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Abstract. The purpose of this study was to determinearchitecture, R, was 0.99 §)<0.0001). This study
the relationship between three-dimensional (3D) trabeshows that the plain radiograph contains architectural
cular structure and two-dimensional plain radiographicdnformation directly related to the underlying 3D
patterns. An in vitro cylinder of human calcaneal structure. A well-controlled sequential reproducible
trabecular bone was three-dimensionally imaged bylain radiograph may prove useful for monitoring
micro-CT using synchrotron radiation, at 334m  changes in trabecular architecture in vivo and in
resolution. The original 3D image was processed usingdentifying those individuals at increased risk of
14 distinct sequences of morphologic operations, i.e., obsteoporotic fracture.

dilations and erosions, to obtain a total of 15 3D models

or images of calcaneal trabecular bone. These 15 modelseywords: Micro-CT; Osteoporosis; Plain radiograph;
had distinct densities (volume fractions) and architec-Three-dimensional; Trabecular bone; Trabecular archi-
tures. The 3D structure of each calcaneal model watecture

assessed using mean intercept length (fabric), by
averaging individual fabric measurements associated

with each medial-lateral image slice, and determining .

the relative anisotropy, 43, of the structure. A Introduction

summated pattern or plain radiograph was also computed .

from the 3D image data for each calcaneal model. Eacfih€ accurate clinical assessment of bone strength and
summated pattern was then locally thresholded, and thgacture risk is important for management of bone loss
resulting two-dimensional (2D) binary image analyzeddiseases such as osteoporosis. Current techniques such as
using the same fabric analysis as used for the 3D dat&lual-energy X-ray absorptiometry (DXA) provide
The anisotropy of the 2D summated pattern was denote@CCurate estimates of bone mass but do not always
by Reray- The volume fractions of the 15 models rangedProvide reliable estimates of bone strength and fracture
from 0.08 to 0.19 with a mean of 0.14. The medial-MiSk. One reason may be that trabecular architecture,
lateral anisotropies, &, ranged from 1.38 to 2.54 with a Which is not identified in mass measurements, can also
mean of 1.88. The anisotropy of the 2D summatecP€ @n important factor contributing to bone strength. For
patterns, R,a,, ranged from 1.35 to 2.18 with a mean of example, in an in vitro study it was demonstrated that
1.71. The linear correlation of the 3D trabecularone density alone could account only for about 65% of

architecture, Bo, with the radiographic trabecular the variation in bone strength, and that by incorporating
B grap both density and architecture the predictability could be

PO . _ improved to 90% [1].
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methods include X-ray micro-computed tomography
(micro-CT) [4,5] and high-resolution magnetic reso-
nanceimaging (MRI) [6]. Both the invasive and non-

invasive methodsdescribedabove are impractical for

routine clinical managementind screeningfor osteo-
porosisdueto their high costs.

Plain radiographshave also beeninvestigatedas a
more practical alternative for noninvasively assessing
bone. Although bone density cannot be accurately
measuredusing plain radiographs[7], many studies
have reported on the determination of architecture-
relatedmeasure$rom plain radiographsForexamplejn
oneearly studytexturalimagefeaturesvereshownto be
affectedduring periodsof disusein plain radiographof
the calcaneud8]. The featuresstudiedincludedfractal
dimension, run length and co-occurrencemeasures.
Subsequeninvestigationsrelating trabeculararchitec-
ture to patternsin plain radiographshave also been
reported.For example,it hasbeenreportedthat fractal
dimensioncan be measuredrom plain radiographsof
thehumancalcaneusvith a precisionof betterthan2.1%
[9]. Otherplain radiographicstudieshavebeenreported
aswell [10-12].

Although plain radiographs appear to offer the
potential to assesstrabecular structure noninvasively,
thereis at presentvirtually no understandingas to the
relationship betweenthree-dimensional(3D) architec-
ture and the associatedtwo-dimensional(2D) radio-
graphic pattern. Thus the purposeof this study wasto
examinethis relationship,andto determinethe specific
connectionexisting betweenthe 3D and 2D representa-
tions.

Materials and Methods
SamplePreparationand Micro-CT Scanning

A singlehumancalcaneugrom which all softtissuehad
previouslybeenremovedwas obtainedfrom a commer-
cial supplier.A cylindrical core1.42cmin diametemwas
cut from the posterior portion of the calcaneusn the
medial-lateraldirection,usinganelectricdrill corer.The
cortical shellswerethen removedusinga rotating disk
cutterto producea 10.3mm long cylindrical sampleof
calcanealrabecularone(Fig. 1).

The specimenwas three-dimensionallymaged with
synchrotronradiation. The radiation was made mono-
chromatic at 25 keV with two silicon single crystals
whosefaceswere cut parallel to the (220) diffraction
planes. Tomography was performed with the X-ray
microtomography apparatusaccording to a protocol
describedin detail elsewhere[13]. Two-dimensional
radiographsof the specimenwere obtained at half-
degree rotational increments, and the data were
reconstructedinto 3D images by a Fourier filtered
backprojectionmethod.Although the spatial resolution
of the instrumentis 2 um, for the purposesof this
experimenthe datawerereconstructedn cubic volume
elements(voxels) that were 16.7 um on edge.Even at
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Fig. 1. Human calcaneusshowirg the trabecularcore usedin this
study.

this resolutionthe volumetric data set containedover
600 megabyte®f information. This wasfurtherreduced
for the purposef this study by rebinningthe datainto
33.4um cubes,andfinally the dataglobally thresholded
to segmenthe structureinto bone(pixel value= 1) and
marrow (pixel value = 0), thatis, a binary image.

Digital ImageProcessing

Three-dimensionaData. The 3D image data corres-
pondingto the singletrabeculabonecylinder werethen
processed using sequencesof morphologic image
processingoperations[14]. The original image data
were eroded and dilated in 14 distinct sequencego

obtain a total of 15 3D images (the original plus 14

transformedmages).The distinct sequencesf erosions
and dilations were chosenarbitrarily, carriedout in the
medial-lateraldirection, and usedthe classicalerosion
and dilation operators[15]. The 15 3D datasetswere
then analyzedfor volume fraction and averagefabric

anisotropy.The fabric anisotropyof eachof the 15 bone
imageswas computedby averagingthe fabric or mean
intercept length (MIL) anisotropy feature of all the
medial-lateraklices.In particular,the anisotropyfeature
of the 3D boneimage,Rsp, wasdefinedasthe meanof

the ratios of the MIL in the principal direction of the
trabeculago the MIL in the direction orthogonalto the
principal direction, for all the slicesin the 3D dataset.

Summatedata. Each3D datasetwas then summated
alongthe medial-lateraldirectionin orderto simulatea
plain radiograph, shown schematicallyin Fig. 2. A
planarimage was producedaccordingto the following
relationship:

N
7aZN(XayﬁZ)
B(z,y) =255|1 — e 7= (1)

where a is an arbitrary scale factor, u(x\y,2 is an
attenuationcoefficientequalto 1 for solid (bone)phase
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Plain radiograph

Fig. 2. Schematiaepresentationf summategatterngeneratiorfrom
the 3D datasets.

and equalto O for void (marrow) phase N = 288 is the
total numberof imageslices,andB(x,y) is the summated
planarimage. The 15 planar images,representingthe
summatedpatternsassociatedespectivelywith the 15
3D datasetsandobtainedaccordingo Eqg. 1 above were
then locally thresholdedto obtain associatedbinary
images.The local thresholdingwas carriedout in order
thata fabric MIL analysiscould be performed.If B(x,y)
is assumedo be representedby an 8-bit pixel value, a
thresholdimage, T(x,y), wascreatedusingthe following
formula:

y+A/2 z+ A2

I

o B(& m)d&dn
T(a,y) = =" 2)

where 4 is the length of a side of a small squareover
which T(x)y) is defined. After the creation of the
threshold image, the locally thresholdedimage was
definedas

B = {g”

where B'(x,y) is the new binary image after local
thresholding.In this study, the thresholdlength 4 was
setequalto 0.67 mm (20 pixels). The fabric anisotropy,
Ry-ray, Of eachof the 15 thresholdedsummatedmages
was defined as the ratio of the MIL in the principal
direction of the trabeculaeto the MIL in the direction
orthogonalo the principal direction,analogoushaswas
donefor the slicesin the 3D images.

To addresssomeof the more practical radiographic
issues, noise was added to the ideal summated2D
radiographs(before thresholding)to gain someunder-
standingof the sensitivityof thetechniqueln particular,
uncorrelated Gaussiannoise of zero mean and two
different variances was added to each of the 15
simulatedradiographsThe signal-to-noiseratio (SNR),
in units of decibels(dB), wasdefinedas

if B(x,y)> T(x,y) (3)
if B(x,y)< T(X,y)
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SNR= 20logs0 [%(Xy)} (4)

wheres () was the standarddeviation (variance)of
the additive noise. For this study, ¢ = 5 and 10,
respectively,leading to SNRs of 34 dB and 28 dB,
respectively.

Results

A 3D renderingof the micro-CT data of the original

calcanealbone sampleis shownin Fig. 3a. A single
representativeslice from the data set usedto produce
Fig. 3a is shown in Fig. 3b. Figure 3c shows the

simulatedplain radiographassociatedvith the original

bonesample Figure4a—cshowthe analogousmagesas
in Fig. 3a—cexceptthatthe 3D datasethasundergonea

seriesof two erosionsproducinga structureof reduced
volumefractionandincreasedinisotropy.Tablesl and2

provide a completeset of datausedin this study and

summary statistics, respectively.As may be seen,the

volumefractionsof the 15 datasetsrangedfrom 0.08to

0.19with ameanof 0.14. The medial-laterabnisotropies
rangedfrom 1.38 to 2.54 with a meanof 1.88. The

anisotropyof the 2D summatedpatterns,Ry.ra,, ranged
from 1.35to 2.18 with a meanof 1.71. Table 1 also
indicates the specific sequenceof dilations and/or
erosionsthat were used to obtain the particular 3D

imagedata.

The 3D trabecular architecture, Rzp, was then
comparedwith the radiographictrabeculararchitecture,
Rx-ray (Fig. 5). Thelinearcorrelationof the 3D trabecular
architecture, Rap, with the radiographic trabecular
pattern,R, sy, was0.99 (p<0.0001).Table 3 showsthe
resultsof addingGaussiamoiseto the ideal summated
radiographsfor the two SNRs,aswell asthe noise-free
images.As may be seen,the correlationbetweenR;p
and Ry.ay, While somewhatreducedin the presenceof
noise, is still strongly significant, demonstratinga
relative robustnessof the overall fabric estimation
procedure.

Discusson

Estimatingfracturerisk andbonestrengthin osteoporo-
tic patientsis animportantclinical problem.Usingbone
massaloneis suboptimalbut no other practical means
currently exists for assessingoone integrity in vivo.
Fabricis onemeasureof trabeculararchitectureandhas
beenshown,aftermassto be the mostimportantfeature
related to bone strength. Whereasmass accountsfor
approximately65% of the variation in observedbone
strength,fabric can explain approximatelyan additonal
20-25%[1].

The results show that information on the average
architecture fabric, i.e., mean intercept length, as
measuredn 3D samples, is containedin a summated
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2D image(i.e., a simulatedplain radiograph).This is an
importantfact becauseét addressea fundamentahspect
of the X-ray processnamelysummationandshowsthat
informationon trabeculararchitectures preservedn the
transformatiorfrom 3D to 2D image.Thoughour study
included only one bone sample, the use of the
morphologic image processing operations produced
datasampleswith a wide rangeof porositiesand fabric

architecturesin orderto testour underlyinghypotheses.

Neverthelessfurther studieswith additionalbonespeci-
mens, from different anatomic sites, are certainly
warranted.

Although architectural(fabric) information is avail-
able in the 2D summatedimage, there are certain

Fig. 3. a Three-dimensionalenderingof the micro-CT datasetof the
original trabecularsample b Represent#ve singledataslice from the
imageof a. c Summatedyray-levelpatternassociatedvith the dataof
a.

practical issues related to the X-ray processesand
productionof plain radiographsTo beginaddressinghis
guestion,additive noisewasintroducedto the simulated
radiographs. The results show that the techniques
describedfor obtaining the fabric data from the 2D
radiographs are quite robust with respect to the
introduction of noise,showingonly a 10% decreasen
correlationvalue in going from no noiseto 28 dB of
SNR, for the linear regressionof 2D versus3D fabric
measures.Such a SNR is typical of the systems
describedhere[16]. This implies that the techniquehas
reasonableharacteristicsvith respecto reproducibility.
Additional practical considerationsin the X-ray
processthat were not accountedor in this study (e.g.,
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the monochromaticassumptionand simplistic binary
modelusedfor the bone)placeadditionallimitations on
the generalityof our findings.However,in a relatedbut
earlier pilot study[17] it hasbeenshownusing actual
plain radiographsf humancalcaneiin vitro that fabric
measuredusing methodsidentical to those described
hereis highly correlatedwith fabric asmeasuredlirectly
from amid-sagittaltrabeculaboneslice.In addition,the
actual radiographic images of the calcaneus are
qualitatively similar to the simulated ones produced
here. These observationssuggestthat the techniques
describedn the presensstudycanbeutilized in practical
conditionsand that artifactsassociatedvith acquisition
of film radiographs, including for example film
processing,non-ideal exposuregeometriesand beams

Fig. 4. a Three-dimensionalenderingof the micro-CT datasetafter
two erosionf theoriginal trabeculasampleb Representativsingle
data slice from the image of a. ¢ Summatedgray-level pattern
associatedvith the dataof a.

having a spreadof photonenergiesshouldnot present
excessivdifficulties.

Although our study has focused on architectural
fabric, as represented through measurement®f the
meaninterceptlength,otherparameter®sf interestcould
also have been studied. For example, we have not
addressedhow the more classic histomorphometric
parameterswould transform from the original 3D
sampleonto the 2D radiographg18,19], althoughthat
is certainlya questionof someinterest We havefocused
ontheuseof architecturafabric sincethatis a parameter
thathasbeenspecificallyshownto be stronglyrelatedto
bone elasticity and strength[1,20]. We also have not
investigated the relationship of volume-basedfabric
parameterssuchasvolumeorientationwith architecture
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Table 1. Volume fraction and anisotropydatafor the 15 images

Volume Rsp Ry-ray
fraction
Samplel (Original) 0.19 1.38 1.35
Sample2 (E) 0.15 1.44 1.38
Sample3 (EEEEDDD) 0.13 2.40 2.09
Sample4 (EEE) 0.10 1.81 1.75
Sample5 (EEDD) 0.18 1.70 1.54
Sample6 (EEEE) 0.08 2.09 1.89
Sample7 (EEEED) 0.10 2.12 1.90
Sample8 (EEEEDD) 0.11 2.26 1.98
Sample9 (EEEEDDDD) 0.14 2.54 2.18
Samplel0 (EED) 0.15 1.59 1.47
Samplell (EEED) 0.12 1.83 1.68
Samplel12 (EEEDD) 0.14 1.94 1.74
Samplel3 (EEEDDD) 0.16 2.07 1.85
Sample14 (EE) 0.13 1.57 1.54
Samplel5 (ED) 0.18 1.49 1.38
Table 2. Summarystatisticsfor the datain Table 1
Volume Rsp Ry-ray
fraction
Minimum 0.08 1.38 1.35
Maximum 0.19 2.54 2.18
Mean 0.137 1.88 1.71
Median 0.14 1.83 1.74
Standarddeviation 0.0322 0.359 0.0687
95% confidencenterval 0.0178 0.199 0.147
2.4
r2=0.98
P<0.0001
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Fig. 5. Plot of 3D anisotropyversussummatecatternanisotropy for
the 15 datasets.

measuredrom the 2D radiographsinceit alsohasbeen
shownthat thesevolume-basedneasureperform only

marginally better than fabric basedon meanintercept
lengthmeasurement0,21]. Architecture,asmeasured
by fabric, hasalsobeenshownin anadaptiveremodeling
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Table 3. Effect of noiseon correlationsbetweenRsp and Ry.ray

Correlation p
No noise 0.99 <0.0001
SNR=34dB 0.95 <0.0001
SNR=28dB 0.89 <0.001

SNR, signal-to-noiseratio.

simulation study to be related to bone elasticity,
independentlyof bonemass[22].

The importanceof fabric architecturewith respectto
bone strengthis somewhatcontradictedby the insight
that whenboneis mechanicallytestedin a single well-
controlled direction (e.g., vertebral trabecular bone
uniformly testedonly in the inferior-superiordirection),
thenbonemassis an excellentpredictorof elasticityand
strength. It is typically when multiaxial loading is
modeled(i.e., whenboneis testedfrom a collection of
directions)that fabric architectureleadsto a significant
improvementin bone strength estimation. How this
translatesnto theclinical milieu is still arelatively open
guestion,but it seemsreasonablebasedon the multi-
axial natureof in vivo loading of bone, that fabric in
particular and architecture in general can play a
significantrole in determiningbone strength.A study
using simulated multiaxial loading of trabecularbone
samplesthat supportsthis viewpoint hasbeenreported
[22].

Further work is necessaryto extendthis work into
clinical application. First, a standardizedset of X-ray
acquisition proceduresneedsto be developed. This
shouldinclude developmenbf automaticcompensation
techniquegelatedto film developmentindexposureas
well as methodsto obtain good reproducibility [16].
Previous studies on other radiographicfeautres have
demonstratedwhat appearto be adequateprecisions
[23,24] for clinical utility. Obtaining high relative
precisionsin estimationsof architecturalfabric from
plain radiographsis an important aspectneededfor
further progress Subsequentlyglinical studiesaimedat
determining the utility of estimatesof radiographic
fabric will also needto be carried out. The overall
purposeof such investigationswill be to seewhether
radiographically determined fabric can improve a
clinician’s capability to estimatean individual’s risk of
osteoporotidracture,overthat obtainableby usingbone
massmeasurementalone. In this regard,it is notable
thata recentclinical studyusinghigh-resolutionMRI of
the calcaneudiasdemonstratedifferencesn trabecular
structure between osteoporotic patients and controls
[25]. Clearly, MRI is not an economicallyviable tool in
terms of diagnosingand managingosteoporosisn the
populationat large.However the fact thatdifferencesn
trabecular structure in the calcaneusof osteoporotic
versus normal individuals have been observed,when
combined with the more theoretical results presented
here,makesfurtherinvestigationswvith plain radiographs
warranted.
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