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Image-Based Assessment of Spinal Trabecular Bone Structure from
High-Resolution CT Images
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Abstract. The goal of this study was to assess whether a
high-resolution CT measure of trabecular bone structure
can enhance the discrimination between subjects with or
without a vertebral fracture and having overall low hip
or spine bone mineral density (BMD) by dual-energy X-
ray absorptiometry (DXA). Sixty-one women with low
BMD by DXA (T-score <–2.5 at hip or spine) were
examined. Twenty women had sustained a vertebral
fracture. Quantitative CT (QCT) BMD and high-
resolution CT spinal scans were performed on a whole-
body CT scanner. For the high-resolution images (0.31
mm pixel, 1.5 mm thick slice), trabecular bone was
segmented from marrow using an adaptive threshold,
region growth and skeletonization step. From the
processed image we measured the apparent trabecular
bone fraction (BV/TV), apparent trabecular thickness
(I.Th) and apparent trabecular spacing (I.Sp). We also
assessed the connectivity of the marrow space using
region growing to derive a mean (HA) and maximum
(HM) hole size. Despite the fact that the study population
was preselected to have a low BMD by DXA, QCT
BMD was highly associated with (p <0.005) with
fracture status. All structural parameters were correlated
(r ~ 0.64 to 0.79) with BMD withp <0.003 and showed
significant differences between the fracture and non-
fracture group. However, except for HA, this difference
did not remain significant after adjustment for BMD.
When BMD and then HA was entered into a paired linear
regression model to predict fracture outcome, HA
contributed withp = 0.03 and BMD withp = 0.86.
ROC analysis was applied and showed that HA, BMD,

I.Th and I.Sp discriminated the two groups with areas of
0.76, 0.75, 0.71 and 0.68, respectively. These findings
suggest that an assessment of vertebral trabecular
structure from high-resolution CT images is useful in
discriminating subjects with vertebral fractures and
potentially useful for predicting future fractures.

Keywords: Connectivity; High-resolution CT; Trabecu-
lar structure; Vertebral fracture

Introduction

It is well established from population studies that bone
density can be a reliable indicator of the risk of vertebral
fracture. However, from reviews of several case–control
trials it is also known that bone mass shows considerable
overlap between groups of subjects who are well
matched apart from the presence or absence of a
vertebral fracture [1–3]. This overlap means there are
other factors which contribute to the risk of vertebral
fracture for a given subject. One of the most likely of
these factors is the architecture of trabecular bone [4–6].
This means that it is not only the amount of mineral
present that is important in resisting the forces
transmitted to the bone but also the way that the mineral
is arranged. Therefore to understand the mechanism by
which variations in trabecular architecture can affect
vertebral strength, architecture must be quantified at the
spine.

Quantitative computed tomography (QCT) can be
performed on clinical CT scanners to determine the true
volumetric density of trabecular bone at the spine. It
requires that an external bone mineral reference phantom
be scanned along with the patient to calibrate the
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Hounsfieldnumbersinto bonemineralequivalentvalues.
QCT can provide much valuableinformation to assess
vertebral fracture risk [7–11] and with little or no
increasein time andcost,a high-resolutionCT scancan
beincludedwhenQCT is performedto measuredensity.
If this high-resolutionscanis appropriatelyprocessedit
may provide significant information aboutthe structure
of trabecularbonethat may be a useful adjunct to the
BMD measurement.However, to be judged useful,
assessmentsof trabecular structure in vivo should
enhancedifferencesbetweenfracturedandnon-fractured
populations with low bone mass to allow better
predictionof fracturerisk.

The goal of this study was to assesswhether an
assessmentof vertebraltrabecularstructurefrom a high-
resolutionCT imagecould be a useful adjunct to bone
mineral density (BMD) measuredusing spinal QCT.
First, we describethe protocolusedto acquirethe high-
resolutionCT imagesandthendescribean algorithmto
segment the trabecular bone from the soft tissue
background.We then outline various indices that can
be derived from the processedimage and assessthe
relationship between these structure parametersand
QCT-determinedBMD. We end by examining the
degree to which the trabecular structure measures
differentiate two groups of subjects diagnosedwith
osteoporosisand matchedapart from the presenceor
absenceof a vertebralfracture.

Materials and Methods

StudySubjects

A total of 61 womenenrolledin anongoingclinical trial
were examined.Eachwomanhad a low BMD (Thip or
Tspine <–2.5) as determined by dual-energy X-ray
absorptiometry(DXA). Twenty womenhadsustaineda
vertebral fracture as determined from conventional
radiographs.Each subject was assessedfor trabecular
densityandstructurewithin 3 monthsof beingscreened
by DXA, undergoingradiographyto determinefracture
status,andbeforecommencingtreatment.Table1 gives
the age,heightandweight distributionsof the fractured
andnon-fracturedsubjects.

ImageAcquisition

All studysubjectswereevaluatedfor trabeculardensity
andstructureon a GE CT-9800Qwhole-bodycomputed
tomographysystemusing the following CT scanning
protocol.First, subjectshada volumetricQCT examina-
tion [12] usinga low-dosetechnique(80 kVp, 140mAs)
that employedcontiguous3 mm slices to encompass
L1–2. During the examination, an external BMD
referencephantomwas employedto relate the Houns-
field numbers in the CT image to grams of hydro-
xyapatite. After an assessmentof density, a high-
resolution CT techniquewas employed to image the
trabecularstructureat the midpoint of L1 andL2. With
this technique(120k Vp, 340 mAs) the high-resolution
imagewasacquiredwith a slicethicknessof 1.5mm and
the field of view wasreducedto yield an imagematrix
with apixel sizeof 0.31mm.Thewhole-bodyequivalent
dosereceivedby eachsubjectfrom thevolumetricQCT
and high-resolution CT examination, combined, was
approximately160mSv.

ImageSegmentation

Theobjectivein postprocessingthehigh-resolutionQCT
imageswas to segmentthe trabecularbone from the
original cross-sectionalimageandrepresentits structure
by a simplified image from which various indices
expressingits mechanicalcompetencecanbe extracted.
The only interventionrequiredby the user during this
analysiswastheplacementof a line separatingthespinal
canal from the vertebralbody. Oncethis line hasbeen
selectedthe algorithm proceedsautomatically through
the following steps.First, theboundarybetweencortical
boneandthesoft tissuebackgroundwasdefinedusingan
automaticcontour detectionscheme[13]. A shrunken
versionof this outercontourwasthenusedto represent
aninnercontourseparatingcorticalbonefrom trabecular
bone.Figure1B showsthe effectivenessof the contour
algorithm. Once the inner contour was determined,
trabecularbone was separatedfrom the marrow back-
ground using an adaptivethresholdadjustedto ignore
intensityvariationsin marrow.This thresholdingscheme
generateda binary representationof the bonestructure
by comparingeachpixel in theoriginal graylevel image
to the correspondingpixel in a low-passfiltered version
of itself [14]. Low-passfiltering was achievedby four
applicationsof a 363 averagingmask. However, the
adaptive threshold was sensitive enough to falsely
identify small intensity variations in marrow as
trabecular bone. Therefore a second threshold was
appliedto eliminatethosepixels with a signal intensity
consistentwith the soft tissuebackgroundbut identified
as part of the trabecularbone network. This second
threshold was defined as follows. First, an area of
interestwasdefinedin the spinalcanalof eachsubject.
The Hounsfield number correspondingto 2 standard
deviations(SD) abovethe meanHounsfieldnumberin
the soft tissueareadefinedwithin the spinal canalwas

Table 1. Comparisonbetweenthe vertebral fracture group and the
non-fracturedcontrols,basedon themean± 1 SD in age,height and
weight .

Fracturegroup Non-fracturecontrols
(n=20) (n=41)

Meanage(years) 71.6± 4.1 69.4± 5.1
Meanheight (cm) 159.4± 8.5 159.8± 7.5
Meanweight (kg) 63.4± 9.1 63.0± 10.9
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calculatedandconsideredto be thesecondthresholdfor
thatsubject.Settingthis secondthresholdat 2 SD above
thesoft tissuebackgroundensuresthat lessthan2.5%of
any soft tissuenoisewill be countedasbone.

After thresholding, a binary representationof the
trabecular bone structure in the vertebral body was
obtained.Figure 1C showsan exampleof this binary
representation.As shown,thetrabecularbonenetworkin
the original image is reasonablyreproduced.A final
representationof the structural shapeof the vertebral
trabecular structure was obtained by applying a
skeletonizingalgorithm [15] to the binary image.From
this skeletonrepresentationvariousindicesof trabecular
connectivitycanbeextracted.Theresultsof applyingthe
algorithmareshownin Fig. 1D.

Indicesof Structure

We derivedindicesof structureto characterizevertebral
size, apparent trabecular bone fraction, trabecular
thickness,trabecularspacingand network connectivity.
For eachsubjectand for eachstructuralparameterthe
average of L1 and L2 was calculated to indicate
structural integrity. Vertebral size was quantified by
the cross-sectionalbonearea(CSA) andwasdefinedas
the area within the inner contour selected by the
postprocessingalgorithm (Fig. 1B). Trabecular bone
fraction (BV/TV), trabecular thickness (I.Th) and

trabecularspacing(I.Sp) were derived from the binary
image (Fig. 1C) using the run-length encoding steps
suggestedandappliedto high-resolutionCT imagesby
Durand and Ruegsegger[16]. The run-lengths were
encodedat 08 (acrossthe image) and 908 (down the
image). The averageof thesetwo directionswas then
usedto calculatethe structuralparameters.

Usingthestarvolumeindex,histologicalstudieshave
shownthatthenumberandsizeof holesin thetrabecular
bone network can reveal information about the
netrwork’s structural competence[17]. Basically, the
starvolumemeasureof themarrowspacecanbethought
of as an application of run-length encoding in all
possible directions. In previous work [18,19], we
extended this approach in vivo by using a region-
growing algorithm to extract the number and area of
holespresentin binary representationsof the trabecular
bonenetwork.To locatetheholes,thebackgroundin the
binary imagewas consideredto be a connectedregion
that could be markedusing region growing [14]. The
numberof regionsgrowndefinesthenumberof holesin
thebinary image.An accountof theareaof eachhole is
kept so that a mean(HA) andmaximum(HM) hole size
canbedetermined.To illustratethis considerationof the
marrow space a hypothetical trabecular network is
sketchedin Fig. 2A. Eleven holes are presentin this
network.Theholewith the largestareais alsoindicated.

Trabecularstrut analysiswas appliedto quantify the
degree of connectivity of the bone architecture

Fig. 1. The postprocessingstepsused to
assesstrabecular structure from a high-
resolution CT image (A) are shown. The
structure is segmentedby defining the
boundry between cortical and trabecular
bone (B). The trabecular network is
reducedto a binary image (C) which is
thenthinnedto producea representationof
the trabeculaefrom which connectivitycan
be assessed(D).
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representedin theskeletonimage(Fig. 1D). In trabecular
strutanalysis,thediscriminatingparametersfor structure
arethenumberof nodes(Nnd), freeends(Nfe), isolated
points (Ip) and network length (Nl). Theseparameters
are shown in Fig. 2B and represent,respectively,the
junction of three or more trabeculae,those trabeculae
thatareonly attachedto a junctionat oneend,trabeculae
runningperpendicularto the imageplane,and the total
length of the skeletonnetwork. From thesetrabecular
strut parameters,a well-connectedboneis characterized
by a large number of nodesand few free ends.This
arisesbecausedisruptionsin the bonenetwork suchas
breaksalonga strut increasesthe free endnumberby 2
for everybreakthat occurs.

StatisticalAnalysis

Differencesbetweenthevertebralfracturegroupandthe
non-fractured controls were described using percent
decrements.Significant differencesbetweenthe group
meansweretestedusingStudent’st-test,with statistical
significanceset at p = 0.05. Pearsoncorrelationswere
used to assessthe relationshipbetweenthe structural
parametersand BMD. Odds ratios were calculatedto
estimatethe odds of a vertebral fracture occurring for
every1 SDchangein BMD or eachstructuralparameter.
The 95% confidenceinterval was also calculatedfor
each odds ratio. The significanceof the independent
contributionof eachstructuralparameterto fracturerisk
was explored by logistic regression.This was done
enteringBMD followed by a structuralparameterinto a
linear regressionmodel to predict fractureoutcome.

The ability of QCT-determinedBMD and structural
parametersto discriminatebetweenthe control subjects
and women with vertebral fracture was evaluatedby
using the receiver operating characteristic (ROC)
approach.TheROCcurveplotsthetruepositivefraction
(TPF) (sensitivity) against the false positive fraction
(FPF) (one minus specificity) by successivelychanging
the cutoff threshold used to separatethe two study
populations. For all variables except I.Sp and HA,
sensitivity was definedas the total numberof subjects
with a fracturebelow the thresholddivided by the total

numberof subjectswith a fracture.Similarly, specificity
wasdefinedasthe total numberof non-fracturedcontrol
subjectswith a valueabovethe thresholddividedby the
total numberof non-fracturedcontrols. In the caseof
I.Sp andHA, sensitivitywasdefinedby the total number
of fracture subjectsabove the thresholdbecausewith
disruptionsin the trabecularnetwork, larger holes are
created.Specificitybasedon I.SpandHA wasdefinedas
theproportionof controlsubjectsbelowthecutoff point.
For ROC analysis the measurementwith the greatest
area under the curve has the highest discriminating
ability between fractured and non-fracturedsubjects.
That is, a test that completely separatesnormal from
abnormal subjectswould have an ROC curve in the
upperleft cornerof theplot, indicatinganareaunderthe
curve of 100%. The areaand significantdifferencesin
areaunderthecurvesfor BMD andstructuralparameters
werecalculatedusingtheCALIBROC programof Metz
[20].

Results

Reproducibility

For all practical purposes,the valuesof the indicesof
structure were not dependenton the variability with
which anoperatorplacedtheline segmentseparatingthe
vertebralbody from the spinal canal.For example,as
examinedby the placementof this line segmentfive
timesin a givenimage,all indicesof trabecularstructure
changedlessthan1%.

A second issue of reproducibility concerned the
variability of the thresholdusedto segmenttrabecular
bone from the soft tissue background.To check this
variability the meanthresholdvalue of the 41 control
subjectswascalculated.The meansoft tissuethreshold
derived in each of the 20 fracture cases was also
calculatedandwasnot different (< 0.2%)from themean
valuecalculatedfrom the control group.The coefficient
of variationassociatedwith eachof thesemeanthreshold
valueswasalsosmall (< 2%).

Fig. 2 a. A measurementof holeareaby regiongrowingis
indicated.From a seedpoint, a hole is grownoutwardand
isotropically until intersectinga trabecularboneboundry.
b. Trabecular strut analysis of the two-dimensional
trabecularbonestructure.Thebonenetworkis represented
by a seriesof one-dimensionalstrutsshownhereasbroken
lines.Junctionsin thenetworkareindicatedby nodes(Nd)
and discontunitiesby free ends (Fe) and isolated points
(Ip).
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Correlations

Pearsoncorrelationsbetweenthe parametersof trabe-
cularbonestructureandQCTBMD arelistedin Table2.
The correlations between the structural parameters
derivedfrom L1 and L2 are also listed in Table 2. All
structural parameterswere correlatedwith BMD with
p<0.0001. BV/TV, I.Sp and HM had the highest
correlations with BMD. The structural parameters
derived from the skeletonizedrepresentationof the
trabecularbonenetworkhadthe lowestcorrelationwith
BMD. However,thecorrelationcoefficientsfor BV/TV,
I.Sp and HM with BMD were not statisticallydifferent
(p>0.3) from the correlationcoefficientsbetweenBMD
and those parametersextractedfrom the skeletonized
network. The structuralparametersestimatedfrom L1
were strongly associatedwith those derived from L2
(RL1,L2 > 0.76,p <0.0001).This agreementbetweenL1
andL2 confirmsthat anaverageof L1 andL2 is a good
indicatorof overall vertebraltrabecularstructure.

Plots of BV/TV and HA versus BMD for all 61
subjectsareshownin Fig. 3 andFig. 4, respectively.As
shown,thebonefractionvariesdirectly with BMD while
hole size decreasednon-linearlywith increasingBMD.
Whentransformedto a log-logscale,a leastsquaresfit to
thedatarevealedthatHA wasstronglyrelated(r = 0.79,
p<0.0001)to thereciprocalof BMD raisedto thepower
of 2.1. This reciprocalfit is alsoplottedwith the data.

Indices of trabecularstructurewere intercorrelated.
For exampleI.Th and I.Sp showeda strongcorrelation
with BV/TV (0.92 < r <0.96,p<0.0001)while HA and
HM werealsostronglycorrelatedwith BV/TV (–0.90< r
< –0.88, p <0.0001).Measuresof the inter-trabecular
spacealsocorrelatedwell. For example,I.Sp showeda
strongcorrelationwith HA (r = 0.92,p <0.0001)andHM
(r = 0.84,p <0.0001).

VertebralFracture Discrimination

Inter-group differences and levels of significance
betweenthe vertebral fracture subjectsand the non-
fractured controls are summarizedin Table 3. Five
points are worth noting from this table. First, although
the studysubjectswerepreselectedto havea low BMD
based on a DXA spine or hip measurement,QCT-
determinedBMD was strongly associatedwith fracture
status.Second,in generalthe varianceassociatedwith
the meanof the structuralparametersincreasedin the
fractured group in comparisonwith the non-fractured
controls. Third, the largest percent and significant
difference betweenthe two groups was indicated by
the hole size measureHA. Fourth, the odds ratios
indicatethat,alongwith BMD, a 1 SDchangein eachof
the structuralparametersresultsapproximatelyin a 2-
fold increase in vertebral fracture risk. Fifth, all
structural parametersshowed significant (p <0.03)
differencesbetweenthe two groups.Most importantly,
however, except for HA, none of the differences in

Table 2. Correlation betweenQCT BMD and indices of structure
(RBMD) and betweenindices of structure derived from L1 and L2
(RL1,L2)

Structuralindex RBMD RL1, L2

BV/TV 0.79 0.84
I.Th 0.65 0.78
I.Sp –0.78 0.84
HA –0.70 0.77
HM –0.78 0.87
Nl 0.56 0.82
Nnd 0.73 0.80
Nfe –0.64 0.84
Nip –0.64 0.77

For explanationof structuralindicesseethe text.
All correlationsaresignificantat p 50.0001

Fig. 3. Relationship between QCT determined BMD and the
trabecularbone fraction (BV/TV). The regressionline corresponds
to leastsquaresfit to all 61 points.

Fig. 4. RelationshipbetweenQCT determinedBMD and the mean
hole size(HA).
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trabecularstructureparametersremainedsignificantafter
adjustmentof the datafor BMD. WhenBMD and then
HA wereenteredinto a pairedlinear regressionmodelto
predict fractureoutcome,HA contributedwith a p value
of 0.03while BMD hadan associatedp valueof 0.86.

Thesizeof theintertrabecularspacewascharacterized
by HA and I.Sp. To comparethe diagnosticvalue of
thesetwo meansof assessingthe intertrabecularspace,
the ROC curve for eachis shownin Fig. 5. The ROC
curve for I.Th is also shownfor comparison.The area
under eachcurve, an index of the ability of a test to
detectvertebralfractures,is 0.76 ± 0.07 for HA, 0.71 ±
0.07 for I.Sp, and 0.68 ± 0.08 for I.Th. For all three
curves the areasare significantly different (p < 0.05)
from a diagonalline, indicatingthat eachis an effective
test.TheHA ROCcurvewassignificantlydifferent from
that for I.Sp (p = 0.05)but just failed to be significantly
different from I.Th (p = 0.07).

The ROC curvesfor HA andBMD areshownin Fig.
6. The areasunderthe curvesare0.75± 0.07 for BMD

and0.76± 0.07for HA. Althoughtheareasunderthetwo
curvesarenot different (p = 0.47),HA separatedthetwo
groups with greater sensitivity for high degreesof
specificity (false positive fraction <0.2). The benefitof
this increasedsensitivity is illustrated in Figs 7 and 8.
Figure 7 shows a significant overlap between the
trabecular bone density in the non-fractured and
fractured group. Figure 8 shows that this overlap
betweenthe two groupsis reducedby HA, resulting in
improved differentiation of fracture subjectsfrom the
control subjects.

Figure 9 showsthe thinned binary representationof
the trabecularbonestructureat the midpoint of the L1
vertebraeof a 70-year-oldwoman without a vertebral
fracture and a 69-year-old woman who suffered a
vertebral fracture. For a 6% difference in QCT-
determinedtrabecularBMD thereis a 5-fold difference
in HA. Differenceswerealsoapparentfor otherstructural

Table 3. Meandifferences(% ~), t value,oddsratios(95% confidenceintervals)andlevelsof significance(p) betweenthe vertebralfracture
subjects(Fx) andthe non-fracturedcontrols(Non-Fx)

Non-Fx Fx
Mean± 1 SD Mean± 1 SD % ~ t Oddsratio (95% CI) p

BMD (mg/cm3) 92.95±20.9 73.17±24.8 –21.3 3.3 2.33 (1.30,4.19) 0.005
CSA (mm2) 705.29±122.3 746.54±156.1 5.8 –1.1 1.33 (0.81,2.19) 0.26
BV/TV 0.39±0.06 0.32±0.09 –18.0 3.6 2.21 (1.33,3.68) 0.002
I.Th (mm) 0.59±0.04 0.55±0.06 –5.9 3.2 1.63 (1.03,2.57) 0.005
I.Sp (mm) 0.93±0.17 1.19±0.37 28.6 –3.8 1.91 (1.26,2.89) 0.002
HA (mm2) 18.64±11.5 44.90±33.6 141.9 –4.5 1.94 (1.29,2.90) 0.001
HM (mm2) 325.97±177.3 470.85±196.3 44.7 –2.9 2.13 (1.21,3.76) 0.009
Nl 374.47±69.7 304.59±86.8 –18.7 3.4 2.56 (1.36,4.83) 0.004
Nnd 79.29±32.2 47.54±33.9 –40.2 3.5 3.03 (1.47,6.26) 0.003
Nfe 125.13±44.8 157.27±57.1 25.7 –2.4 1.77 (1.07,2.93) 0.03
Nip 19.58±14.8 32.55±20.1 60.0 –2.8 1.89 (1.16,3.09) 0.01

Fig. 5. The ROC curvesfor HA, I.Sp and I.Th. The areaundereach
curve (Az) is significantly different from that undera diagonalline
(area = 0.5) indicating that each parameter could differentiate
vertebralfracturedsubjectsfrom non-fracturedcontrols.

Fig. 6. TheROCcurvesfor BMD andHA. ThecurvescrossataFPF>
0.5 because9 of the 41 non-fracturedcontrols had a BMD value
between112mg cm–3 and119mg cm–3. Theareaundereachcurveis
given by Az.
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indices. For example, BV/TV and I.Th for the non-
fracturedsubjectis 0.37and0.57mm, respectively.The
valuesdecreaseto 0.24 and 0.47 mm in the vertebral
fracturesubject.

Discussion

Although the risk of fracture increasesas bone mass
decreases,variations in trabecular structure can also
affect bone strengthand should also be quantified in
vivo. To obtain informationconcerningthe structureof
trabecularbonein vivo, two requirementsmustbe met:
to imagethestructureof boneat a clinically relevantsite
and to quantify the imaged structure. QCT was
developedto determinetrabecularBMD predominantly
at thespineandcansatisfyboththeserequirements[21].
A determinationof BMD by QCT at the spinerequires
the performanceof calculationson the imagematrix. If
the CT imagematrix is reconstructedover a small field
of view the trabecularpatternis revealed.In principle,
the spatialresolutionrequiredto quantitatethe structure

of trabecularboneis dictatedby the dimensionsof the
trabecular lattice. Histomorphometric studies have
shown that this lattice consistsof a network of rods
and plates.The rods havea diameterof about0.2 mm
and interconnectwith the platesto producetrabecular
spacesof cross-sectionalareaof about0.75mm6 1mm
[22,23]. In practice,the spatialresolutionachievablein
vivo on currentwhole-bodyimagersis just sufficient to
reveal some of the structural pattern in the vertebral
body.This patternis limited by the fact that projections
blur the bonestructurein the final image.This blurring
arisesbecausethe minimum slice thicknessachievable
(~ 1mm) in vivo is 3–5 times thicker than the average
trabecular width and about equal to the average
intertrabecular dimension found in normal subjects.
However, with the aid of image processingmethods
variousindicesquantifying the structureand textureof
the imaged bone can be derived. The mechanical
integrity of the trabecular network is then inferred
from theseindices.

Fig. 7. Comparisonof therangeof trabecularbonedensitiesrecorded
in the non-fracturedcontrolsand the vertebralfracturesubjects.The
meandensityof thefracturegroupis 21%lower thanthemeandensity
of the control group.

Fig. 8. The discrimination of the non-fracturedcontrols and the
vertebralfracturesubjectsbasedon a measurementof HA. The mean
HA of thefracturegroupis 142%greaterthanthatof thenon-fractured
controls.

Fig. 9. This figure shows the thinned
binaryrepresentationof theconnectivityin
the trabecularnetwork of a 70 year old
womanwith a QCT BMD of 80.4mg cm-3

andwithout a vertebralfracture(A) anda
69 yearold womanwith a BMD valueof
75.2mg cm-3 who experienceda vertebral
fracture (B). An HA value of 13.8 mm2

was determined for the non-fractured
subject and 66.1 mm2 for the fractured
subject.
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In this studywe acquireda high-resolutionCT image
at the midpoint of L1 and L2 in a group of subjects
having spinal QCT. The high-resolutionimageswere
thenpostprocessedto segmenttrabecularbonefrom the
soft tissuebackground,andindicesto quantifytrabecular
thickness, intertrabecular spacing and the network
connectivity were measured.The measuredstructural
parameterswere all strongly correlated with QCT-
determinedBMD. All parameterscould be determined
with an intra-observer variability consistent with
precision errors reported for a determination of
trabecular bone density of the lumbar vertebraeby
QCT (2–4%) [24,25]. The structural parametersalso
reflectedknown patternsof bone loss establishedfrom
biopsystudies.For example,in thenormalagingprocess
bone massis lost from trabecularbone due to entire
trabeculaebeing removedrather than by a generalized
uniform thinning of the whole trabecular structure
[5,26]. The remaining trabeculae are more widely
separated,less connected,and thereforeless likely to
resista compressiveforce.Comparabledifferenceswere
notedin the womenwe studied.First, therewasa slight
but significant decrease(7%) in the mean trabecular
thicknessin the vertebralfracturegroup in comparison
with thenon-fracturedcontrols.However,with thelimits
imposedby theimageresolutionandslicethickness,this
trabecular thickness parameter must be viewed as
reflectingthe apparenttrabecularsizeonly asit appears
in the CT image.Second,the variancesassociatedwith
the meansof the structuralparameterswere,in general,
largerin the fracturedgroup.We interpretthis increased
varianceas an indication of a more disruptednetwork
that eventually leads to fracture. Third, there was a
significant increasein the size of the intertrabecular
spacein subjectswith vertebralfractures.This increase
in the intertrabecularspacewas better indicatedby HA
thanI.Sp.

To obtainthemeanholesize,HA, thenumberandarea
of eachhole presentin the binary representationof the
trabecularstructureis recorded.Althoughthemajority of
holesareonly a few pixels in areathepresenceof a few
large holes resulting from breaksin the bone network
skews the averagevalue. Therefore,HA will be very
sensitiveto smallchangesin thetrabecularbonenetwork
not readily detectedby a measurementof bone mass.
This is importantbecausethe mechanicalintegrity of a
trabecular bone structure can vary by an order of
magnitude with apparently small redistributions of
mineral without a substantial change of mass [23].
When appliedto high-resolutionperipheralquantitative
computed tomography (pQCT) images of the distal
radius, the HA index differentiated a small group of
Colles’ fracture subjects from the normal population
better than a pQCT-determined trabecularor cortical
density [18]. Also, when applied to high-resolution
magneticresonanceimagesof thedistal radiusthe index
of hole size reflected known age-relatedchangesin
trabecularbonestructure[19].

Previouswork using thin-slice high-resolutionCT to
quantify trabecular bone structure in vivo assessed

connectivity from a skeletonizedrepresentationof the
trabecular network [27]. These authors suggesteda
featuretermedthetrabecularfragmentationindex,which
reflectedthe numberof free endsand isolatedpoints in
the bonenetwork.This fragmentationindex wasableto
separateosteoporoticsubjectsfrom normalsubjectsbut
performedpoorly whenappliedto separatingpostmeno-
pausalosteoporoticwomenwith vertebralfracturesfrom
those without fracture. An assessmentof vertebral
structurebasedon parametersderived from run-length
encodinghasalsobeenreported[28,29]. In theseworks
a textural index quantifying the intertrabecularspace
washelpful in theassessmentof fracturerisk, butonly in
elderly womenwho hadvery low (< 50 mg cm-3) QCT-
determinedBMD values.As it assessesthe intertrabe-
cular spacefrom run-lengthencoding,this textureindex
derivedby Ito et al. is comparableto our index of hole
size, I.Th. However, in this work we have usedROC
analysis to show that the diagnostic value of an
assessmentof the intertrabecularspaceby I.Th can be
improvedby extendingthe run-lengthencodingstepsto
all possibledirections.This wasdoneand suppliedour
indexHA. Interestingly,from thenon-linearrelationship
betweenBMD andHA we havenotedin Fig. 4, it is not
surprisingthat an index to quantify the intertrabecular
spacewill behelpful in assessingfracturerisk, especially
in subjectswith very low BMD values.As shownin Fig.
4, small decrementsin BMD aremagnifiedby HA. The
comparisonof thetwo subjectsshownin Fig. 9 indicates
that this magnificationmay be clinically important in
certain cases. Once identified, subjects with such
structural deficiencies may be targeted with more
aggressivetherapies.

In this study it was not surprising that QCT-
determined BMD was one factor that was highly
associatedwith fracture status.However, a significant
finding was the enhancedmeandifferencebetweenthe
vertebralfracturesubjectsandthenon-fracturedcontrols
dueto anassessmentof trabecularbonestructurefrom a
high-resolutionCT image.This was true of almost all
structuralparametersderived.For example,in the two
populationsexamined,a measureof BMD revealedthat
the fracturegrouphada 21% lower BMD thanthe non-
fracturedcontrols.Greaterdifferenceswererecordedfor
HA (142%),HM(44%)andNnd(40%).However,logistic
regressionrevealedthat only HA appearedto contribute
significant information independentof BMD. ROC
analysis revealedthat the information contributed by
HA resulted from the fact that for a high degreeof
specificity(falsepositivefraction< 0.2) thegroupscould
bediscriminatedwith a greaterdegreeof sensitivitythan
achievablewith BMD. This increasedsensitivity was
clearly indicatedin Fig. 8.

The fact that an assessmentof structurecanenhance
differencesbetweentwo groupsof subjectsdiagnosed
with osteoporosisand well matched apart from the
presenceor absenceof a vertebralfracture is clinically
valuable from two standpoints.First, in populations
identifiedwith low bonemassfuturefracturesareat least
partially preventableby interventionssuchas estrogen
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[30,31] and bisphosphonatetherapies[32,33]. Second,
knowledgeof the presenceof a reducedbonemasshas
beenshownto influencebehaviorin waysthatreducethe
impactof detrimentallifestyle factorsassociatedwith an
increasedfracture risk [34]. The samepositive effects
are likely to occur with the discriminatinginformation
providedby image-basedassessmentsof trabecularbone
structure.

In conclusion,our resultssuggestthat an assessment
of vertebraltrabecularstructurefrom high-resolutionCT
images is a useful adjunct to QCT-determinedBMD
because the structural parameters can potentially
enhancedifferencesbetweensubjectswith or without a
vertebralfractureand with overall low density.We are
currentlyevaluatingourstudypopulationafter2 yearsof
treatment. This will provide further insight into the
clinical usefulnessof longitudinal image-basedassess-
mentsof trabecularbonestructure.
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