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Abstract: The diagnostic use of BMD should be treatment, but with problems related to the diagnosis of
cautious as BMD is not an ideal measure of true bonesteoporosis and fracture risk evaluation with the aid of
density; it is not an ideal measure of bone strength; iDXA.
does not predict fractures well; and it has inherent Three decades ago bone mineral content (BMC) in
problems of accuracy and linearity. The limitations ofterms of grams was introduced in two-dimensional bone
BMD, based on the physical deficiencies of DXA, aredensitometry, but soon the term bone mineral density
further obscured by the introduction of T-scores. (BMD) followed, being BMC divided by the projected

It is suggested that BMD and BMC, when usedbone area, having the dimension of mass per area
diagnostically and for fracture risk classification, be usedg/cn?). DXA has been used extensively during the last
after correction for body size and/or bone size, age andévo decades, and has been called the best method for
sex, and that measured values be evaluated in the light ektimating fracture risk. Demonstration of low BMD by
established mean fracture incidence data. BMD is not ®XA might have major consequences for patients and
parameter of sufficient validity to be the sole indicator ofsociety, i.e. medication over many years, unavoidable
present and future fracture risk. A low BMD should be side effects, repeated physician visits and repeated

regarded one of several fracture risk factors. measurements to study the effects of treatment. There-
It seems that there is a need to redefine the T-scorgyre, the reliability of bone densitometry results is
based definition of osteoporosis. crucial. The estimation from one DXA measurement of

future fracture risk and the conclusion regarding

prevention of fractures in one patient is based on a

knowledge of statistics. The introduction of T-scores
Keywords: Bone mineral density; Dual X-ray absorp- (definition of osteoporosis is a T-score below —2.5) has
tiometry; Fracture risk; Osteoporosis confounded the situation. What the patient needs to
know is what is his or her risk of future fracture and the
development of osteoporosis?, and not how he or she
. compares with a reference population, of which we
Introduction know little [1].
Consensus reports usually appear because there is
sagreement. Many consensus statements on osteo-
orosis have been published during the last decade, one

Bone densitometry with dual-X-ray absorptiometryOIi
(DXA) is eminently suited for the measurement of

changes over time in an individual because of its Iovvgf them concluding the following: 1) bone-mass

precision error, but there are problems with its diagnosti easurements predict a patient's future fracture risk;

use. This review does not deal with spontaneous chang ; be di d he basis of b

in bone mineral mass over time, or with the effects of osteoporosis can be diagnosed on the basis of bone-
’ mass measurements even in the absence of prevalent
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of bonemassor fracturerisk may vary dependingon the
specificcircumstancesf the patient;5) the choiceof the
appropriatetechniquefor bone-massneasurementin
any given clinical circumstanceshouldbe basedon an
understandingof the strength and limitations of the
different techniques;6) bone-massdata should be
accompaniedy a clinical interpretation[2].

It is easyto agreeonthelastpoint, buttherehavebeen
manycommentn the otherssincetheywerepublished.
It seemghatthereis a needfor a critical re-examination
of thegeneralvalueof the diagnosticuseof DXA, which
in the minds of someopinion leaderss a gold standard.
As therisk of fractureis multifactorialit is logical thata
low BMD on DXA is oneof severalisk factorsfor later
fractures. However, reimbursementpolicy in many
countriesfocusesmore on a low BMD than on other
risk factors.

The problemsassociatedwith the diagnosticuse of
BMD and DXA are manifold. Some of them will be
discussedere:

1. BMD might not be a good measureof three-
dimensionalbonedensity.

2. BMD might not be a good measureof bonestrength.

3. Thediscriminatoryability of BMD for fracturess not
good,i.e. low-energyfracturescanoccurat a normal
BMD, anda patientwith asubnomaBMD maynever
experiencea fracture.

4. Falsely high spine BMD values are often encoun-
tered.

5. DXA deviceshaveinherentproblemsof accuracyand
linearity which are difficult to correct for, making
inter-devicecomparisonsand cross-calibratiordiffi-
cult or impossible.

6. The introduction of T-scores and Z-scores is
threatening the credibility of bone densitometry,
being the source of a diversity of potentially
erroneousonclusions.

BMD Might not be a Good Measure of Bone
Density

BMD and BoneDepth

Many physiciansreferring patientsfor DXA seemto
believe that BMD is synonymouswith true three-
dimensional bone density, as obtained with CT
(g/cnt). 1t is not. BMD was introducedas a normal-
isationprocedurdor BMC whichis proportionalto bone
sizeandbodysize.WhenBMC is convertedo BMD by
division with the projectedbonearea,a surrogatebone
densityis obtained.This parameteiis also proportional
with the bonesize and body size, althoughlessso than
BMC [3]. In thefollowing BMD will bethetermfor this
two-dimensional variable only, whereas the three-
dimensionalbone density of CT will be termed 3D-
BMD. The BMD of anyboneis the meanbonemassof a
number of cylinders vertical to the two-dimensioml
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planehaving an endplateof 1 cn?. If the boneis large
the depth(lengthof the radiationbeam)is largeandthe
BMD therefore higher than if the bone is small (the
BMD of an elephantvertebrais not the sameas the
BMD of a mousevertebraat the same3D-BMD). This
fact is well known [4,5], but largely neglected.This
neglecthasthe obviousconsequencthat osteoporosiss
overdiagnosedn personsof petite body stature,simply
because the means of reference populations are
calculatedfrom the valuesof large and small people.It
is usually difficult to correct for differencesin bone
depth, but a meaningfulnormalisationcan be obtained
by normalisingwith regardto body surfacearea(BSA),
which can be calculated reasonablyaccurately from
body height and weight using the DuBois equation,as
bonesizeis proportionalto body size:

BSA= 71.84x WO*25x HO72°

whereBSA= body surfaceareain cm?; W = bodyweight

in kg; H = body height in cm. Normalisation was
performedby us in a large populationof normal early

postmenopausalvomen, lumbar spine BMC and hip

BMC being divided by normalisedBSA, and BMD of

the same sites being divided by the squareroot of

normalised BSA, with the result that the Z-scores
becameindependenbdf body size andthe overdiagnosis
of petite women abolished [3]. Among 1625 early

postmenopausalomendivided into BSA quartiles,the

numberhaving a lumbar spineBMD Z-score (Hologic

normalreferencepopulation)lessthan—1.0was 102 for

the lowestBSA quartile,in contrastto 25 womenin the

highest BSA quartile. For femoral neck BMD the

correspondinghumberswere 112 and 31, respectively.
WhenBMC/BSA wasused the numberof womenin the

lowestand highestBSA quartileswere almostidentical

for both measuringsites (lumbar spine 62 and 62;

femoral neck 57 and 59, respectively).Thus, it canbe

seen that the consequence®f not using body size

correctioncan be pronouncedand deleterious.

In somecountriesa low Z-score(<-1.0)is the basis
for reimbursement-igure 1 exemplifiesthe significance
of BSA correctionof Z-scoresfor a largewomananda
small one in caseof lumbar spine BMD, using BSA
quartilesandthe datafrom [3]. It canbe seenthatif the
BMD of the former (belongingto the highestquartile)
were 0.900 g/crr12, shewould havea Z-scoreof —1.31
and be entitled to reimbursementHowever, if, having
thesameBMD, shebelongedo thelowestBSA quartile
(petite body stature)shewould havea Z-scoreof —0.64
and not be entitled to reimbursementSimilar examples
can be madefor T-scoreif a valid normal reference
populationfor young peopleis available.lIt is obvious
from the exampleabovethatthe useof T-scoresand Z-
scoresbasedon normal meanswhich do not take body
sizeinto accountcanbe misleading.

Mazessetal. [6] foundnoreasongo abolishthe useof
BMD, becausé8MD hasgooddiagnosticsensitivityand
low precisionerror. Othershavearguedthat BSA should
not be correctedas small womenbreaktheir hips more
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Fig. 1. The influenceof body size on Z-scoreof measuredumbar spineBMD, using body size quartilescalculatedaccordingto the DuBois
formula. A total of 1625normalearly postmenopausatomen.Datafrom [3]. Left: A 52-year-oldwomanwith a body weightof 90 kg, height
185cm anda lumbar spineBMD of 0.900g/cn?. Right: A 52-year-oldwomanwith a body weight of 50 kg, height 155 cm and lumbar spine
BMD of 0.900 g/cn?. Note The Z-scoreof the former was —1.31 and of the latter —0.64. A BMD of 0.900 g/cn? is low for a big early
postmenopausaloman,but nearly normalfor a small womanof the sameageand mengausalstatus.

frequentlythantall women. This might well be true in

somepopulationsputfracturesmaybe causedy factors
otherthanlow BMD, suchaspropensityto falls andlack
of subcutaneoufat. It seemghatthe literaturedoesnot
confirm the impressionthat small people break their
bonesmore often thando tall people.In somecountries
tall womenseemto be moreat risk for hip fracturesthan
small ones[7,8]. Hip axis length and angulationmight
alsoplay a part.

Rapid BonelLosers

Over the years it has been claimed that one could
identify rapid bonelosersby sequentiaDXA measure-
ments, or by biochemicalmarkerstaken once. It has
neverbeenshownthatthereis a bimodaldistribution of
bonelossin normals but naturallysomelosebonefaster
than others at certain times. Pouilles et al. in 1996,
studiedthe problemof axial bonelossin postmenopausal
women longitudinally and found 1) greatvariability in
vertebral and femoral bone loss within the first
postmenopausayears; 2) that bone lossesfrom the
spineand hip areuncorrelatedand 3) that only a small
minority sustaineda fast rate of bone loss over those
years [9]. We have also demonstrateda lack of
correlationbetweenboneloss at different measurement
sites[10]. The ratesof loss observedwith DXA are a
mixture of cortical and trabecularboneloss. True rates
of boneloss differ for cortical and trabecularbone, as
shown by Boonenet al. [11]. They found in elderly
women that the cortical bone loss from the ultradistal
radiusaveraged.41%per year,versusa trabeculadoss
of 0.65%peryear[11]. Given the costs,variability and
errorsof bonedensitometryjt seemswise to agreethat
individual lossratesshouldbe evaluatedvith the utmost
caution. Individual lifestyles, including exercise and
eating habits, often change,and intercurrent diseases

influencingbonelosstendto becomemorefrequentwith
age. For these reasonsalone it seemshazardousto
predict long-termindividual boneloss from two BMD
measurementspr from a combination of one BMD
measurementand a set of biochemical markers. To
completethe picture of anuncertainpredictionof future
eventsfrom BMD it shouldbe mentionedhatchangesn
BMD canbe underestimatedwing to linearity errorsin
someDXA devices[12].

Interracial Differences

Much controversydominatesddiscussiorof the influence
of race, bone size and geometry on bone density
measurementCorrectionof BMD with regardto BSA

would naturally changeobservednterracial differences
in BMD, asbody sizeandbonesizediffer considerably
betweenraces.In Table 1 some publishedvalues of

BMD in Swedishand Japaness&vomenof the sameage,
all investigatedwith the sameDXA device[13-15],are
shownbeforeandafter BSA correctionby the author.It

canbe seenthatuncorrectedumbarspineBMD andhip

BMD arehigherfor Swedishthanfor Japanesa&omen,
but that after division of the uncorrectedBMD by the

squareroot of the BSA the situationis reversedSwedish
womenhavelower BMD correctedfor BSA (BMDcr)

thanJapanes&omen,suggestinghat the highervalues
of uncorrectedMD in Swedishwomenaredueto their

larger bone and body size, and that Swedishwomen
might have lower true 3D-BMD than Japanese&vomen.
Swedish women have a much higher hip fracture
incidencethan Japanesevomen, a fact not explicable
by BMD but in accordancewith BMDc,,. [16].

However,the racial differencesin hip fracturerisk are
not all explicableby bonesize.
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Table 1. InterracialdifferenceshetweenSwedishandJapaneseomen.The effect of correctinglumbarspineBMD (LS-BMD) andfemoralneck
BMD (FN-BMD) for body surfacearea(BSA) differencesfrom body heightandweightaccordingto the DuBois formula. Rel. BSA is the mean
BSA in relationto that of the ‘standardman’ of 1.73m? LS-BMD¢orr. and FN-BMD,,,,. are BMD divided by vBSA. Note: BMD valuesare

higher for Swedishwomen,the BMD,,. lower (I, see[13]; II, see[14] ; Ill, see[15]. Measurementsvith Hologic QDR-1000(pencil beam
device)

Swedish Japanese

40-49yrs 50-59yrs av.45.7yrs av.55.2yrs 40-49yrs 50-59yrs

n =159(l) n=105(l) n =36 (Il) n =29 (Il) n =48 (Il) n =50 (Il)
Height (cm) 166 163 153.9 150.9 154.7 154.9
Weight (kg) 64.3 65.7 52.2 53.0 54.5 59.4
BSA (m2) 1.716 1.709 1.486 1.475 1.520 1.578
Rel. BSA (BSA/1.73nf) 1.004 1.006 1.079 1.083 1.067 1.047
LS-BMD (g/cn?) 1.02 0.85 1.000 0.808 1.07 0.92
LS-BMD.,,, (g/cnf) 1.024 0.855 1.079 0.875 1.142 0.963
FN-BMD (g/cnt) 0.80 0.69 - - 0.79 0.70
FN-BMD,orr. (g/cn?) 0.803 0.694 - - 0.843 0.733

Bone Size,Architecture,Growth and Geometry

BMC and BMD are crude expression®f bonemineral
mass,nhot taking into accountbonesize or architecture.
Eiffel, the constructorof the Eiffel towerin Paris(which
incidentally hasa similar shapeand architectureto the
distal humantibia), did not believethat the strengthof
his towerwascritically dependenon the massof iron in
tonsor the projectedarealdensity(tons/nf), nor thatfor
his calculations of strength those parameterswould
suffice.

In a cadaverstudy of pigs it was shownthat during
growth two-dimensionalBMD was heavily correlated
with age,but volumetricdensitywasnot[17], theresults
showingthat bone dimensionsincreaseduring growth,
not true density. Growing children have virtually
unchangedtrue volumetric bone density, but rising
BMD owing to bone growth [18]. It has been
demonstratedthat men with vertebral osteoporotic
fractureshave reducedvertebral dimensionscompared
to age-matchedontrols,beit lack of periosteaincrease
or not, so that the load per unit areais relatively high
[19]. As vertebral compressionfracturesare bound to
occurwhenthe load perhorizontalunit areais high, it is
likely that those who lack the adaptive horizontal
vertebral growth with age are those who develop
compressionfractures, the body weight and load not
tending to becomesmaller with age. Physical activity
seemsto augmentBMC and projectedareaand width
more than BMD [20]. Bone size augmentsduring both
childhood and adolescenceThe transversadiameterof
long bonesandvertebraelsoincreasesluringadulthood
[21,22]. Another important feature pertaining to long
bonesis that, after years of transversegrowth with
parallel augmentatiorof the inner and outer diameter,
cortical thinning finally occurs,a phenomenonwhich
canbe seenwith pQCT, but not with DXA.

Erroneousinterpretationsare possibleif bone and
body size are disregarded.This was emphasisedby
Prentice et al. [23] who stated: ‘The size correction

[calculating BMD from BMC by dividing by the
projectedarea] assumegshat BMC and projectedbone
areaaredirectly proportionalto oneanother suchthata
1% changein boneareais matchedby a 1% changein
BMC. This is rarely the case,andthe exactrelationship
depend®nthe populationgroup,skeletalsite, bodysize,
instrumentation,and scanningconditions’. They advo-
catedthat the useof BMD in epidemiologicalresearch
be discontinued.In order to avoid the possibility of
artefactsin the analysis of bone mineral data they
recommendethe useof BMC asthe dependentariable
andthe inclusion of bonearea,body weight and height
as independenwariablesin all multiregressiormodels.
They rightly stressedthat BMD does not adequately
correctfor boneandbody size,andthat manypublished
correlationsbetweenBMD and factorssuchas obesity,
calcium intake, biochemicalindices, activity level etc.
might befalse,reflectinginadequatedjustmenfor bone
areaandbody size.Whetherthey arein fact false might
be difficult to detect,asBMD valuesare often published
without BMC andbonesize values.

Attentionto the pathophysiologyf growth might add
to our understandingof bone fragility later in life.
Perhapshealthauthorities,in their effort to improve our
generalhealth,shouldfocus more on the eventsduring
growth, before peak bone mass is attained during
adulthood[24].

Fan Beamor Pencil Beam?

DXA fan beamtechnologywas introducedsomeyears
ago and becamepopular and of commercial interest
becausemage quality was improved and examination
time reducedto a few minutes. However, fan beam
technology also introduced a magnification artefact
differing in magnitudebetweenbrands.Critical studies
failed to give encouragingesultsregardingthe precision
and accuracy of fan beam devices, and fan beam
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technologyis associatedvith higherradiationdoseshan
is pencil beamtechnology.Pencil beammode remains
more preciseand accuratg25-27].

BoneMineral ApparentDensity

Volumetric density can theoretically be estimatedby
combininganterior/posterioand lateral DXA measure-
ments. However, pronouncedaccuracy errors remain,
althoughsmallerthanfor BMC. By comparingvertebral
BMC to ashingdataDXA systematicallyunderstimated
ashingdataby 15% for A/P vertebralBMC, by 33% for
vertebralbody BMC, by 23% for vertebralvolume,and
by 12% for the combinedvolumetricBMD [28].

An alternativeto BMD is bone mineral apparent
density(BMAD), whichin theoryis BMC pertotal bone
volume; however, this cannot be measuredcorrectly
with DXA, butonly estimatedAccordingto Sievanenet
al. [29] BMAD for an ellipsoid structure can be
estimatedas6BMC/r BA (BA denotingprojectedbone
area).This is clearly an approximationinventedin the
light of the deficienciesof DXA, recognisingthat the
mechanicalcompetenceof bone is a combination of
bone mass, macroscopic geometrical characteristics,
cortical thickness cross-sectionadrea,trabeculararchi-
tecture, material propertiesand loading conditions for
the site in question.

Another definition of BMAD is BMD/v/ BA. Using
this definition Tsai et al. [30] found that BMAD was
much lower in young Chinesemen than in premeno-
pausalwomenof similar agebecauseof the higher BA
andBMC of youngmen,andthat menhadhigherBMD
andBMAD thanage-matchedvomenonly afterthe age
of 50. It is a challengingthought that young women
might havehighertrue bonedensitythanyoungmen,but
it might be true (seebelow).

SexDifferencesof BMD and 3D-BMD

It is often said that men havea higher peakbonemass
than women, which explainsthe higher prevalenceof
fracturesin women. Although true, this is a statement
open to misunderstandingEbbesenet al. [31] in a
carefully conductedstudy of cadaververtebralbodies,
clearly showed1) that 3D-BMD (CT) in women was
higherthanin menin the youngerdecadesand 2) that
men had higher 3D-BMD in the oldest decades.
Regardingthe higher 3D-BMD in young women, it is
interesting to note that Schiessl et al. [32], by
recalculating data published by others were able to
showthatin adolescencdgmalesgainedmoreboneper
gramleanmassthandid males.It could be hypothesised
that this is a protectioninvented by natureto protect
them from osteoporosiscounteractingthe loss during
later lactationperiodsfrom axial (trabecular)oone[33].
This relationshipof lean body massversuswhole body

S. PorsNielsen

BMC in adolescentemalessoadmirablyhighlightedby
Schiesslet al. [32] is reversedafter the menopausgH.
Frost, personalcommunication).

BMD Might not be a Good Measure of Bone
Strength

There seemsto be universalagreementhat at present
BMD is the bestpredictorof hip fracturerisk measurable
in vivo, but this may changein the future with the
advanceof new techniques.The mechanicaleffective-
nessof a solid body dependson its material properties,
the amountof massand the spatial distribution of that
mass (architecture and geometry), and of causethe
deforming force. The intrinsic stiffness of bone,
describedas Young's modulusof elasticity dependson
the true volumetric density,i.e. 3D-BMD (and not the
two-dimensionadensityBMD), the arrangemenbf the
crystal and collagenfibres, the compositionof collagen
and groundsubstancestc., whereashigh bonemassper
semight not play a major part [34].

According to the ‘Utah paradigm’ neuromuscular
functionandanatomydominatecontrol of the biological
mechanismsthat control postnatalbone strength and
‘mass’[35,36]. The consequencef the paradigmis that
the presenWHO definition of osteoporosidyasedon T-
score,is insufficientin thatit ignoresthe biomechanical
pathogenesi®f osteoporoticfractures,and that it will
haveto be revisedin the interestof patients[37].

It has recently been suggestedthat muscle cross-
sectionalareaasan expressiorof force is a determinant
of the massof the correspondingoone, and that bone
mass increases with age during childhood as a
consequencef increasedmusclemassand force [32].
This would be in accordancewith the findings of Ito et
al. [38], who demonstratedhat cross-sectionamuscle
area was significantly related to the risk of fracture.
Nordstron et al. [39] found that in youngice hockey
playersthe muscularstrengthof the thigh independently
predictedBMD of the humerusand spine.

Turner[40], in areview article, drew our attentionto
the fact that that we often searchmeticulouslyfor the
correctanswerin the wrong place:studieshavefocused
on the effect of exerciseon bone massin adults, and
evenin elderly people.As the resultsof studieswith
DXA regardingBMD have been disappointing,some
haveconcludedhat exercisehasonly a moderateeffect
on osteoporosisThe correctquestionwould havebeen:
Does exercisepreventfractures?It certainly does,but
perhapgor probably)not via the effecton BMD, butvia
its effect on musclestrength,balance posturalstability
andbonedimensiong40]. The solutionthereforewould
be to focus on muscle training inclusive of the
proprioceptors, as suggestedby Schiessl (personal
communication),rather than concentratingall efforts,
in conjunction with the pharmaceuticalindustry, on
finding and testingnew drugsthat act on boneonly.
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Singer et al. [41] in a study of the mechanical
propertiesof thoracolumbawertebraedemonstratethat
compressivevertebral bone strengthwas significantly
correlatedwith BMD, but not with 3D-BMD. After
multiplication of 3D-BMD with the midvertebralcross-
sectional area the correlation was much improved,
showing the importance of the dimensions of the
vertebrad41]. Non-invasiveestimationof bonestrength
remainsa problemfor the spineandhip in that strength
comingfrom the mechanicapropertiesof the trabecular
networkis not beingmeasuredvith DXA. The problem
is less complicated for long bones, where pQCT is
useful. Using this modality the cross-sectionabending
moment of inertia can be measured. Feretti [34]
introduced for long bones the bone strength index
(BSI), which is the product of 3D-BMD and cross-
sectionalmomentof inertia, easyto measurefor each
slice of a pQCT investigationof the radiusor tibia. BSI
hasbeenvalidatedin animal experimentsand shownto
be goodindicator of breakingforce, betterthanits two
componentsalone. Interestingly, BSI of the distal
forearm correlated very closely with the maximum
muscleforce of the forearmin both men and women
[42].

The Discriminatory Ability of BMD for
Fracture is not Good

In all publishedgraphsdepictingBMD of non-fracture
casesversusBMD of fracturecaseghereis animmense
overlap of BMD of non-fracture casesand normals,
stating that low-energy fractures can occur at high,
normal or low BMD, and suggestinghat factors other
than BMD might be important (e.g. load, elasticity of
bones]ayerof subcutaneoufat, propensityto falls etc.).

Vertebral CompressiorfFracturesand Hip Fractures

We have previously shown, using ROC analysisand
logistic regressionanalysis, that when lumbar spine
BMC was correctedfor bone size and body size, the
discriminatoryability of DXA for vertebralfracturewas
much improved, but that lumbar osteodensitometry
could not be usedto identify womenwith a history of
peripheral low-energy fractures [43]. It was demon-
stratedfor vertebralfracturesthat body and bone size
correctionimprovedthe true positivefraction from 60%
to 80% at a 5% false positive fraction. Looking at the
3D-BMD with pQCT, Nijs et al. [44] found that the
discriminatory ability of ultradistal 3D-BMD of the
radiusfor vertebralcompressioriractureswasthe same,
namely80% true positivefraction at a 5% falsepositive
fraction. A more proximal site of the radiuswasfar less
goodfor discriminationof thosefractures.

If, in spite of the drawbacksdescribedBMD is used
without bone or body size correction for hip fracture
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prediction, one can choosethe graphspresentedy De

Laet et al. [45]. The graphsconcerningCaucasiangre
basedon severatthousandoersonsThey werethe result
of a prospectivestudy renderingreliable meanfracture
incidence data, distributing individuals according to

genderandage,in risk groupsfrom 0.05%to 10%risk or

higher [45]. This approachto the problem of fracture
predictionis undoubtedlybetterthanthe useof T-scores
and Z-scoresfor the purpose(seebelow).

Colles’ Fractures

It hasbeendiscussedover the yearswhetherDXA of

the forearm could be usedto predict future fractures
and diagnose osteoporosis.Distal forearm fractures
begin to occur earlier in life than vertebral and hip

fracturesand, unlike axial fractures,the incidence of

Colles’ fractures does not rise exponentially. It has
beenpostulatedthat womenin their 50s tend to break
their forearmwhen falling, becausehey can still react
swiftly enoughto stretchout their arms,whereasolder
women cannot, for which reasonthey fall directly on

their hips. It is obviousthat Colles’ fracturescan occur
at normal or even high BMD of the forearm.
Statistically there is a certain — although somewhat
weak — connectionbetweenColles’ fracture and low

BMD at axial measuringsites. It appearshat DXA of

the forearm alone does not have an impressive
discriminatory ability for Colles’ fractures. Nor is

axial osteoporosis,as judged from DXA, found

frequently in patients with Colles’ fractures. The

isolateduse of a forearm DXA to identify individuals
at risk of later fractures at different bone sites is

gainingwidespreadisein somecountries,asa resultof

low cost and clever marketing. It has beenpostulated
that this is more to the benefitof the manufacturersof

forearm scannersof the patients.It would seemmore
meaningfulto examinethe distal forearmwith pQCT or

computed radiogrammetry than with DXA, when
evaluationof future Colles’ fracturerisk is the problem,
asit hasbeenshownthat the lossof cortical boneis an
important factor in postmenopausalvomen with this

type of fracture [46]. Certainly 3D-BMD of cortical

bone of the radius, as measuredwith pQCT, declines
with age, like the transaxial speed of sound with

guantitative ultrasonometry.Although Colles’ fracture
canoccurat high andlow 3D-BMD, cortical 3D-BMD

and thicknessare lower in the contralateralradius of

Colles’ fracture casesthan in non-fracture cases(S.

Pors Nielsen, in press). The minimum moment of

inertia of the distal radius in vitro and the cross-
sectional area have been shown to correlate strongly
with the forearm fracture force, unlike BMD high-
lighting the importanceof bone geometryrather than
BMD for the estimationof fracturerisk [47].
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Falsely High Spine BMD Values are often
Encountered

It is well known that aortic calcificationsand osteoar-
thritis/spondylois can give falsely high lumbar spine
BMD valuesin AP projection,and that theseaccuracy
errors can be difficult to identify without radiography.
Accordingly, some centresdo not use lumbar spine
densitometryafter the age of 60. It is alsowell known
that vertebral compressionfracturesgive falsely high

BMD values without affecting BMC. Small vertebral
compressiongarge enoughto give falsely high BMD

valuesmight remainundetectedy DXA.

DXA Deviceshave Inherent Problems of
Accuracy and Linearity

It should be bornein mind that DXA devicesdo not

measurehe absolutebonemineral content,but rathera

model-relatedequivalent of the calibration material.
Intraunit variation betweendevicesis a major problem,
reaching 20%, mainly due to calibration procedures,
edgedetectionalgorithmsandassumptionsegardingfat

distribution [48,49]. Accuracyerrorsof DXA existand
areratherlargefor somedevicesput easielto correctfor

thanlinearity errors[50]. Not only is therea variability

between different brands, but also an intermachine
variability of a significant magnitude for the same
brands [51]. These factors clearly point to a more
sceptical attitude towards the diagnosticuse of DXA

results.

Whenmethodf evaluationof future fracturerisk are
being discussedand accuracyerrors mentioned, it is
oftenforgottenthatthe reliability of the testfor fracture
risk stratification in a population dependson the
accuracyof thetestin relationto the biological variation
of thevariablemeasuredFor fracturerisk stratificationa
low ratio of accuracyerror to biological variation is
needed.For DXA the accuracyerror is around3% for
theforearm,around6% for A/P spine,around7% for the
total hip, and around 10% for the lateral spine. The
biological variationvariesfrom one studyto another.n
healthy premenopausalvomenit is around9% for the
forearm BMD and A/P spine, and about 13% for the
lateral spineandtotal hip [52].

Unexpectedaccuracyerrors can occur after machine
repair which are difficult to discloseby recommended
routine procedures[53]. The situation is even more
complicated because the performance of DXA is
hamperednot only by accuracy errors, but also by
linearity errors.It is a major problemfor DXA that the
projectedbone areawith somedevicesaugmentswith
increasingbone mass,and that osteoporoticpatientsdo
not havetheir entire bonemeasuredbut only part of it,
namelythe regionswith relatively high attenuationThis
is a linearity error, so far seldom mentionedin the
scientific literature, although some recentreports deal
with this problem [12,50,54]. Peel and Eastell [12]
concludedthat the correlation betweenthe apparent
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changein projected bone area and BMC meant that
changesn BMD would beunderestimatedlhis problem
was bigger for Hologic QDR 1000/W than for Lunar
DPX, makingit unlikely thatthe rate of bonelosscould
be a useful parameterin multicentre trials using
densitometergrom different manufacturers.

Discrepanciesetweenthe performanceof different
bone densitometershave been describedand largely
neglected.Any standardisatiorprocedureis bound to
meet with difficulties, as cross-calibrationof DXA
devicesis difficult or impossiblebecauseof the use of
different edgedetectionalgorithmsimplementedby the
manufacturers[50]. Tothill et al. [49] demonstrated
pronouncedaccuracyerrors with Lunar, Hologic and
Norland devices,using a moderatelyanthropomorphic
model. They concludedthat there were differencesin
calibrationof up to 8%, thatroutinechangef software
by the manufacturersntroducedaccuracyerrors, and
that different assumptionshad been made by the
manufacturergoncerningfat distribution,all precluding
interchangeabilityof resultsfrom different instruments.
Cross-calibrationwith the European spine phantom
(ESP) was attemptedfor spine DXA at 18 centres:
after cross-calibratiorthe centrewith the highestage-
adjustednormal densityvalue averaged®3% more than
the centrewith the lowest[55].

PeripheralversusAxial MeasuringSites

Osteoporosiss a generalbone diseasebut bone loss
takesplaceat differentratesin differentbones Although

there is a reasonablygood correlation betweendistal

forearm BMC and lumbar spine BMC in normal

subjects,it is now widely acceptedthat the ability to

diagnoseaxial osteoporosisis less good for forearm
DXA (low axial BMD at normal forearm BMD is a

commonfinding). This is to be expected,as boneloss
with ageseemdo startandbe morepronouncedn axial

trabecularbone. Manufacturersoften try to convince
potential customersthat their forearm DXA device
should be chosen,becauseits correlation with axial

DXA is good. This is of coursean invalid argument.
What is importantis the predictionof axial BMD from

the peripheraldevice,asjudgedfrom the standarderror
of estimate(SEE), not the correlationcoefficient. Even
more importantis the ability of the deviceto identify

fracturecasedrom the peripheralmeasuremeniVithout

this it is hardto believethat the device can be usedto

predicteventsof the future (fractures) AlthoughDXA at

a peripheralsite might be of limited value,a low bone
massof the distalforearmmay be usedby a physicianas
oneamongseveralargumentgo convincea patientthat
hormonereplacementherapymight be a goodidea. A

normal DXA of the forearmcannotbe usedto exclude
axial osteoporosisand shouldtypically lead to further
testing, e.g. DXA of the hip or lumbar spine. The
problemof discordancebetweenmeasuringsites seems
to belargerin early postmenopausalomenthanin the
elderly [56].
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Introduction of T-scoresand Z-scoresmight
be Threatening the Credibility of Bone
Densitametry

DXA T-scoresand Z-scoresare increasingly used by
physiciansfor fracture risk evaluationand by health
authorities as a basis for reimbursement,after the
publication of the position paperby Kanis et al. [57].
The measuredabsolutevaluesof BMC and BMD are
comparedto meanvaluesof young people,expressing
the measureddeviation from the mean as standard
deviationsof the young referencepopulation(T-score)
and/orof age-matchedontrols(Z-score).A certainlow
T- or Z-scorecorrespondgo a certainaveragefracture
risk. A T-scorebelow—-2.5(measuredMD below-2.5
SD of the meanof the normal referencepopulationof
young people of the same sex) is synonymouswith
osteoporosisaccordingto the new definition recom-
mendedby Kanis et al. and apparentlyendorsecoy the
WHO [57].

It can be seen that the value of the T-score
presupposes correct normal mean value at the time
of peakbonemass.This might not be so easyto attain.
The normalreferencematerialgivento the customerdy
the manufacturersnight not alwaysbe ideal: biasesand
mistakegnay occur,andinclusionandexclusioncriteria
areoftenhiddenin the hazeof the past.Oneof the more
seriousproblemswith anormalreferencepopulationwas
the discrepancyof hip T-scoresbetweenHologic and
other DXA devices,owing to a referencepopulation
problemresultingin lower T-scoredor Hologic devices.
The solutionto that problemwasfound only after some
yearsby the introductionof the NHANES Ill reference
material,endingup with T-scorescloseto thoseobtained
with Lunar devices.

When a new definition of osteoporosiss introduced
there should be unanimousacceptanceof it by the
medical community, which naturally can only be
obtained if the method used, namely DXA, exhibits
few false positivesand false negativesand gives a safe
predictionof fracturerisk. However,bonedensitometry
(DXA) is not associatedvith aninsignificantnumberof
false positivesor false negativeshor doesit give solid
informationon thefracturerisk. In fact, publishedresults
of prospectivestudiesover many yearson the relation
betweerBMD andfracturerisk arefew. Establishinghe
relationshipbetweerBMD (or sizecorrectedBMD) and
fractureincidenceis whatis neededSucha relationship
has been establishedfor calcaneusBMD, spine BMD
and distal radius BMC versus vertebral fracture
incidence [1]. De Laet et al. [45] published the
relationship betweenhip fracture risk and hip BMD,
datathat can be usedfor individual estimationof hip
fracturerisk, demonstratinghatbonedensityvaluescan
be translatedinto fractureincidencerates.This is done
without using T-scores,which can be regardedas an
indirectstatisticalway of complicatingthe situation.The
ideathat by using T-scoresand Z-scoreddifferent DXA
devicescould be compareds not valid, becausel) the
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referencepopulationsare boundto be different; 2) the
variability (inaccuracynon-linearityandimprecision)of
commercial DXA devicesis far from being identical,
with the resultthat a patientmeasuredvith an inferior-
quality device must have a lower value of BMD to
obtain a T-scorebelow —2.5; 3) T-scoresand Z-scores
dependon body size (seeabove;Table 1 and Fig. 1);
4) anotherproblemof causeis the very different T- and
Z-scoresobtainedfor different measuringsites. Which
one should be chosen,the lowest or the highestor a
mean,and then the meanof how many?This problem
was highlightedby Abrahamseret al. [58], who studied
2000normalperimenopausaomenwith Hologic QDR
1000and2000,andfound, usingthe WHO —2.5T-score
definition, that 4.3% of the populationhad osteoporosis
as judged from the lumbar spine BMD alone, but that
12.5%fulfilled the—2.5SD criterionin atleastoneof the
regions scanned: lumbar spine, femur, total upper
femoral end, femoral neck, trochanter,proximal distal
forearm,ultradistalforearmor the whole body [58].

The so-calledWHO definition of osteoporosigmplies
that either BMC or BMD can be used to define
osteoporosias a T-scorebelow —2.5[59]. Shipmanet
al., however[59], have shownthat this is not so. In a
normalfemalereferencepopulationof 8789individuals
aged33-73yearsandusinga standargencilbeamDXA
devicefor measurementf the lumbarspine,theyfound
that usingBMD around20% of the 70-year-oldwomen
would be definedas osteoporotic but using BMC only
10% would [59].
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