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Abstract. The reproducibility of dual-energy X-ray calculated from the standard deviation of residuals using
absorptiometry (DXA) measurements of bone mineralthe trimmed (untrimmed) data were: lumbar spine BMD,
density (BMD) is an important factor for longitudinal 1.12% (1.65%); femoral neck BMD, 2.21% (2.48%); and
studies. We assessed the long-term precision of postertatal hip BMD, 1.32% (1.57%). These errors were only
anterior lumbar spine, femoral neck and total hip BMD slightly worse than short-term errors despite changes of
in 40 postmenopausal women who formed the controDXA scanner during the course of the study. However,
arm of a clinical trial of tibolone. BMD was measured at obesity may have an adverse effect on precision errors in
0, 6 and 12 months and thereafter every 12 months up timdividual patients and particular care is necessary to
7 years. For each subject the trend of BMD with timeensure reproducible patient positioning for femur scans.
was analyzed using linear regression. Each residual was

expressed as the percentage difference from predictédeywords: Bone mineral density; Dual-energy X-ray
BMD and the validity of assuming linear change with absorptiometry; Long-term precision

time was checked using the mean residuals for each visit
number. For spine BMD a chi-squared test showed that

the mean residuals were not statistically significantly

different from zero. Although statistically significant |ntroduction
deviations from linearity were found for the femoral

neck and total hip sites the weighted root mean Squarﬁual-energy X-ray absorptiometry (DXA) provides a

residuals were small compared with the precision errorsee jtive safe and precise method of measuring changes
When residuals were binned into histograms a statisticgl, hone mineral density (BMD) at selected sites in the

t:St for skewrles? \;vas l?ott5|gn|f|<_:a|rcllt g)r all tthrtt_e(?[_ S'tl(lesskeleton [1,2]. Because of its high precision, long-term
owever, a test for kurtosis yielded a staustically giapiity of calibration and low radiation dose [3-6]

significant result for each histogram due to outlyingdgx/_\ scanning is widely used for prospective clinical

residuals. To determine the standard deviation (SD)orials of new therapies to prevent bone loss in

the core gaussian distribution, outliers were trimme ;
- : : ostmenopausal women [7-10]. DXA is also used for
using the method of Melton et al. For lumbar spine BMDidentifyingp postmenopau:gal w]omen with low bone

outliers with residuals exceedingg 3 SD arose mainly densit ;
; ! ) y who can then be advised to take hormone
from subjects with a body mass index (BMI) >28 kg/m replacement therapy or other preventive treatment

or from subjects who had undergone a large change '[11 12]. S : :

] ,12]. Such patients often receive follow-up scans
BMI during the study. For femoral neck BMD and total z¢d:'1"or 2 years to assess their response to therapy [13].
hip BMD the outliers were frequently due to inconsistent High precision is an important issue for longitudinal
rotation of the hip. Results for long-term precision gy, dies hecause it determines the smallest change in
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[15]. To decide whether a follow-up measurement
providesevidenceof a significantandclinically relevant
changein BMD a knowledgeof the precisionerrorsof
the techniqueis required.lIt is widely acceptedhatfor a
single baseline measurementand a single follow-up
measuremerthe smallestchangethatcanberegardeds
statistically significant at the 95% confidencelevel is
approximately3 timesthe precisionerror [13,14].

Most studiesof new instrumentatioror new applica-
tions include a measuremenbf precision.This entails
performing a sufficient number of repeatedmeasure-
mentson a representativeset of individualsto quantify
the reproducibility of the techniqueaccurately[16]. For
reason®f speedandconveniencét is generapracticeto
evaluate only the short-term precision errors from
repeatedmeasurementperformedeither on the same
day or extendingovera periodof time of no morethana
few weeks.Over suchshorttime periodsno true change
in BMD is expectedand the precisionerror is usually
expressedby the coefficient of variation (CV) of
repeatedneasurementgl6].

Generallyit is more difficult to determinelong-term
precision errors becausethey are measuredover time
periods of monthsor yearsin which true changesin
BMD may occur. Although short-termprecisionstudies
arerelatively easyto perform,it is oftenmorerelevantto
the interpretationof clinical datato know the long-term
precisionerror. Generally Jong-termprecisionerrorsare
likely to be larger than short-term errors becauseof
additional random variations likely to arise from the
equipment used (e.g., small drifts in instrumental
calibration), changesin soft tissue composition or
variationsin operatortechniqueor patientpositioning.

For the presentstudy we evaluatedthe long-term
precisionof spineand hip DXA in 40 postmenopausal
womenwho formedthe control arm of an openclinical
trial of tibolone and who were followed over 7 years
[17].

Subjects and Methods
Definition of Long-TermPrecision
It is usualto expresghe short-termprecisionerrorasthe

coefficientof variationby writing the standarddeviation
(SD) asa percentagef the mean[16]:

CV shortterm = x 100%

)

Becauseof the likely true changesn BMD during the
measurementperiod the calculation of long-term
precision errors requires a different mathematical
approachfrom that for short-term precision. If it is
assumedhat the changessubjectsundergoapproximate
to a linear changein bone density with time then any
variation which occursdue to reasonsother than the
expectedlinear changecan be quantifiedusing regres-
sion analysis[16]. When the bone density results of

69

repeatmeasurementgerformedon the samesubjectare
plotted against time then the variability about the
regressionline is quantified by the standarderror of
the estimate (SEE). The estimate of the long-term
precisionerrorfor theindividual subjectis thengiven by
the SEE and can be expressedas the coefficient of
variation by writing the SEE as a percentageof the
mean:

SEE
CV longterm = —— x 100%
¢ Mean % 0

(2)
It is importantto be awarethat this definition of long-
term precision basedon the SEE may still include
variability becausef nonlinearchangesn bonedensity.
It may thereforelead to the true precisonerrors being
overestimatedh patientswho haverecentlycommenced
or discontinuedreatmentfor osteoporosispr womenin
the first few yearsafter the menopaus¢l6].

Subjects

The present study was based on a group of 40
postmenopausalomenwho formedthe control arm of
a nonrandomizegbrospectiveclinical trial carriedout to
assessthe effectivenessof tibolone [17], which is a
syntheticcompoundwith weakhormonalpropertiesthat
doesnot stimulatethe endometrium.At enrolementin
the study 50 womenreceivedtreatmentand 50 women
took placebo.Five of the womenin the control group
withdrew at an early stageof the study.The 40 women
included in our analysis were those continuing to
participatein the study after 2 years.The meanage of
subjectson placeboat the start of the study was 52.5
yearsandall the womenwerebetween6 and36 months
sincethe menopauséas documentedy time sincelast
menstrualperiod and raisedgonadatropirlevels). Spine
and hip DXA was performedat baseline,6 monthsand
then every year up to 7 years.All baselinescanswere
acquired betweenDecember1988 and October 1990.
Twenty-nineof the 50 womenin the control groupwere
continuing to take part in the study after 7 years.For
eachsubjectthe trend of BMD with time wasanalyzed
usinglinearregressionThe BMD measuremergitesfor
which the long-term precision was evaluated were
posteroanterior(PA) spine (L1-4), femoral neck and
total hip. The total hip site was included becausat is
knownto be aregionof interestwhich canbe measured
with high precisiondueto its relatively large projected
area.Also, the InternationalCommitteefor Standardsn
BoneMeasuremenfICSBM) hasrecentlyadvocatedhe
use of the total hip region of interest for the
standardizatiorof hip BMD measurementfl8].

Changedn DXA Scanner
During the courseof the studythe following modelsof

Hologic DXA scannerswere used (Hologic, Bedford
MA):
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Table 1. MeanBMD valueandprecision(CV%) of the Hologic spinephantomshownfor eachmachineusedduringthe courseof the study.Also

shownare the correctionfactorsarising from in vivo cross-calibration

Hologic scanner Dates Mean phantom CV% In-vivo cross-calibratiorfactors
BMD (g/cn?)
SpineBMD FemoralneckBMD
QDR-1000 1988-1991 1.028 0.38 1.000 1.000
QDR-2000 1992-1994 1.029 0.46 0.993 0.990
QDR-200(®lus 1994-1995 1.031 0.47 1.004 0.989
QDR-4500 1995-1997 1.023 0.46 1.014 1.007

Table 2. Short-termprecisionerrorsfor posteroanteriotumbar spineand femoral neck BMD for different generationHologic scannersThe
numberof degreesof freedom(d.f.) indicating the statisticalweight of eachstudyis alsoshown

Precisionstudy Scanner Reference SpineCV Femoralneck CV d.f.
Slosmaret al. (1990) QDR-1000 [22] 1.0% 1.6% 60
Orwoll etal. (1991) QDR-1000 [3] 1.1% 1.2% 20
Blake et al. (1992) QDR-1000 [23] 0.9% 1.3% 32
Devogeleart al. (1993) QDR-1000 [24] 1.1% - 15
Steigeret al. (1991) QDR-2000 [25] 0.72% - 24
Slosmarnet al. (1992) QDR-2000 [26] 0.60% - 51
Devogeleart al. (1993) QDR-2000 [27] 0.82% 0.79% 13
Blake et al. (1994) QDR-2000 [28] 0.8% - 48
Fuerstet al. (1995) QDR-4500 [29] 0.70% 2.00% 33
Baranet al. (1995) QDR-4500 [30] 0.76% 1.41% 48
Princeet al. (1995) QDR-4500 [31] 1.34% 1.38% 7

1988-1991QDR-1000(pencil beammode)
1992-1994QDR-2000(pencil beammode)
1994-19950QDR-200®lus (pencil beammode)
1995-1997QDR-4500(array mode)

Daily quality control was performed throughout this

period using the sameHologic spinephantomprovided
by the manufacturerfor the QDR-1000 system.Each
newbonedensitometeimstalledduring the courseof the
study was cross-calibratedn vitro with the previous
DXA scannerusing the samespine phantomusedfor

daily quality control. In eachinstancethe resultsof the
in vitro cross-calibratiorwere checkedwith anin vivo

cross-calibratiorstudy [19-21]. The relevantcorrection
factorswere usedto modify the BMD datausedin the

presentevaluation(Table 1). The precisionerrorswere
assumedo be the samefor all the aboveinstruments.
This assumptiorwasmadefollowing the examinationof

publisheddatafor the short-termprecisionfigures(Table
2), which were approximately the same for each
generationof machine[22—-31].

StatisticalMethods

Before pooling the precision errors measured in
individual subjectsto derivethefinal estimateof overall
precision, it was necessaryto determinewhether the

precisionerrorsshouldbe combinedby expressinghem
in absoluteunits or on a percentagdasis[32]. Pairsof
scatter plots for each measuremensite were drawn
comparingthe trend for the SEE valuesand long-term
CV valuesmeasuredn individual subjectswith mean
BMD. Theresultsof this analysisshowedthatwhile the
SEE plots showeda statistically significant correlation
with BMD the equivalent plots for CV were not
statistically significant. This suggestghat the long-term
precisiondata were best expressedy combining data
from individual subjectsexpressedas coefficients of
variation.

For this reasoneach residual was expressedas the
percentagedifference from the predicted BMD value
calculatedfrom the regressiorine. The meanvalue of
residualsfor eachannualvisit was plottedto checkthe
validity of the assumptionthat subjectsunderwenta
linear changein BMD with time. All the residualswere
then binned to form histogramsfor PA spine BMD,
femoralneckBMD andtotal hip BMD, andthe number
of residualsin eachhistogramandthe root meansquare
standarddeviation(SD) wereusedto determinghe best-
fitting normaldistribution.A statisticaltestfor skewness
was also performedand the wings of eachdistribution
were examinedby performing a test for kurtosis. The
kurtosistestyielded a statistically significantresult for
eachhistogram.lt wasapparenthat this wasdueto the
extreme values of residuals at either end of each
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distribution. Theiterative algorithmof Melton et al. [33]

was thereforeusedto trim the outlying residualsand
determinethe SD of the core gaussiandistribution. In

this method the 25th percentile (Q1) and the 75th
percentile (Q3) were calculatedand the interquartile
range(IQR) determinedResidualsmorethan 1.5 times
IQR below Q1 or aboveQ3 werethenremovedandQ1,

Q3 and IQR recalculatedfor the remaining residuals.
The analysiswas repeateduntil no moreresidualswere
excluded. The best-fitting normal distribution function
wasthenestablishedor the remainingresiduals(which

were all approximatelybetweenthe + 3 SD limits).

Resultsfor thelong-termprecisionwere calculatedrom

the standard deviation of residuals using both the
trimmed and untrimmeddata.

The reasonsfor the extremeresidualswere investi-
gatedby plotting the CV value for individual subjects
againstbody massindex (BMI = weight (kg)/height
(m?)) andchangein BMI during the study.

Results

Figure 1A—C show examplesof subjectswho demon-
strated(i) a steeplinearfall in BMD and(ii) alessrapid
but still linear fall in BMD, for the PA spine,femoral
neckandtotal hip sitesrespectively.

Following initial dataanalysisusinglinearregression,
valuesof SEE andlong-termCV for eachsubjectwere
plotted againstBMD to determinethe optimumway of
combiningdatafrom the individual subjects.When the
correlationcoefficientsfor eachof the six scatterplots
were calculated the results and their statistical sig-
nificance were as follows: PA spine SEE,r = 0.384
(p=0.007); PA spine CV, r = 0.105 (not significant);
femoral neck SEE,r = 0.299(p = 0.03); femoral neck
CV, r = 0.037(not significant);total hip SEE,r = 0.121
(notsignificant);total hip CV, r = 0.125(not significant).
For PA spine and femoral neck BMD the SEE plot
showed a statistically significant positive correlation
with BMD, while the equivalent CV plot was not
statisticallysignificant.For thetotal hip sitetherewasno
differencebetweenthe two approachedt followed that
the long-term precision data were best expressedas
coefficients of variation, i.e., as fixed percentagef
BMD.

The validity of assuminghat subjectsundergolinear
changewith agewascheckedy plotting the meanvalue
of the residualsfor each annual visit. Results of a
goodness-of-fit analysis using the chi-squared test
showedthat for the spine thesewere not statistically
significantly different from zero (Fig. 2A). For femoral
neck and total body the residuals were statistically
significantbut the weightedroot meansquareresiduals
were small comparedwith the short-term precision
errorsin Table 1 (Fig. 2B,C).

Each residualwas then expressedas the percentage
difference from the BMD value predictedfrom linear
regressioranalysisandplottedin a histogram(Fig. 3A—
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Fig. 1. A Exampleof subjectasvho demonstrated) a steepinearfall
in BMD and (i) a lessrapid but still linear fall in BMD for the
posteroanteriofPA) spinesite.B Similar plotto A butfor thefemoral
necksite. C Similar plot to A but for the total hip site.

C). Resultsfrom a statisticaltestfor skewnesaverenot
significantfor all threesits. A testfor kurtosisproduced
statisticallysignificantresultsfor eachhistogramdueto
extreme values of residuals at either end of each
distribution. Outliers exceeding+ 3 SD were trimmed
using the methodof Melton et al. [33]. Resultsfor the
long-term precision calculated using the trimmed
(untrimmed) data were 1.12% (1.65%) for lumbar
spine BMD, 2.21% (2.48%) for femoral neck BMD
and 1.32%(1.57%)for total hip BMD.

When the extreme residuals were investigated by
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Fig. 2. A Meanvalue of residualsfor eachannualvisit for PA spine
BMD. Error barsshow + 1 SEM. The root mean square(RMS)
residualswere weighted for the numberof residualsat each visit.
Similar plot to A but for femoralneckBMD. C Similar plot to A but
for total hip BMD.

plotting the CV value for individual subjectsfor PA
spineBMD againstBMI and changein BMI during the
course of the study, both results were found to be
statistically significant (r = 0.377,p = 0.015andr =
0.448,p = 0.003respectively)(Fig. 4A, B). Hip BMD
outliersappearedo beunaffectecby BMI butfrequently
arosedueto inconsistenipositioningof the hip.
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Fig. 3. A Histogramof residualsfor PA spineBMD. Eachresidualis
expressea@sthe percentagelifferencefrom the BMD valuepredicted
from linear regressioranalysis.N is the total numberof residualsin
plot. CV valuesare shownwith and without trimming for outliers.
Continuous curve shows gaussianfit to trimmed data. B Similar
histogramto A but for femoralneckBMD. C Similar histogramto A
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Spine (n = 41) : Effect of Change in BMI
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Fig. 4. Scatterplots for CVs of individual subjectsplotted againstA
body massindex (BMI) at baselineand B changein BMI between
baselineandfinal BMD measurement.

Discusson

In many osteoporosiscenters, patients attending out-
patient clinics or recommendedto take preventive
treatment may have one or more follow-up scans.
Verifying responsdo medicationis widely believedto
have a beneficial function in encouragingcompliance
with treatment.However,realistic figuresfor the long-
term precision error are essential for the proper
evaluationof follow-up scanssince they enablea set
of clearrulesto bedrawnup for determiningwhetherthe
measured changesin BMD indicate a statistically
significant responseto treatment,or whether BMD is
unchangedor perhap<ontinuingto fall significantly.In
calculatingthe smallestdetectablechangein BMD it is
necessanto allow not just for the precisionerror but
alsofor the statisticalsignificanceand power required,
since these must be chosento reflect the importance
attachedo avoidinga false negative(a typell error)as
well asa false positive finding (a type | error).If CV is
the coefficient of variation of the long-term precision
error then, becauseboth measurementare affectedby
precisionerrors,a 1 SD difference betweenthe initial
baselineanda follow-up investigationwill be ,/2CV%.
The statistical significanceof a measuredpercentage
changein BMD of ABMD% is therefore:

Z,+Z3 = ABMD%//2CV (3
whereo is the significancelevel for atypel errorandf
is the power for a type Il error. If a 10% significance
level is chosenZ, = 1.28) and 80% power (Z; = 0.84)
thenEq. (3) becomes:

ABMD% = 3CV (4)
Eq. (4) definesa figure for the smallestchangein BMD
that mustoccur beforethe clinician can determinewith
10% significanceand 80% power that a patient'sBMD
result has shown a statistically significant responseto
treatment. This equationis only valid for a pair of
measurementandcanbeimproveduponwhenmultiple
measurementare performed[34].

73

Previousstudieshave reportedfigures for the short-
term precisionfor differentgeneratiorHologic scanners
which vary from 0.7%t 1.34%for the lumbarspineand
0.79%to 2.00%for the femoralneck (Table 2). Results
for long-termprecisionfrom the presentstudyof 1.65%
for the lumbar spine and 2.48% for the femoral neck
(using the untrimmeddata) appearto be slightly worse
than the published results for short-term precision.
However, short-termprecision studiesare likely to be
performed under optimal conditions, often on young
normal subjects.Resultsfor CV will dependon the
groupof patientschoserfor the study,i.e. youngnormal
subjectshealthypostmenopausalomenor osteoporotic
subjects.In generalwith DXA the CV is expectedto
differ betweenthesegroups.lt is difficult to establish
how significantly such factors will contribute to the
differencesbetweerthe long-termprecisionerrorsfound
in the presentstudy and the short-termerrorslisted in
Table 2.

Precisionstudiesshould include a sufficiently large
numberof repeatedneasurement® avoidlargerandom
statisticalerrors.If m repeatedneasurementare made
on eachof n subjects,therewill be a total of n x m
measurementd-or studiesof short-termprecisionit is
necessaryto calculatethe meanBMD of eachsubject
and thereareonly n x (m—1) independenimeasure-
mentsfrom which to evaluateprecision.In the present
studythe changein BMD with time wasanalyzedusing
linear regression.Since this involves fitting both the
slope and the intercept there are only n x (m—2)
independent measurementsfrom which to evaluate
precision. This numberis the degreesof freedomand
is an essentialitem of information for evaluatingthe
statisticalweight of a study. The numberof degreesof
freedom are shown in Table 2 for the short-term
precisionstudieslisted. Gluer et al. [16] recommendat
least 27 degrees of freedom as necessaryfor a
satisfactoryprecisionstudy. In the presentstudy up to
8 BMD meaurementsvere performedon each of 40
subjects.The numberof degreef freedomis therefore
given by thetotal numberof measurement®N in Fig. 3)
minus80andwas217for the PA spinedata.Thenumber
of measurementds not the samefor all three sites
becausa smallnumberof measurementserediscarded
dueto movemenior metalartifacts.For the total hip site
thereare fewer measurementthanfor the femoralneck
site as somescanswere acquiredwithout the minimum
requiredlength alongthe shaftof the femurto properly
positionthe total hip region of interest.

An importantlimitation of the presentstudy wasthe
assumptionthat subjects were undergoing a linear
decreasén BMD with time. To examinethis issuethe
data were analysed for systematic deviations from
linearity by expressingecachmeasuremerih eachpatient
asthe residualfrom the regressiorline and plotting the
trendof the meanof the residualsfor eachvisit (Fig. 2).
No significantdeviationfrom linearity wasobservedor
the lumbar spine and, although the residuals were
significantfor both the hip sites,the root meansquare
residualsof both femoralneckandtotal hip BMD were
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small comparedwith the precisionerrors.Subjectswvere
on average21 monthssincetheir last menstrualperiod
and thereforewere expectedto show the effect of the
rapid decreasén BMD normally observedin the first
few yearsafterthe menopauseThe expectedeffect was
seenin the hip residualdata (Fig. 2B, C) but not the
spine (Fig. 2A). The effect of the root mean square
residualsin Fig. 2 on the magnitudeof the long-term
precision errors is to generatethe apparentprecision
errorin Fig. 3 by addingin quadratureo the true errors.
On this basisthe apparentong-termprecisionerrorsof
1.12%,2.21%and1.32%for PA spine femoralneckand
total hip sites reduceto 1.12%, 2.08% and 1.24%,
respectivelyHowever thesecorrectediguresstill entail
an assumptiorthat all subjectsfollow the trendsshown
in Fig. 2 andhencemay still overestimatehe true long-
term precisionerrors.

Another limitation of the study was the assumption
that the residualswere normally distributed. Whereas
noneof the distributionsshowedevidenceof skewness,
the outlying residualsfor all three sites gave rise to
statistically significantresultsfor kurtosis. The method
for trimming outliers was adoptedto fit the core of the
gaussiarfunction. Patients’'weight or BMI is expected
to affect precisionbecauseof the increasecdattenuation
andvariationin soft tissuecomposition Examinationof
the extremeresidualspresenin the spinehistogramdata
(Fig. 3A) confirmedthatthey tendedto arisein subjects
with a large BMI. Scatterplots for CVs of individual
subjects showed statistically significant correlations
when plotted againstBMI (p = 0.015) and changein
BMI (p = 0.003) (Fig. 4). In a previous study
investigating the effect of weight change on DXA
scansin a 2 year trial of etidronatetherapy[35], the
authorsfound thatweightchangein alongitudinal study
of postmenopausalvomen did not cause systematic
errorsin theresultsof DXA studiesof spineandfemoral
neck BMD but could adverselyaffect precision.These
conclusionsare supportedoy the findings of the present
study, which alsoidentified changein BMI as a factor
whichinfluencedong-termprecision.This s likely to be
dueto the changein soft tissuecomposition.Examina-
tion of the DXA scanimagesfor the femoral neck and
total hip indicatedthat the outliers for thesesitesarose
dueto subjectsfor which the positioningof the hip had
beeninconsistent- a factor previously shownto cause
poor precisionin femur BMD measurementf36]. This
study confirmedthat total hip BMD measurementksave
betterprecisionthanfemoralneckBMD measurements
a finding that is likely to relateto the larger projected
areaof the total hip regionof interest.

In conclusion,long-termprecisionerrorswere found
to be only slightly worsethan short-termerrorsdespite
thelongtime periodof the studyandfrequentchange®f
DXA scannerduring the courseof the study. However,
obesityandchangein weightmayhaveanadverseeffect
on precisionerrorsin individual patientsand shouldbe
bornein mind wheninterpretingthe resultsof follow-up
scansParticularcareis necessaryo ensurereproducible
patientpositioningfor femur scans.
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