Effect of Microcomputed
Tomography Voxel Size on the
Finite Element Model Accuracy
for Human Cancellous Bone

The level of structural detail that can be acquired and incorporated in a finite element
(FE) analysis might greatly influence the results of microcomputed tomograpby)¢
based FE simulations, especially when relatively large bones, such as whole vertebrae,
are of concern. We evaluated the effect of scanning and reconstruction voxel size on the
uCT-based FE analyses of human cancellous tissue samples for fixed- and free-end
boundary conditions using different combinations of scan/reconstruction voxel size. We
found that the bone volume fraction (BV/TV) did not differ considerably between images
: scanned at 21 and 5@m and reconstructed at 21, 50, or 1146n (—0.5% to 7.8% change
Gregory T. Ch"smpherson from the 21/21um case). For the images scanned and reconstructed apiOhowever,
X. Neil Dong there was a Iarg_e increase in I_3V/TV compare_d to the Zyﬁjlcase (58.7%). Fixed-end_
) boundary conditions resulted in 1.8% [coefficient of variation (COV)] to 14.6% (E) dif-
DO-GVOOH Kim ference fror_n the free-gnd case. D_ependence of model output parameters on scanning and
reconstruction voxel size was similar between free- and fixed-end simulations. Up to 26%,
David P Fyhrie 300/9, _17.8%, and 32.3% d_iff_erence in_m_odulus (E), and average (VMEXp), stan_dard
) deviation (VMSD) and coefficient of variation (COV) of von Mises stresses, respectively,
was observed between the 21/2in case and other scan/reconstruction combinations
within the same (free or fixed) simulation group. Observed differences were largely at-
tributable to scanning resolution, although reconstruction resolution also contributed
significantly at the largest voxel sizes. All 21/ain results (taken as the gold standard)
could be predicted from the 21/5Q734;=0.91-0.99;p<0.00D, 21/110 (r5y;

=0.58-0.99;p<0.02 and 50/50 results(ridj:0.61—0.97;p<0.02). While BV/TV,
VMSD, and VMExp#, from the 21/21 could be predicted by those from the 50/110
(r54;=0.63-0.93;p<0.02) and 110/110(r3;;=0.41-0.77; p<0.05) simulations as well,
prediction of E, VMExp, and COV became marginally significdhD4<p<0.13) at
50/110 and nonsignificant at 110/110.21<p<0.70). In conclusion, calculation of can-
cellous bone modulus, mean trabecular stress, and other parameters are subject to large
errors at 110/110um voxel size. However, enough microstructural details for studying
bone volume fraction, trabecular shear stress scatter, and trabecular shear stress ampli-
fication (VMEXxp/o,) can be resolved using a 21/1%6m, 50/110um, and 110/11Qum

voxels for both free- and fixed-end constrain{Ol: 10.1115/1.1835346
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Introduction equal, bones with greater strength have less chance for fracture.
The current World Health Organization definition of osteoporosis

It is estimated that 4—6_m_||||on women and 1-2 million mezpone mineral densityBMD), 2.5 standard deviations below the
currently have osteoporosis in the United States and a dramatic . .
meéan of young normal white womej¥]] inherently assumes

increase in numbers is expected in the_ n_ext few decpiles\l- .BMD as a surrogate for bone strength. A more mechanistic pre-
though much of the mortallt_y and ”.“°rb'd'ty due to O.SteOpquS'%'iction of bone strength would not only provide a means for con-
related fractures are associated with those of the|2p], pain istent diagnostic tools but also a basis for the development of

and disability associated with fracture of the spine is no less of> . . i
problem, especially when the fact that 50% of the elderly fem Pevention and treatment modalities through a better understand

o of the underlying mechanisms by which bone forms its me-

population is expected to have at least one vertebral fractureC anical properties
considered4—6]. Overall, the direct medical cost of fractures Vertebrae mostly consist of cancellous bone that provide the
associated with osteoporosis is 10.3 to 15.2 hillion dollars in t%rtebra with the great majority of its mechanical properfis
USManrr:e[:_L]. v, f sk of is d ined b The thin cortical shell surrounding the vertebra also makes a sub-

echanically, fracture risk of a structure is determined by th§tantial contribution to the mechanical competence of the whole
me'chanlcal properueg of th.e structure and the external Ioad§ tebrs9—12], especially when the cancellous bone is weakened
which the structure is subjected. For all external loads belr&e to osteoporosiklQ]. Therefore, the capacity to analyze an

entire vertebral body is important for a better understanding of
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whole bones as well as for examining microstructural aspects ofAfter reconstruction, bone and nonbone voxels were segmented
cancellous bone tissue. The use of CT for these analyses is bsing a heuristic segmentation algorithm developed specifically
coming increasingly popular because of the nondestructive natfioe bone tissue with highly nonhomogeneous CT density distribu-
of the application. However, the level of structural detail that caions with a large overlap between bone and bone maxpy
be acquired by tomography scans and incorporated in the BENndix [24].
analysis might greatly influence the results from cancellous boneEach set of images was used to create linear FE models with a
tissug[13—15 and also from relatively large bongks]. Crawford cubic element for each voxébecause of this, element size and
et al.[17] recently investigated the effect of element size on theconstruction voxel size can be considered synonymously within
FE-calculated stiffness and prediction of strength for quantitatitke context of our discussion§25,26|. Inferosuperior compres-
CT (QCT) models of human vertebra&7]. Specimen-specific FE sion of the vertebral and tibial cylinders, corresponding to a 0.5%
modeling of whole human vertebral bodies is also possible usisgrain was simulated. This simulation is similar to the loading that
microcomputed tomograph§uCT) at much smaller voxel sizes occurs in life in the vertebrae and tibial metaphysis. Young's
than QCT, yet larger than the conventional voxel size values usetbdulus of 5 GPa and Poisson’s ratio of 0.3 were assumed as
in uCT scanning of cancellous bone specimens. In our experiertcabecular tissue properties for all modékhe actual value as-
with uCT scanning of whole human vertebral bodies, scannirmymed for Young’s modulus does not affect the comparative re-
voxel sizes of up to 112m were required in order to capture thesulty [14,25,27. Models were run once using freésimulating
entire specimeri88—112um for human vertebrae varying from frictionless rigid platensand once using fixed-ensimulating
Thoracic 11 to Lumbar 5, unpublished datiis desirable to have glued specimen eng®oundary conditions resulting in a total of
the capacity to analyze the tissue stresses—as well as density @@dsimulations. A special-purpose element by element precondi-
modulus distributions in whole vertebral bodies—since thesmned conjugate gradient iterative solver developed in-house was
analyses may reveal important associations between the abilityused for the FE analysf25]. Bone volume fractioiBV/TV) was
tissue to distribute loads and apparent properties, mechanidakctly calculated from thexCT images by voxel counting. In
damage, and anatomical s{t€8—20. However, it is not known addition to the apparent modul(g), the average, standard devia-
whether enough cancellous bone structural information is resolviéahn, and coefficient of variation of trabecular von Mises stresses
during these scans for studying the aforementioned issues. (VMExp, VMSD, and COV, respectivelyas well as trabecular
Scanning voxel size is intrinsic to the scanning system and scsimear stress amplification (VMEx@/, o,: Axial apparent stress
geometry, and is representative of the level of detail that can benerated for the 0.5% axial apparent strain inpugre calculated
resolved in the image. Reconstruction voxel size determines thging the FE simulation results. A three-parameter Weibull func-
level of coarsening from the baseline image, i.e., it represents tien fitted to the statistical distribution of the FE-calculated von
sampling effect from the already scanned image. An increaseNfises stress data for each specimen was used for calculating the
the reconstruction voxel size is expected to add to the inaccuracé®ess distribution parameters as outlined previo(i$8,20,28.
in the image. Reconstruction using voxel sizes greater than scdire COV of the von Mises stress, which is a measure of trabecu-
ning voxel size may be required in order to be able to form arddr shear stress variability, was calculated as VMSD/VMEXxp.
solve computer models or to avoid large computational costs. TH®#IExp/ o, can be considered as a measure of structural efficiency
effects of scanning and reconstruction voxel size have not beefithe cancellous tissue since it represents the conversion of axial
considered separately in previous studies where the effect of edéesses into shear stresses in the trabecular §id¢8&9.
ment size on the FE calculated modulus and stress distributionsfwo-way repeated measuresova was used for analyzing the
was investigatedl13,14,21,22 effect of end boundary conditions and scan/reconstruction combi-
The purpose of the current study was to evaluate the effect mdtions with each specimen as the subject and end conditxex
scanning and reconstruction voxel size on {h€T-based FE or free and scan/reconstructio(21/21,21/50...) as repeated
analyses of human cancellous tissue samples. Combinationsfasftors(Sigma Stat, SPSS IncWhen significance was detected,
scan/reconstruction voxel size were chosen such that they repte Bonferroni test was performed to examine the group differ-
sent the best possible scans, commonly used intermediate valeeges. For further examination of the separate effects of scanning
and those applicable fa situ scans of human vertebrae and otheand reconstruction voxel size, two-waMANOVA was repeated
bones of similar size. Our first aim was to determine the changewithin each end boundary simulation group with scanning voxel
the magnitude of calculated parameters due to voxel size diffsize and reconstruction voxel size as repeated factors. To examine
ences. Our second aim was to determine whether high-resoluttbe relationship between scanning/reconstruction voxel size and
model results could be predicted by low-resolution model resulthe error in the parameter of conceth,(the deviation from the
As a third aim, we examined whether FE simulations with fixed21/21 case assuming the 21/21 case to be error meivariable
and free-end boundary conditions would have an effect on thirear regression was performed. To examine the change in the

calculations. scatter within a scanning/reconstruction voxel size case, the stan-
dard deviation of the error in a parameter of concern was also
Methods examined using multivariable linear regression. If either scanning

or reconstruction voxel size was significant, only a simple linear

Eight cylindrical cancellous bone specimed® mm length, 8 regression was performed. It should be noted, however, that mea-
mm diameter were cored in the inferosuperior direction fromsures of statistical significance might not be meaningful for these
L2—-L4 vertebrae of a 63 year old male and metaphyseal tibia ot@gressions since the scanning and reconstruction voxel size are
52 year old male. Each of the specimens w&sT scanned at 21 not truly random variables. On the other hand, the regression
wm, 50 um, and 110um voxel size using a cone—beam systemequation itself and the explained variability by the equation might
the details of which were presented previoUslg]. Images were be useful. The relationships between parameters calculated from
reconstructed at 2tm, 50 um, and 110um resulting in scan/ the 21/21um images and those from other combinations of scan/
reconstruction combinations of 21/21, 21/50, 21/110, 50/50, 5f¥construction voxel size were examined using regression analysis
110, and 110/11@um for each specimen. 24m is about the best (Microsoft Exce).
possible scanning voxel size for specimens of this sizew®0is
a commonly employed intermediate value. The choice of 440
was based on our experience wiET scanning of whole human Results
vertebral bodies and represents a “best case” scenario for futureBV/TV did not differ considerably between images scanned at
in vivo scanning of the spine. The 21/21 case was used as the gbldand 50um and reconstructed at 21, 50, or 14t (—0.5% to
standard for determining the level of inaccuracy in the coars@r8% change from the 21/24m case, Table )1 For the images
scan/reconstruction combinations. scanned and reconstructed at 14, however, there was a large
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Table 1 Breakdown of results with scan  /recon voxel size and FE end boundary conditions. Average values (standard deviation )
are for free- and fixed-end boundary conditions, respectively

Voxel size BVITV (%) E (MPa) VMExp (MPa) VMSD (MPa) cov VMExp/c,
21/21 19.48 247.6 9.429 7.384 0.812 9.409
(6.10) (120.0 (2.450 (1.033 (0.144 (4.770
283.4 10.094 8.011 0.827 8.652
(136.0 (2.602 (0.868 (0.159 (4.220
21/50 19.57 245.8 8.935 7.018 0.817 9.516
(6.09 (130.5 (2.562 (1.239 (0.148 (5.337
282.0 9.627 7.707 0.838 8.684
(142.3 (2.642 (0.991) (0.166 (4.667)
50/50 21.01 293.4 8.833 6.796 0.817 8.405
(5.95 (188.0 (3.282 (1.708 (0.160 (4.883
331.7 9.413 7.400 0.844 7.584
(196.4 (3.336 (1.539 (0.199 (4.120
21/110 19.38 231.1 7.688 6.217 0.873 10.385
6.72 (155.5 (3.263 (1.979 (0.192 (7.179
263.5 8.390 6.940 0.899 9.377
(163.6 (3.197 (1.641) (0.229 (6.097
50/110 20.04 269.6 7.550 6.070 0.907 9.804
(6.82 (220.6 (3.911 (2.286 (0.248 (6.872
302.8 8.123 6.715 0.939 8.779
(228.5 (3.851) (2.119 (0.282 (5.896
110/110 30.92 312.7 6.595 6.324 1.066 8.558
(8.89 (255.0 (2.816 (1.839 (0.341) (6.956
352.5 7.071 6.933 1.094 7.680
(2735 (2.802 (1.774 (0.373 (6.064

increase in BV/TV compared to the 21/2im case(58.799. A  voxel size, respectively Consistent with this resultyE increased
two-way repeated measuresovA, with scan and reconstruction with increasing scanning voxel sizeAE(%)=0.825Vg(um)
voxel size as factors followed by Bonferroni’s test, suggested that18_461;rgdj=0,791,p<o.02) when averaged over eight obser-
scanning at 11Qum is the major factor causing the differenceyations for a given scan/reconstruction combination. Together,
(p<0.001) whereas reconstruction voxel size did not have a Sigrese results indicate that the nonsignificance of the average dif-
nificant effect p=0.61). Consistent with these results, the ermoerence in modulus from the 21/24m case was caused by the
in BV/TV increased with increasing scanning voxel si2&, increasing variability of values with increasing scanning and re-
(A BV/TV(%) :0.124VS(,LLm)—3.41; I’gdj:O.SS, p<0001) but construction voxel size.
not with reconstruction voxel siz&r, (p=0.62). The scatter of  The differences in the averagg¢MExp, up to 30% and stan-
ABV/TV within a scan/reconstruction group also increased witfard deviation’\VMSD, up to 17.8% of trabecular shear stresses
scanning voxel size (SRyry=0.054Vg(um)+0.208; rﬁdj were largely attributable to reconstruction voxel sipe<(0.006)
=0.79, p<0.02) but not with reconstruction voxel sizep ( rather than scanning voxel sizp*0.21) in both free- and fixed-
=0.11). end simulations. Consistent with th@ova results, the deviations
Fixed-end boundary conditions resulted in greater valuei, of of VMExp and VMSD from the 21/2Jum case were predictable
VMEXxp, VMSD, and COV but lower values of VMEXp/, than  from reconstruction voxel size but the explained variability was

the corresponding free-end constraints at the same SCR§Y;, (AVMExp (MPa)= —0.025Vg (xm)+ 0.635; rgdj=0.18 p
reconstruction voxel size in all simulations with differences being ' .2
0.002, and AVMSD (MPa)=—0.013Vg («m)+0.203; rgg
bhetween 1.8;/600\/) and 14.6%E) (Table 1;;;<0.02 fczjr all butf 0,20, p<0,001). The (devigtions oL E(;?p a)md 20 Tadi
the COV wherep=0.07, two-wayRMANOVA). Dependence o oal ' X . X .
model output parameters on scanning and reconstruction voﬂ?e? 21/21pm case were not predictable from scanning voxel size

size was similar between free- and fixed-end simulations. Tht@zo'zg andp:O.87'fo_r VMExp and VMSD,_respectlvglyThe
free-end results only are shown in all figures in the interest 8Eatter OfAVMExp within a scan/reconstruction group increased
space with reconstruction voxel size (SBvExp (MPa)

Up to a 26% difference in modulus was observed between tfed-026Vr (#m)—0.41; rgdj:_o'_n' p<0.02) but not with scan-
21/21 um case and other scan/reconstruction combinations witH¥d voxel size p=0.21). Similarly, the scatter idVMSD in-
the same(free or fixed simulation group(Table 3. However, Creased with reconstruction voxel size (SRsp(MPa)
despite the great percent difference, the variability in the modulgs0.013Vg (#m)—0.187; r2,=0.81, p<0.01) but not with
data resulted in statistically nondetectable differences in averagganning voxel size f=0.62). When averaged over eight
values £>0.19 andp>0.53 for scan and reconstruction voxelobservations for a given scan/reconstruction combination,
size, respectively Accordingly, the deviation oE from the 21/21 AVMExp was related to both scanning and reconstruction
um case AE) was not predicted by scanning voxel sizp ( voxel sizes AVMEXxp (MPa)=—0.012Vg(um)—0.02Vg (m)
=0.13) or reconstruction voxel siz@ € 0.66). When normalized +0.791; rgdj: 0.97, p<0.003), further reinforcing the effect of
by BVITV, the results were still nonsignificanp$0.16 for al).  data scattering by voxel size on predicting group averages. When
The scatter iAE, on the other hand, was related to both scanningormalized by BV/TV, both scanning and reconstructing at 110
voxel size and reconstruction voxel size (§MPa) um resulted in significant differences in the average and standard
=1.616Vg(um)+0.934Vy (um)—45.383; r§d1-=0.94, Pmodel  deviation of the von Mises stress with respect to the.21and 50

<0.01; p<0.02, and p<0.04 for scanning and reconstructionum scan/reconstruction combinatiors<(0.03 for al).
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Fig. 1 Prediction of BV /TV calculated from 21 /21 mm images Fig. 2 Prediction of FE apparent modulus () calculated from
by BV/TV calculated from other combinations of scan / 2121 umimages by E calculated from other combinations of
reconstruction voxel size. All relationships are significant scan/reconstruction voxel size. All relationships except for 110 /
(Table 2). 110 pmm are significant (Table 2).

Up to 32.3% differences in COVs between 21/2h and other Discussion

scan/reconstruction combinatiorid10/110 um being largest  The effect of scanning and reconstruction voxel size on the
originated from significant differences between 110/110 and thregiculation of BV/TV, apparent modulus and stress distribution
other cases of 21/21, 21/50, and 50/at (p<<0.02; two-way parameters were examined faCT-based large-scale FE models
RMANOVA). The difference between the 110/110 and the othef human cancellous bone with free- and fixed-end boundary con-
groups were related, but only marginally, to both scan and recatitions. Bone volume fraction is not a FE parameter but was in-
struction voxel size §=0.084 andp=0.066, respectively, within
the fixed-end simulationgp=0.053 andp=0.062, respectively,
within the free-end simulationsA regression analysis indicated
that the deviation of COV from the 21/21 case was predictable,

though weakly, from scanning voxel size ACOV b

=0.003Vg(m)—0.045; ridj=0.17,p<0.003) but not from re- - 12

construction voxel sizeg=0.25). The scatter iACOV was re- g

lated to both scanning voxel size and reconstruction voxel size % 10

(SDacoy=0.003Vg(m)+0.001Vg (um)—0.098; r§dj=0.99, g

Pmoder<0.001; p<<0.001 andp<0.004 for scanning and recon- = 8.

struction voxel size, respectivelywhen normalized with BV/TV, ]

COV was not related to scanning or reconstruction voxel size ( § 6

>0.12 andp>0.08 for scanning and reconstruction voxel size,

respectively, for both free and fixed end q -:-‘-'-' 1onio

VMEXxp/ o, was not different between scan/reconstruction com- 0 2 4 & 8 10 12 14
binations £=0.117). When normalized by BV/TV, scanning at
110 um was a significant factor affecting VMExp/ (p<<0.03; VMExp(MPa) (21-110)(50-110)
Bonferroni testjp<0.03 andp>0.10 for scan and recc.)nstructlon,:ig. 3 Prediction of the average trabecular von Mises stress
voxel size, respectively, for both free and fixed eRSANOVA).  (vMExp) calculated from 21 /21 wm images by VMExp calcu-
Multivariable linear regression showed that the deviation @ted from other combinations of scan /reconstruction voxel
VMEXp/ o, from the 21/21 case was significantly related to scamize. The 110/110 um case is nonsignificant and the 50 /110 um
ning voxel size p=0.02) but not to reconstruction voxel sizecase is only marginally significant  (Table 2).
(p=0.14). When averaged over eight observations reducing the

9.0

noise,AVMExp/o, was predictable from both scanning and re- : o 21550 .
construction voxel sizes AVMExp/o,=—0.022Vg(um) 85 | —O_ 5050
+0.015Vg (4m)—0.16; r3,=0.80, p<0.05). The scatter of I a1
AVMEXxp/ o, increased with both scanning voxel size and recon- & 804 e 110110 pr
struction voxel size (SQ,MEXp,(,Z:O.Ollvs(/.Lm) E /,//
+0.028V (M) —0.939; 2= 0.98, Prmoger< 0.002; p<0.05 and =757
p<0.002 for scanning and reconstruction voxel size, respec- 2 70| A
tively). = Rl

All 21/21 um results(taken as the gold standardould be 2 65 ,/' # / .
predicted from the 21/50rﬁdj=0.91—0.99p<0.001), 21/110 W{,‘q/;,/
(r2,=0.58-0.99p<0.02) and 50/50 resultsr{;=0.61-0.97p T v e T T
<0.02) (Table 2, Figs. 1-p While BV/TV, VMSD, and
VMEXxp/ o, from the 21/21 could be predicted by those from the VNSD (MPa) (21-110)/(50-110)

2 _
50/110 ¢adj_0'63_0'93p<(.)'02) and 110/.11.0 rédj Fig. 4 Prediction of the standard deviation of trabecular von
=0.41-0.77p<0.05) simulations as We”'_ pre_dlctlon OF, Mises stress (VMSD) calculated from 21 /21 mm images by
VMExp, and COV became marginally significant (008 vmsSD calculated from other combinations of scan /
<0.13) at 50/110 and nonsignificant at 110/110 (&®1 reconstruction voxel size. All relationships are significant
<0.70). (Table 2).
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1.0 gorithms (thresholding using a single value above which is
deemed bone and below which is deemed nonpane used in
- * the analysis of cancellous bone; an approach taken by our group
’ - and by others in the papt3,14,18,19,25,26,32It is known that
8 et e the resultant bone structuteence, FE solutionsan be sensitive
Nos to the selection of the threshold val{i@3,34]. It has been sug-
3 o 21550 gested that the threshold value should be forced to compensate for
o —_o_ 500 the loss of trabeculae by maintaining the “original” BV/TV value
07 ——;—— ggmg that must be determined from an available high-resolution image
T 110110 of the same specimdi35] or adjusted using a BV/TV value from
06 A . . . . . an independent reference measurement, such as one based on
06 08 10 12 14 16 18 20 Archimedes’ principld 36]. Because we were interested in deter-
COV (21-110)/(50-110) mining the overall (.eff.ec.t of scanning and reconstruction yqxel size
from an image as it is in the assumed absence of a priori knowl-
Fig. 5 Prediction of the coefficient of variation of trabecular edge of the actual BV/TV, we did not force our images to match
von Mises stress (COV) calculated from 21 /21 um images by  with a known reference value.
COV calculated from other combinations of scan / Direct use of gray values in FE models in order to circumvent
reconstruction voxel size. All relations_hips_ except for the 50 / the prob|ems associated with thresho|ding has been Suggested re-
110 pm and 110/110 um cases are significant  (Table 2). cently [37]. Although this is a potentially powerful approach, the

accuracy of the results from this method is highly sensitive to the
choice of parameters that are used for converting gray levels to

cluded in the analysis to gain insight into whether the observeigsue properties. These parameters are not available for general
changes in FE parameters are attributable solely to changesafplication and need to be estimated calibrated through sepa-
BV/TV. rate studiesfor various anatomical sites. The gray-value method

With large bone and joint segments, particularly whole vertetoes not need a distinction between bone and nonbone voxels for
bral bodies in mind, the 11um scanning and reconstructionrunning FE models, however, an analysis of trabecular microar-
voxel size was chosen to establish an upper bound “best” voxehitecture may still require some form of segmentation. Nonethe-
size based on our experience witle T scanning of whole human |ess, future work should consider this alternative approach.
vertebral bodies. The images scanned and reconstructediah2l  |n addition to the variation in BV/TV and apparent modulus,
were considered as the gold standard for the study.r1s about  the variation in the von Mises shear stress statistics were exam-
as small a voxel size as possible for our specin@@smm long ined. The choice of von Mises stress as a study parameter—
cylinders with 8 mm diametgrlt is possible to acquire images atamong many other potentially important stress/strain measures—
smaller voxel sizes with our microtomography system if smallggas based on our previous work where it was established that the
specimen sizes are used. However, better than arelement yon Mises stress is associated with cancellous bone microdamage,
size may not be necessary for the purpose of our study as it Ra is potentially important in explaining anatomical and donor-
been shown that 2@um is sufficient for accurately calculating specific variations in vertebral bone strendt8—20,30,3% It
human cancellous bone modulus including specimens from l0ghould be noted, however, that although the ability of models to
density regions such as vertebral bqi®] and smaller voxel capture trabecular stress statistics is indicative of how well the
sizes may not significantly improve this accurd@@]. The 10<8  gpatial distribution of stresses in the cancellous tissue is repre-
mm cylinder is also our standard mechanical test geometry f@&nted in models, this study did not address how resolution affects
cancellous bon¢26,30,31. Because it is desirable to test thesgne gpatial distribution of stresses or other parameters within the
specimens mechanically in future studies and the scanning reg@necular microstructure. This may be important for applications
lution is sufficient to resolve enough microstructural details fQfnere the relationship of local mechanical parameters with cellu-
calculating bone properties, the choice of specimen size is reas@fi-responses is of interest.
able. ) ) A number of studies investigated the effect of voxel size on

The current study did not examine the separate effects of Sggne microstructural parameters calculated from CT images and
mentation on the measured parameters. Segmentation of bgf€e computed values of bone properties in FE simulations
voxels from no_n_bone vqxels is a necessary step in voxel-l_)ased ﬁ§,14,21,22’3}9 However, the larger element sizes used in FE
models that utilize.CT images. Usually, global thresholding al-pqqels were obtained either by coarsening a higher-resolution

uCT image of the specimen rather than rescanning the specimen
at the desired coarse resolution, or by rescanning and reconstruct-
ing at a low resolution, or by another instrument, suclp@<T,

N
o

— 18 - J_DL §3§§8 ﬂm / bea in those studies. The current study used both coarsened and res-
P I P /4 . . e .

§_ 08 -A gamg um / 7 canned images of the same specimen providing the opportunity to
b= e sopf i P 4 distinguish between the effects of scanning and reconstruction
- 141 7 voxel size foruCT applications. This study also provided signifi-
9: 12 cant insight into the variability of these effects by utilizing eight
) 5 different specimens.
e The calculation of cancellous bone modulus, mean trabecular
g 8 1 stress, and other parameters is subject to large errors at 110/110
> 54 um voxel size(Table 1, Figs. 1-6 However, our results indicate

i that enough microstructural details for studying BV/TV, trabecular

0 5 10 15 20 25 shear stress scatter, and trabecular shear stress amplification

(VMExp/o,) can be resolved using 21/136n, 50/110um, and
110/110 um voxels for both free- and fixed-end constraints
Fig. 6 Prediction of the shear stress amplification (VMExp/ o ,) (Tables 1 and 2, Figs. 4 ano}.Gn a, similar §tudy, it has been
calculated from 21 /21 um images by VMExp /o, calculated from found that BV/TV and three-dimension@D) microstructural pa-

VMEXxp/c, (21-110)/(50-110) pm

other combinations of scan /reconstruction voxel size. All rela- rameters of cancellous bone calculated from 185pQCT scans
tionships are significant ~ (Table 2). could predict those from 2@m uCT scans of the same specimen
Journal of Biomechanical Engineering FEBRUARY 2005, Vol. 127 / 5
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Table 2 Regressions between the 21 /21 case and other scan /reconstruction voxel size cases for each parameter. Fixed-end
simulations had similar results in terms of significance and explanatory capability. Therefore, reported results are for the free-end
simulations only, except for BV /TV which is independent of the type of FE model. If the slope of the regression was significant but

the intercept was not, another linear model was applied to the data forcing the fit through the origin. For the latter, p values
associated with the regression are reported.
Y 21/21 21/50 50/50 21/110 50/110 110/110
BV/TV 0.973X+0.445 0. 925<+0 0476 0.84X+3.193 0.814X+3.164 0.487X+4.429
(%) r2;=0.91 r2;=0.78 r2;=0.83 r2,=0.80 r2g=0.41
pslope<0 001 Psiope™ 0.002 pslope<0-001 pslope 0.002 Psiope= 0.0501
Pin=>0.85 Pinc=>0.99 Pin=>0.3 Pin=>0.36 Pin>0.51
0 994X O 927X O 989X 0 958X 0 651X
rdj 0.78 =0.67 =0.68 =0.65 adj =0.31
Preg<0.001 p,eg< 0.001 preg< 0.001 preg< 0.002 Preg=0.052
E 0.900X+26.3 0. 558(+ 84.0 0. 668(+ 93.3 0.387X+143.4 NS
(MPa) r24=0.95 r2=0.72 r2g=0.71 r2y=0.42
pslope<0-001 pslope<0 005 pslope<0 006 Ps|0pe<0 05 pslope>o-21
Pinc=>0.26 Pint= Pint=> Pint<
0.986X 0 768X 0.957X
ad, 0.80 adJ =0.47 adJ—O 41
Preg<0.001 Preg<0.02 Preg<0.03
VMExp 0.943X+1.005 0.660X+3.597 0.63%X+4.519 0.420+6.255 NS
(MP3) r54=0.97 r54=0.78 r;=0.68 r54=0.36
pslope< 0.001 pslope< 0.004 pslope< 0.008 pslope= 0.069 pslope> 0.25
Pinc>0.14 Pint<0.04 Pint<0.02
1 048X
r2 26— 0.82
Preg<0.001
VMSD 0.830x+ 1.559 0.58]x+ 3.437 0.50])(+4.268 0.410+4.895 0. 463(+4 457
(MPg) j—O 98 j—O 91 J-—O 90 rgdj=0.79 adJ =0.68
pslope<0 001 pslope<0 001 pslope<0 001 pslope<0-002 pslope<0 02
Pint<0.002 Pin<0.001 Pine<<0.001 Pine<0.001 Pint<0.002
cov 0.959X+ 0.028 0. 750(+ 0.199 0.601X+0.287 0.34%+0.502 NS
r24=0.97 r24=0.65 r24=0.58 ra=0.24
pslope< 0.001 pslope< 0.01 pslope< 0.02 pslope= 0.122 pslope> 0.7
Pini>0.62 Pin>0.27 Pine>
0 993X 0 986X O 917X
ad, 0.83 adJ =0.47 ad] =0.32
Preg<0.001 Preg<0.02 Preg= 0.0507
VMEXxp/ o, 0.891X+0.929 0.964X+1.307 0.662+2.539 0.674X+2.798 0.614X+4.156
r2,;=0.99 r2,=0.97 r24=0.99 r2,=0.93 r2,=0.77
Psiope<0.001 Psiope<0.001 Psiope< 0.001 Psiope<0.001 Psiope<0.003
Pin<<0.03 Pinc>0.07 Pine<<0.001 Pint<<0.02 Pint<<0.03
1 084X
=0.81
p,eg< 0.001

[21]. Our finding that BV/TV calculated from 110/13@m images amplification in cancellous bone tissue decreased from thoracic-4
predicts that from 21/2Jum calculations is consistent with thisthrough T12-lumbar 1 levels and increased afterward, the trend
report. However, apparent modulus calculated from 110/140 being characterized by a quadratic relationship between stress am-
images did not predict that from 21/24m images in the current plification and spine levels when vertebrae were assigned numbers
study. This may suggest that although the average microstructugpresenting their anatomical location in the sdib@]. Thus, the
information is preserved in coarse models, subtle differencesability to study this parameter in whole bones is also significant in
the distribution of microstructures may cause substantial changkat VMExp/o, may be a mechanistic pathway to explain the
in the apparent moduly40]. The success of low-resolution mod-differences in the propensity to fracture between bones from dif-
els (165 um voxel siz¢ in predicting bone fracture or higher- ferent spine level§18].
resolution model outputs might be, in part, attributable to the pres-The current results demonstrate that it is the resolution of raw
ence of considerable external geometry, such as that in distiata that primarily determines the accuracy of models as BV/TV
radius and proximal femui39,41. A 110/110um uCT model of was mostly affected by the scanning resolution. Final recon-
a whole vertebral body might also be successful in predictirgiructed voxel size contributed to the inaccuracy moderately, at
vertebral fracture. least up to the 100 micrometer reconstruction of cancellous bone
Our results indicate that significant information on the scattefata at which the differences were drastic. The finding that coars-
and amplification of trabecular shear stress is extractable usingrang by the reconstruction of a high-resolution scan has less in-
large voxel size which will permit studying shear stress ampliffluence on the outcome than scanning at a low resolution might
cation in whole bone$19]. This could be significant as shearbe, in part, due to presence of higher signal-to-noise ratio in the
stress amplification (VMExpt,) is predictive ofin vivo tissue latter. Changes in the BV/TV did not fully account for the changes
damagg19] and is a parameter that increases with age in humam FE-calculated parameters, indicating that the inaccuracy of
vertebral cancellous bon@inpublished; reanalysis of publishedlow-resolution models is not simply due to increased density
data[18]). We have reported in a previous study that shear stresaused by thickening of trabeculae.
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While necessary to demonstrate, it is not completely surprisingWe have shown that this method produces at least visually sat-
that the scanning resolution has a more prominent effect on resusfactory segmented images of human vertebral bodies where a
as it is the raw data resolution that determines the ability of the Gjlobal thresholding algorithm resulted in either the loss of thinner
software to sustain high-resolution reconstruction. As a resudind/or more interior featurggancellous boneor the thickening
large voxel size reconstructions built from high-resolution dataf larger and/or more exterior featuréshel) [24]. In addition,
partake in much the accuracy of the underlying data. As notecCT images that could not be thresholded previously due to a
above, this fact will permit the accurate study of large physicakery high overlap between the x-ray intensity of noise and bone
size FE models without the ordinarily expected loss of informawere re-examined using the new algoritiihuman T12 vertebral
tion usually believed to be associated with the larger voxel sipancellous bone cores; three males, seven femaleslByears
used for the models. A final note is that the microtomographyld). BV/TV calculated from these images was consistent with
system used in this study was that described in detail by Reimapreviously reported values from human T12 vertebf@el12
et al.[23]. To what extent our results are applicable to other mod=0.037 [25], whereas attempts to threshold them using a single
els of uCT may need further elucidation. value resulted in thickened and compacted images and BV/TV

values about three times larger than expected.

We have analyzed an additional group of human cancellous
Acknowledgment bone specimengight vertebral and ten tibiathat had “normal”
C{yCT images. We found that BV/TV anBggy calculated from
images segmented using a single threshold were highly correlated
with those calculated from images segmented using the heuristic
method for normal images of human cancellous bone tissue
Appendix I(EBV/TVheuris[8=5 g.gEls BV/TVsingle or%: 0.65,002)<o.001 and

. . . . FEMheuristic— Y- FEMsingles Magi= 0-/1,p<<0. .

Thresholding ofuCT images, i.e., segregating bone from mar- “ajio,9h there are sysgtematilc differences between calculations

row and background noise is usually straightforward with tissug, images processed with a single threshold and those from

that has a relatively more uniform structure using a global thresh- : P . .
. : Lo o9 O ages processed using the heuristic segmentation, the high cor-
old [32]. However, the X-ray intensity distribution in vertebral,g 1tion between the two suggest that the use of either one is

body images fromuCT scans has a higher variability relative t0,..eniapie in a comparative study. The real value of the latter

that in more homogeneous specimens such as cancellous br%é‘?hod is more apparent when applied to different problems,
e_
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cores. This makes it _dlf'flcult to segregate bone from marrow a wever, this is beyond the scope of the current study.
background noise using customary methods that are based on
termining a singlgglobal) threshold value.
Our heuristic algorithm for thresholding applies five successivi@eferences
processes to theCT data: Normalization, edge detection, conti- 1] Tosteson, A., 2000, INIH Concensus Development Conference on Osteoporo-
nuity crawling, final thresholding, and connectivity testing. sis Prevention, Diagnosis, and TherapyiH, Bethesda, MD, pp. 65—66.
Normalization calculates a new value for each voxel that tendg2] Gallagher, J. C., Melton, L. J., Riggs, B. L., and Bergstrath, E., 1980, “Epi-
to bring local maxima to the same level. A global minimum value doertmh'c?r'f’%gfg’;aitg;‘islg‘;the Proximal Femur in Rochester, Minnesota,” Clin.
is calculated as the second percentile of a 0.2% sample in the bong) cummings, S. R., Kelsey, J. L., Nevitt, M. C., and O'Dowd, K. J., 1985,
core. Working in 5<5x5-voxel subcubes, a local maximum value “Epidemiology of Osteoporosis and Osteoporotic Fractures,” Epidemiol. Rev.,
is found for the surrounding 2625x 25-voxel neighborhood. For n K/’IPIIP- 17|ﬁ—50§3- Lane AL WL G . Eastoll R. OFallon. W. M. and
: S elton, I, L. J., Lane, A. W., Cooper, C., Eastell, R., O’'Fallon, W. M., an
each voxel In.the SUbCUbe’ the Value. I.s lmearly mapped be.tweeh Riggs, B. L., 1993, “Prevalence and Incidence of Vertebral Deformities,” Os-
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comparison, the new value is scaled to match the old intensity5] Ross, P. D., 1997, “Clinical Consequences of Vertebral Fractures,” Am. J.
range. Med., 103 pp. 30S—-42S; discussion 42S—-43S.

. : ] Nevitt, M. C., Ross, P. D., Palermo, L., Musliner, T., Genant, H. K., and
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