postmenopausal women at risk of osteoporo-
sis using QUS measurements. These ranged from –1.05
to –2.12 depending upon the approach used to estimate
the threshold and on which QUS device the measure-
ments were performed, but all were significantly lower
than the threshold of –2.5 used for BMD measurements.
In conclusion, the WHO threshold ofT = –2.5 for
diagnosing osteoporosis requires modification when
using QUS to assess skeletal status. For the three QUS
devices used in this study, aT-score threshold of –1.80
would result in the same percentage of postmenopausal
women classified as osteoporotic as the WHO threshold
for BMD measurements. CorrespondingT-score thresh-
olds for individual measurement parameters on the
two commercially available devices were –1.61, –1.94
and –1.90 for Sahara BUA, SOS and estimated heel
BMD respectively and –1.45 and –2.10 for DTU BUA
and SOS respectively Additional studies are needed to
determine suitableT-score thresholds for other commer-
cial QUS devices.

Keywords: Calcaneus; Osteoporosis; Quantitative ultra-
sound;T-scores

Introduction

In recent years there has been a large increase in the
number of quantitative ultrasound (QUS) devices in use
worldwide. QUS technology has the potential to meet
the increased demand for bone densitometry services due
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to the progressiveaging of the world’s population.
Despitethis, thewidespreadclinical applicationof QUS
has been limited by the fact that dual-energyX-ray
absorptiometry (DXA) remains the accepted gold
standardfor assessingskeletal status.However, DXA
devicesare relatively expensiveand requirepatientsto
be referredto hospital-basedfacilities. QUS hasseveral
advantagesincluding no patientor operatorexposureto
ionizing radiation, low cost and portability. Large
prospective fracture studies have demonstratedthat
both broadband ultrasound attenuation (BUA) and
speed of sound (SOS) at the calcaneuscan predict
osteoporoticfracture as well as can DXA at the spine
and hip [1,2]. Recently the US Food and Drug
Administration approved a number of commercial
QUS systems.As a consequence,the numberof QUS
devices in clinical use is set to increaseand it is
importantto developimprovedstrategiesfor theclinical
useof QUS.

At present,there is a widely acceptedconventionof
defining osteoporosisin terms of T-scoresas recom-
mended by the World Health Organization (WHO)
Working Party[3]. The WHO definition of osteoporosis
of a T-scorevalue of lessthan –2.5 was developedfor
bonemineraldensity(BMD) measurementsat thespine,
hip and forearm.This thresholdvalue of BMD greater
than2.5SDbelowthemeanfor ayoungadultpopulation
identifies approximately 30% of all postmenopausal
Caucasianwomen as having osteoporosisat either the
spine,hip or forearm.This is similar to the lifetime risk
of fractureat thesesites[4]. It hasbeenreportedthatthis
definitionof osteoporosismaynotbeappropriateatother
skeletalsitesor for different technologiessuchasQUS
[5,6]. Thesestudiesshowthat few patientshavea QUS
T-score value below –2.5 and suggestthat it may be
necessaryto provide a T-scorecriterion specific to the
measurementtechnologyemployed.In addition to this,
thereare many different QUS devicesavailableworld-
wide, all using manufacturer-supplied referencedata-
bases,which will further increase the heterogeneity
betweendevices.

The aim of this study was to examine the age-
dependenceof T-scores,andtheestimatedprevalenceof
osteoporosis as defined by the WHO, for two
commercialQUS devices(Hologic Sahara,Osteometer
DTUone)andtheHologic UBA575+ usedin earlyQUS
prospective fracture studies. We also examined the
optimumT-scorethresholdthatcouldbeusedto identify
postmenopausalwomenat risk of sustaininga fragility
fractureusingcalcanealQUS.

Subjectsand Methods

Subjects

The study populationconsistedof two groups:(i) 420
healthy premenopausaland postmenopausalCaucasian
women; (ii) 97 postmenopausalwomen with vertebral
fractures. The healthy women from group 1 were

recruited from three sources:(i) patients referred by
their general practitioner for routine bone density
screeningby DXA; (ii) young hospital personnel;(iii)
womenfrom the generalpopulationwho volunteeredto
participate in clinical research.To obtain a group of
healthy women which is a close representationof the
generalpopulation,womenwereexcludedif they hada
history of low-traumafracture,a menopausebeforethe
age of 40 years, a history of amenorrheaor any
treatmentsor diseasesknownto affectbonemetabolism.
Thewomenfrom group2 wererecruitedfrom theGuy’s
Hospital metabolic bone clinic. Written informed
consentwas obtained from all study participantsand
the studywasapprovedby the Guy’s HospitalResearch
EthicsCommittee.

Measurements

BMD measurementsof thelumbarspine(L1–4), femoral
neck and total hip were performed using a Hologic
QDR4500 (Hologic, Bedford, MA). All subjectshad
calcanealQUSmeasurementson theHologic Saharaand
theUBA575+.Threehundredandthirty-eightof the420
women also had calcanealQUS measurementson the
OsteometerDTUone.

Sahara Clinical Bone Sonometer(SAH). The Sahara
Clinical Bone Sonometer (Hologic, Bedford, MA)
consistsof two unfocusedtransducersmountedcoaxially
on a motorized calliper. One transduceracts as a
transmitterand the other asa receiver.The transducers
are acousticallycoupled to the heel using soft rubber
padsand an oil-basedcoupling gel. The Saharadevice
measuresbothBUA andSOSat afixed regionof interest
in the mid-calcaneusand the resultsare combinedto
providean estimateof heelBMD (Est.heelBMD) with
unitsof gramspersquarecentimeterusingthefollowing
equation:

Estimated heel BMD �
0:002592� �BUA� SOS� ÿ 3:687�g=cm2�

It is important to note that estimatedheel BMD is
inferredfrom a linearcombinationof BUA andSOSand
is not an actualmeasurementof calcanealBMD.

Ultrasonic BoneAnalyzer575+ (UBA). The UBA575+
(Hologic, Bedford, MA) consists of two unfocused
transducersmountedcoaxiallyin awaterbathcontaining
a surfactant.Theheelis positionedin thewaterbathand
a rectilinearscanis performedwith measurementstaken
in a 363 grid locatedin the mid-calcaneus.Both BUA
and SOS are calculated. A pulse echo technique is
utilized to provide an estimateof bonethicknessand a
third parameteris calculatedtermedbonevelocity (VB)
which is the velocity of soundthroughboneonly.

DTUone (DTU). The DTUone (OsteometerMeditech,
California, USA) consistsof two focusedtransducers
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mounted coaxially in a water bath containing a
surfactant. A rectilinear scan of the calcaneus is
performed yielding an image size of approximately
60680 mm anda pixel sizeof 0.5 mm. Both BUA and
SOSarecalculatedat eachpixel andanautomaticregion
of interestis selectedin anareawith a local minimumof
attenuation,located in the posterior tuberosity of the
calcaneus.

Data Analysis

A subgroupof 102(76 for theDTUone)healthywomen
aged20–40yearswere selectedto estimatethe young
normal mean and SD for each QUS and DXA
measurementparameterfor the purposeof calculating
T-scores:

T-score� Measurement valueÿYoung adult mean

Young adult population SD

Womenaged50+ yearswere then classifiedinto three
groups according to their T-scoresas defined by the
WHO:

Normal: a T-scoregreaterthanor equalto –1.
Low bonemass(osteopenia): a T-scorelessthan–1

but greaterthan–2.5.
Osteoporosis: a T-scorelessthanor equalto –2.5.

Theproportionsof postmenopausalwomenagedover50
yearsin eachWHO diagnosticcategorywereexpressed
as percentages.To examinethe age-relateddecreasein
T-scoresfor eachmeasurementparameterwomenwere
placedinto 5 yearagegroups(20–24years,25–29years,
etc.) andthe meanT-scorewasthencalculatedfor each
age group. To investigatethe optimum threshold for
identifying a high-risk group using QUS four different
approacheswerecompared:

Approach 1. Simple linear regressionwas performed
betweenthe age-relateddecline in eachof the QUS T-
scoreparametersandthe age-relateddeclinein total hip
T-scores(forcing the line throughtheorigin) for healthy
womenin group1. The regressioncoefficientwas then
multiplied by –2.5 to estimatethe equivalentT-score
thresholdfor QUS.

Approach 2. A threshold for QUS was estimatedby
takingtheT-scorethresholdthatwould diagnose15%of
the healthy women in group 1 as osteoporotic.This
figure of 15% was chosen as it was the average
prevalenceof osteoporosisin healthy postmenopausal
womenusingthe spine(17%), femoralneck(16%) and
total hip (12%) BMD dataindividually (seeResults).

Approach3. The percentageof women with vertebral
fracturesin group2 with a total hip T-scoreequalto or
lessthan–2.5wascalculated.The T-scorethresholdfor
QUS was chosenby estimatingthe T-scorerequiredto
detect the same percentageof women with vertebral

fracturesas identified by total hip BMD. This method
was identical to that applied by Hans et al. [6] to the
EPIDOSstudyQUS datain hip fracturepatients.

Approach4a.This approachis similar to thatappliedby
Hans et al. [6] (approach3) but it was applied to the
healthywomenin group1 identifiedasosteoporoticon
the basis of their lumbar spine T-score. The T-score
thresholdfor QUSwaschosenby estimatingtheT-score
requiredto detectthesamepercentageof womenwith a
lumbar spine T-score equal to or less than –2.5 as
identifiedby total hip BMD.

Approach4b. This approachis the sameasapproach4a
but a T-scorethresholdwaschosenby estimatingthe T-
scorerequiredto detectthe samepercentageof women
with a total hip T-scoreequal to or less than –2.5 as
identifiedby lumbarspineBMD.

Theindexof positiveagreement(Ppos) wascalculated
to assessthe agreementbetween the different QUS
devices and betweenQUS and DXA for identifying
postmenopausalwomen with osteoporosis.This index
wasproposedby CicchettiandFeinstein[7] to estimate
the proportion of agreementbetweentwo techniques
when neither is regardedas the ‘gold standard’.In the
presentstudy,Ppos representsthe proportionof women
that areclassifiedby bothdevicesasosteoporoticandis
expressedasa fractionof themeannumberidentifiedby
the two devicesseparately.

Results

Calculationof T-scores

The young adult meanand SD for eachmeasurement
parameterareshownin Table1. Also shownin Table1
are the manufacturervaluesfor the young adult mean
andSD. Although all threeQUS devicesmeasureBUA
andSOSin the mid-calcaneusthereis wide variationin
boththemeanandSD values.Theyoungadultmeanfor
BUA as measuredon the DTUone was approximately
30%lower thanthatseenfor theotherQUSdevices.The
BUA youngadultSDwasalsosignificantlylower for the
DTUone imaging device. The bone velocity (VB)
parameterdisplayeda largeryoungadult meanandSD
comparedwith the other velocity measurements.The
meanand SD obtainedusing our referencepopulation
for eachmeasurementparameterwere similar to those
used by the manufacturer,although the manufacturer
youngadultmeantendedto beslightly lower (exceptfor
DTU SOS).The manufacturerSD washigher than that
obtainedfor our referencepopulation for DTU BUA,
DTU SOSand total hip BMD but lower for estimated
heelandlumbarspineBMD. The referencedatausedin
this study for femoral neck and total hip BMD were
closerto theHologic manufacturer’sreferencedatathan
referencedatafrom the NHANES study[8].
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Age-RelatedDecline in T-scores

The age-relateddecline in T-scoresfor both BMD and
QUS measurementsis shown in Fig. 1. The T-scores
calculated for BMD measurementsbegin to fall at
approximately age 40 years and decline thereafter
(Fig. 1a). By age 65 years the averagelumbar spine
and hip BMD T-score was approximately–1.75. The
meanT-scoresfor the lumbarspinedisplayan apparent
increaseafter the ageof 65 yearsthat probablyreflects
degenerativechangesin the spine,which is a problem
whenmeasuringelderly subjects.As a comparison,the

estimatedheelBMD parametermeasuredby the Sahara
devicehasalsobeenplottedwith thespineandhip BMD
parameters(Fig. 1a). T-scoresfor estimatedheel BMD
fell at approximatelyhalf the rate of the spineand hip
BMD parametersandatage65yearstheaverageT-score
was –1.10. When the three BUA measurementswere
compared,the Saharaand UBA T-scoresdecline at a
similar ratewhile theDTU displaysa ratherslowerage-
relateddeclinein T-scores(Fig. 1b). The BUA T-scores
declineto about–1atage65years,which is significantly
higher than the mean T-score seen for the BMD
measurementsat the sameage.The age-relateddecline

Table 1. The youngadulta meanandSD for QUS andBMD parametersusedfor the calculationof T-scores

Measurement Local referencepopulation Manufacturers’values
parameter

Mean SD Mean SD

SAH BUA (dB/MHz) 77.7 13.5 n/a n/a
SAH SOS(m/s) 1560.7 25.1 n/a n/a
SAH Est.heelBMD (g/cm2) 0.561 0.10 0.537 0.08
UBA BUA (dB/MHz) 80.2 15.5 n/a n/a
UBA VB (m/s) 1639.0 46.4 n/a n/a
UBA SOS(m/s) 1507.5 6.6 n/a n/a
DTU BUA (dB/MHz) 54.0 6.0 51.3 6.4
DTU SOS(m/s) 1553.5 8.4 1557.8 10.2
DXA lumbarspine(g/cm2) 1.068 0.12 1.047 0.11
DXA femoralneck(g/cm2) 0.892 0.10 0.895 0.1
DXA total hip (g/cm2) 0.988 0.10 0.975 0.12

a102 (76 for the DTU) healthywomenaged20–40years.
SAH, Hologic Sahara;UBA, Hologic UBA575+; DTU, OsteometerDTUone;n/a, not available.

Fig. 1. Age-relateddeclinein T-scoresfor (a) DXA measurementsand
SaharaestimatedheelBMD, (b) QUSmeasurementsof BUA and(c)
QUS measurementsof ultrasoundvelocity. LS, lumbar spine; FN,
femoal neck; T.HIP, total hip; SAH, Hologic Sahara;UBA, Hologic
UBA575+; DTU, OsteometerDTUone.

a

b

c
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in T-scoresfor the velocity measurementsdisplays a
similar pattern to BUA (Fig. 1c). All four velocity
measurementsfollow a similar age-relateddeclinein T-
scores,falling to approximately–1.20by age65 years.

Prevalenceof Osteoporosis

Figure 2 displays the percentageof postmenopausal
womenaged50+ yearsclassifiedasnormal,osteopenic
and osteoporoticaccordingto the WHO criteria. The
proportionof womenclassifiedas normal rangesfrom
40% for the BMD measurementsto almost60% for the
QUS measurements.The prevalenceof osteopeniais
approximately40%for all measurementparameters.The
prevalenceof osteoporosisfor the BMD measurements
is 17%at thelumbarspine,16%at thefemoralneckand
12% for the total hip site. The mean prevalenceof
osteoporosisfor all threeskeletalsiteswas15%. When
definedas a T-score4 –2.5 the prevalenceof osteo-
porosis for QUS measurementsis significantly lower
comparedwith the lumbar spineand hip, rangingfrom
just 2% for the UBA bonevelocity parameterto 8% for
the DTU SOS measurement.The averagefor all the
QUS measurementswas3.8%.

To examinethis further, the prevalenceof osteoporo-
sis accordingto the WHO criteria was calculatedfor
each decadefor postmenopausalwomen aged 50–80
yearsfor boththeBMD andQUSparameters(Fig. 3). As
expected,theprevalenceof osteoporosisincreasesasthe
population gets older. By ages 70–79 years, the
prevalenceof osteoporosisfor the BMD measurements
rangesfrom 22% at the spine to almost 40% at the
femoral neck. The prevalenceof osteoporosisat the
spine is lower becauseof the increasedoccurrenceof
osteoarthritisseen in women of this age, which will
artificially increase BMD values. If we examine
postmenopausalwomen aged 50 years and over, the
prevalencevaries considerablyaccording to the mea-
surementsite and measurementtechnique. The pre-
valenceof osteoporosisis significantlyhigherif a BMD
measurementis taken, with the prevalencebeing on
average15%. In comparisonthe QUS measurements
classifya muchlower numberof womenasosteoporotic
for everyagedecade.

TheOptimumT-scoreThresholdfor Interpretationof
QUSResults

The four different approachesused to estimate the
optimum thresholdfor QUS measurementsto identify
postmenopausalwomenat risk of osteoporosisyieldeda
range of different T-score thresholds.However, in all
casesthe calculatedT-scorethresholdwas significantly
less negative than the –2.5 currently used for BMD
measurements(Table 2). If linear regression was
performed(approach1) to estimatethe difference in
slopesbetweentheage-relateddeclinein total hip BMD
and the QUS parameters,the averageT-scorethreshold
was–1.50(range–1.05to –1.73).TheT-scorethresholds
that captured 15% of postmenopausalwomen as
osteoporotic(approach2) had a meanof –1.80 (range
–1.45 to –2.10). Fifty-one (55%) of the women with
vertebralfractureshada total hip T-scoreequalto or less
than –2.5.The T-scorethresholdthat identified 55% of
the vertebral fracture group (approach3) yielded the
lowestT-scorethresholdsfor theQUSparameters,with a
meanof –1.89(range–1.39to –2.12).Thesensitivityof
total hip BMD for identifying spinal osteoporosiswas
41% and the sensitivity of lumbar spinefor identifying
osteoporosisat thehip was50%.Thesefigureswereused
to estimateT-scorethresholdsfor QUSin approaches4a
and4b. Approach4 yieldedT-scorethresholdsfor QUS
rangingfrom –1.32to –2.19,averaging–1.79and–1.59
for approaches4a and 4b, respectively.Regardlessof
which approachwasutilized, theBUA parametertended
to haveslightly lessnegativeT-scorethresholdsthanthe
SOSmeasurementparameters.The individual resultsof
thesedifferent approachesaresummarizedin Fig. 4.

Approach2 yieldeda meanT-scorethresholdof –1.80
for the three QUS devices.To assessthe agreement
betweenthe different QUS devicesand betweenQUS
and DXA in identifying postmenopausalwomen with
osteoporosis,the indexof positiveagreement(Ppos) was

Fig. 2. Theproportionof postmenopausalwomenclassifiedasnormal,
osteopenicand osteoporoticaccording to the WHO criteria. VB,
velocity in bone;BUA, broadbandultrasoundattenuation;SOS,speed
of sound;otherabbreviationsasin Fig. 1.

Fig. 3. Theprevalenceof osteoporosisasdefinedby theWHO criteria
in postmenopausalwomen aged 50–80 years for BMD and QUS
parameters.Abbreviationsasin Fig. 2.
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calculated(Table 3). Postmenopausalwomenwith a T-
scorethresholdof 4 –1.80 for either BUA or SOSon
eachQUSdevice,or 4 –2.50at eitherthe lumbarspine
or total hip, were consideredosteoporotic.When the
three QUS deviceswere compared,Ppos rangedfrom

0.68 to 0.76, indicating that approximately 72% of
women were classifiedsimilarly using different QUS
devices.Ppos rangedfrom 0.43 to 0.46 when QUS and
DXA werecompared,indicatingthatapproximately45%
of womenwereclassifiedsimilarly asosteoporotic.As a

Table 2. T-score thresholdsfor identifying women at risk of osteoporosisusing QUS measurements,estimatedusing the four approaches
describedin SubjectsandMethods

Approach1 Approach2 Approach3 Approach4a Approach4b AverageT-score
threshold

Linear
regression

15% POST
women

Vertebral
fracture

LS T-score
5–2.5

T.Hip T-score
5–2.5

Sajara
BUA (dB/MHz) –1.33 –1.61 –1.81 –1.50 –1.50 –1.55
SOS(m/s) –1.46 –1.94 –2.03 –1.83 –1.32 –1.72
Heel BMD (g/cm2) –1.48 –1.90 –2.11 –1.63 –1.45 –1.71

UBA 575+
BUA (dB/MHz) –1.57 –1.75 –1.39 –1.75 –1.69 –1.63
VB (m/s) –1.64 –1.77 –1.83 –2.00 –1.77 –1.80
SOS(m/s) –1.73 –1.89 –2.12 –2.19 –1.74 –1.93

DTUone
BUA (dB/MHz) –1.05 –1.45 –1.91 –1.55 –1.43 –1.48
SOS(m/s) –1.71 –2.10 –1.91 –1.88 –1.82 –1.88

AverageT-scorethreshold –1.50 –1.80 –1.89 –1.79 –1.59

LS, lumbarspine;T.Hip, total hip; POST,postmenopausal.

Fig. 4. The averageT-score thresholdsfor QUS measurementparametersusing approaches1 to 4 describedin Subjectsand Methods.
Abbreviationsasin Fig. 2.
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comparison,45%(Ppos= 0.45)of womenwereclassified
similarly using lumbar spine and total hip BMD
measurements.

Discussion

As theuseof QUSfor clinical studiesincreasesthereis a
need for guidelines on how to interpret the results
obtained with these devices. At present, the most
commonly acceptedguidelinesare those proposedby
the WHO Study Group for the interpretationof BMD
measurementsat the lumbar spine, femoral neck and
distal forearm[3]. However,it is becomingincreasingly
clear that these criteria cannot be applied to QUS
measurements.Theaim of this studywasto examinethe
consequencesof using the WHO criteria for the
interpretationof QUS measurementsand to derive an
improvedthresholdfor QUS which will be of practical
usein a clinical setting.

Theage-relateddeclinein T-scoresfor QUSmeasure-
ments was almost half that seen for the BMD
measurementsperformedby DXA. By age 75 years,
theaverageT-scorefor theQUSmeasurementswasjust
–1.25.Similar findings have beenreportedfor another
study, which examinedthe age-relateddecreasein T-
scores using manufacturer normative databases[5].
There could be two explanations for this: (i) the
calcaneusdisplays a slower rate of age-relatedbone
loss,or (ii) QUS hasa higherpopulationSD compared
with DXA. The first explanationis unlikely as studies
haverevealedthat thecalcaneusdisplayssimilar ratesof
bonelossto thespineandhip [9–11].Onestudyshowed
thattheannualchangesin QUSmeasurementparameters
were comparableto BMD measurementsof the spine
and hip [12]. The secondexplanationseemsto be the
moreplausible.Randomaccuracyerrorsinherentin the
QUS measurementtechniquemay increasethe young
adult SD over andabovethe true variationdueto BMD
differences.The effectsof accuracyerrorsfor DXA of
the lumbar spine caused by osteoarthritis, aortic
calcification, etc., have been well documentedbut
theseproblemsare common in the elderly and so do
not affect theaccuracyof theyoungadultmeasurements
which areusedto calculateT-scores.Onepossibleway
in which the young adult SD could be artificially
increased using QUS is a process called phase

cancellation[13]. As the calcaneusis highly inhomoge-
neous in terms of bone tissue, when a broadband
ultrasound signal propagatesthrough the calcaneus
different partsof the wavefrontwill travel at different
speedsdueto the dependenceof ultrasoundvelocity on
density (i.e., the ultrasound signal will travel faster
through denserareasof bone). This means that the
emergingwavefrontswill arriveat thetransducerfaceat
different phasesand will tend to cancel,leading to an
underestimationof the true intensity of the signal and
subsequentlytheattenuationwill beoverestimated.This
phenomenonis larger at high BUA as the ultrasound
signalwill undergomoremodificationasit traversesthe
calcaneusandthusthis couldhavea significanteffecton
the youngadult SD. On examinationof the youngadult
datafor this studyit would appearthat this might be the
explanation.WhentheyoungadultSD is expressedasa
percentageof theyoungadultmeanfor BUA it is almost
20% while the correspondingvalue for BMD is just
10%. The young adult SD for SOS measurementsare
also high if they are comparedwith the clinical range
observedfor thesemeasurements.The Saharadevice
combinesboth BUA andSOSto providean estimateof
heelBMD. If we comparethe youngadult SD obtained
for this estimatedheel parameterwith the young adult
SD estimatedfor DXA at the calcaneusobservedin a
recentstudy,theSahara-estimatedheelBMD SD is 16%
higher [14].

The slower rate of age-relateddecline in T-scores
observedfor QUScomparedwith DXA hasimplications
whenusing the WHO criteria to diagnoseosteoporosis.
The numberof subjectsidentified as osteoporoticwill
vary accordingto the site andtechniqueusedaswell as
the referencepopulation.The WHO report statesthat
30% of all postmenopausalCaucasianwomen will be
identified as having osteoporosis based on BMD
measurementsat the spine, hip and forearm [3]. If
resultsof asingletechnologysuchasDXA arecompared
at different skeletalsites,the prevalenceof osteoporosis
will vary [15,16]. In onestudy45% of postmenopausal
women were diagnosedas having osteoporosisat the
lumbar spine, femoral neck or forearm [4] while in
another study the prevalenceof osteoporosisranged
from 10% to 45% dependingon the site measuredby
DXA [17]. In the present study, the prevalenceof
osteoporosiswas much lower when the WHO criteria
were applied to QUS measurementscomparedwith
BMD. The prevalenceof osteoporosiswas approxi-
mately 3–4% for women aged 50 years and over. A
similar prevalenceratehasbeenreportedin theliterature
for QUS[5]. This hasimplicationswhenusingQUSin a
clinical setting,asvery few womenwouldbefoundto be
osteoporoticand thereforerecommendedfor preventive
treatmentif the currentWHO definition of osteoporosis
wereto be applieduncritically to QUS.

In the presentstudywe calculatedT-scoresusingour
own populationof young adults to estimatethe young
adult meanandSD. This consistencyin usingthe same
youngadult populationto calculateT-scoresis advanta-
geousas any differencesobservedbetweenQUS and

Table 3. The index of positiveagreementbetweeneachof the QUS
devicesandbetweenQUS andBMD for diagnosingosteoporosis

UBA SAH DTU

SAH 0.76 – –
DTU 0.68 0.75 –
BMD 0.44 0.46 0.43

UBA, UBA575+; SAH, Sahara;DTU, DTUone.
Womenwereclassifiedasosteoporoticif theyhadaT-score5 –2.5at
eitherthelumbarspineor total hip for DXA measurementsor5–1.80
for eitherBUA or SOSfor QUS measurements.
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BMD measurementsis dueto the different technologies
andnot discrepanciesin manufacturerreferenceranges.
If manufacturer-basedreferencedatawereuseddifferent
proportionsof women,as well as different individuals,
would havebeenidentified as osteoporotic.Significant
discrepanciesin diagnosing osteoporosishave been
found when using different DXA systems with
incompatible reference data [18–20]. In one study,
which comparedthe Hologic femoral neck reference
valueswith theNHANES referencedatafor the femoral
neck, the prevalenceof osteoporosisfell from 49% to
28%whenthe latter referencedatawereused[21]. This
can increase the apparent heterogeneity between
anatomic regions and measurementtechniques.There
arenow manydifferent QUS devicesin useworldwide,
all usingdifferentreferencedatato calculateT-scores,so
onewould expectdifferencesin the way individualsare
classifieddependingon which ultrasounddevice they
weremeasuredon.

In the presentstudy, four different approacheswere
used to derive a suitable T-score threshold for QUS
measurements.For all four approachesthe thresholdfor
QUS was significantly less negative than the T-score
thresholdof –2.5recommendedfor BMD measurements
at the spine, hip or forearm, with QUS thresholds
ranging from –1.05 to –2.19. The only other study to
examinethis to daterevealedthat a T-scoreof –1.5 for
BUA and –2.3 for SOS detected76% of hip fracture
patientsaswell asdid DXA [6]. Themethodusedin the
latter studyby Hanset al. [6] wassimilar to approach3
used in this study, although women with prevalent
vertebralfractureswereusedin this case.If the T-score
thresholdsobtainedin the presentstudywerecompared
to thoseby Hanset al, they werecomparablefor BUA
but the thresholdsfor SOS were higher than those
obtainedby Hanset al. [6]. However,the QUS device
usedby Hanset al. was different to thoseusedin this
study and this may indicate that the T-scorethresholds
are device-specific, with different devices having
different optimum T-score thresholds.In addition to
this, BUA measurementstend to havedifferent T-score
thresholdsto velocity measurementparameters(Table
3). Therefore, at present it may not be possible to
recommenda single T-scorethresholdwhich would be
appropriatefor all QUS devicesand all QUS measure-
ment parametersfor identifying women at risk of
osteoporosis.The diversity of its technologyhas been
identified as a challengefor the advancementof QUS
[22]. The InternationalQUS ConsensusGroup recog-
nizesthat the standardizationof methodsof calibration
and expressionof measurementresultswould increase
the clinical utility of QUS[22]. It wasexpectedthat the
four approachesusedin the presentstudy would yield
differentT-scorethresholdsfor QUS.Theapproachused
in thepresentstudythatwasmostsimilar to thatusedby
the WHO Working Party to define a threshold for
diagnosingosteoporosis[3] wasapproach2, which was
basedon classifyingasosteoporotica similar percentage
of healthypostmenopausalwomenaged50+ yearsasdo
BMD scans.The T-scorethresholdsobtainedusing this

approachwere relatively consistentfor the three QUS
devices, averaging –1.80, and therefore this T-score
thresholdis probablytheoptimumfor usein identifying
postmenopausalwomenat risk of osteoporosisusingthe
three QUS devices employed in this study. It is
importantto notethat,with anymeasurementtechnique,
a patient’s T-score result should be examined in
conjunctionwith clinical risk factorssuchashistory of
fractureand age,so that an individuals risk of fracture
canbe fully assessed.

Using a T-scorethresholdof 4 –1.80 for QUS, the
agreement between the different QUS devices in
classifyingindividuals as osteoporoticwas assessed,as
well as the agreement between QUS and DXA
measurementsat the lumbar spine or total hip. The
indexof positiveagreement(Ppos) wasconsistentamong
the threeQUS devices,with approximately72% of the
women classified similarly. The agreementbetween
QUS and DXA was less, as expected,with approxi-
mately 45% of women classifiedsimilarly (Table 3).
This value of 45% was identical to that obtainedwhen
comparinglumbar spine and total hip BMD measure-
ments. Although QUS and DXA identified different
groups of women as osteoporotic,there was overlap
betweentechniquesand, as statedby Gluer and Hans
[24], aslong asthe predictivecapabilitiesareof similar
magnitude,the two approachesareof equalvalue.

Oneof thereasonsfor the introductionof QUSwasto
increasetheavailability of bonedensitometryservices.It
has been estimated that only 25% of Caucasian
postmenopausalwomenin the US haveaccessto bone
densitometry services [25]. The introduction and
acceptanceof QUS and other peripheral devices has
givenmorepeopletheopportunityto haveanassessment
of their skeletal status. It is important to provide
guidelineson how to interpret QUS scans,especially
in view of the fact that QUS devicesaremore likely to
be used away from specialistcenters.Severalrecom-
mendationshavebeenpublishedin recentyears.Baran
et al. [25] recommendedthatif aT-scorelies between–2
and1 for womenunder65 yearsor between–2 and0 for
womenover 65 yearsthen further investigationshould
be performedby DXA at the spineandhip to excludea
false negative.The United Kingdom National Osteo-
porosisSocietyrecommendedthat if a patienthasa low
QUS measurementthen they shouldbe referredon for
axial bonedensitymeasurement[26]. Miller et al. [27]
proposedthatif anindividual hasa peripheralbonemass
T-scoreof lessthan –1 they would not needadditional
centralmeasurements.It is clear from theserecommen-
dationsthata largenumberof womenwill continueto be
referredfor axialmeasurementsat specialistcentersafter
having a low ‘QUS or other peripheralmeasurement.
This maybeimpracticalwhenwe considerthat themain
reasonfor theincreasingnumberof peripheraldevicesin
usein recentyearshasbeenthe lack of availability of
resources.Therefore,demandfor axial measurements
may still exceed supply if individuals with low
peripheral measurementsare referred for additional
testing. Suitable guidelinesneed to be establishedso
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that QUS can be usedeffectively in a clinical setting
without the need for referring a large proportion of
womenfor additionaltesting.However,it mustbenoted
that at presentthereis a lack of agreementon whether
QUS can be used to monitor diseaseprogressionor
treatmentefficacy;thereforepatientsmaystill needto be
monitored using DXA or other established bone
densitometrytechniques.

Thereare severallimitations to this study.Thereare
manydifferentcommerciallyavailableQUSdevicesbut
only three were assessed.In addition, the UBA is no
longer commercially available and the Sahara was
developed to match the performanceof the UBA.
Other QUS devices may yield different optimum T-
scorethresholdsfor diagnosingosteoporosis,especially
thosethatmeasureQUSparametersatskeletalsitesother
than the calcaneus.The T-score thresholdshave been
derivedusingour own referenceyoungadult population
andthereforemaynotbeapplicableto themanufacturer-
supplied referencedata, although our referencedata
weresimilar to thoseusedby themanufacturer(Table1).
Although the T-scoreswere calculatedusing our own
referencepopulation,a largerangeof T-scorethresholds
wasobtainedusing the four approachesdescribedhere.
Different methodsof deriving equivalentthresholdsfor
QUSmay yield otheroptimumthresholds.The majority
of the study populationconsistedof women who had
volunteeredfor bone density studiesand women were
excluded from analysis if they had any risk factors
associatedwith low BMD; consequentlytheremay be a
degree of bias towards a more ‘healthy’ study
population. Large population-basedsampling studies
do not excludewomenbecauseof specific risk factors
andso thesestudiesmay bestaddressthe issueof how
the currentWHO criteria can be adaptedfor QUS and
other bonedensitometrytechnologies.DXA-equivalent
prevalenceratesof osteoporosiswereusedto determine
suitable T-score thresholds for identifying high-risk
individuals using QUS. Other approaches,such as
lifetime risk of fractureestimates[28–30], can also be
used,althoughatpresentthesehaveonly beendeveloped
for hip fracture and have not beenwidely adoptedin
clinical practice. Other approachesfor developing
equivalent diagnostic criteria for QUS include using
prospectivefracturestudiesto determinefracturethresh-
olds. Due to the diversity of QUS technology,which is
expected to increase further, additional studies are
required to determinesuitable T-score thresholdsfor
otherQUS devices.

In conclusion, this study indicates that the current
WHO criteria for the diagnosis of osteoporosisin
postmenopausalwomencannotbe applied to calcaneal
QUS measurements.It appears that different QUS
deviceshave different optimum T-scorethresholdsfor
diagnosingosteoporosis.However, for the three QUS
devicesusedin this study a T-scorethresholdof –1.80
may be appropriate for identifying postmenopausal
women at risk of osteoporosis using ultrasound
attenuationandvelocity measurementsat the calcaneus.
Additional studiesare requiredto determinesuitableT-

scorethresholdsfor othercommercialQUSsystems.As
the numberof QUS devicesin useworldwide increases
and as bone densitometryservicesmove away from
specialistcentersinto primarycare,it is importantthata
different clinical strategybe implementedfor QUSso it
canbe usedwith confidenceasanalternativediagnostic
tool in the field of osteoporosis.
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