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Abstract

The roles of microarchitecture and types of trabeculae in determining elastic modulus of trabecular
bone have been studied in uCT images of 29 trabecular bone samples by comparing their Young’s
moduli calculated by finite element analysis (FEA) with different trabecular type-specific
reconstructions. The results suggest that trabecular plates play an essential role in determining
elastic properties of trabecular bone.

Introduction—Osteoporosis is an age-related disease characterized by low bone mass and
architectural deterioration. Other than bone volume fraction (BV/TV), microarchitecture of bone is
also believed to be important in governing mechanical properties of trabecular bone. We
quantitatively examined the role of microarchitecture and relative contribution of trabecular types
of individual trabecula in determining the elastic property of trabecular bone.

Materials and Methods—Twenty-nine human cadaveric trabecular bone samples were scanned
at 21-pm resolution using a pCT system. Digital topological analysis (DTA) consisting of
skeletonization and classification was combined with a trabecular type-specific reconstruction
technique to extract the skeleton and identify topological type of trabeculae of the original
trabecular bone image. Four different nCT-based finite element (FE) models were constructed for
each specimen: (1) original full voxel; (2) skeletal voxel; (3) rod-reconstructed, preserving rod
volume and plate skeleton; and (4) plate-reconstructed, preserving plate volume and rod skeleton.
For each model, the elastic moduli were calculated under compression along each of three image-
coordinate axis directions. Plate and rod tissue fractions directly measured from DTA-based
topological classification were correlated with the elastic moduli computed from full voxel model.

Results—The elastic moduli of skeleton models were significantly correlated with those of full
voxel models along all three coordinate axes (r? = 0.38~0.53). The rod-reconstructed model
contained 21.3% of original bone mass and restored 1.5% of elastic moduli, whereas the plate-
reconstructed model contained 90.3% of bone mass and restored 53.2% of elastic moduli. Plate
tissue fraction showed a significantly positive correlation (r? = 0.49) with elastic modulus by a
power law, whereas rod tissue fraction showed a significantly negative correlation (r2 = 0.42).
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Conclusions—These results quantitatively show that the microarchitecture alone affects elastic
moduli of trabecular bone and trabecular plates make a far greater contribution than rods to the
bone’s elastic behavior.
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INTRODUCTION

Osteoporosis is an age-related disease characterized by low bone mass and architectural
deterioration, leading to bone fragility and an increased susceptibility to fractures.(!)
Proximal femurs, spines, and distal radii are the most common sites of osteoporotic
fractures. In these anatomic locations, trabecular bone predominates and plays critically
important role in load transmission and energy absorption.(2-3) Research during the past
three decades has shown a strong correlation between BMD and the elastic modulus or
strength of trabecular bone. It is believed that fracture risk is significantly determined by
BMD reduction.(®) BV/TV and BMD are widely considered as primary predictors of
osteoporotic bone fractures. However, even at a given BMD, fracture risk is known to
strongly depend on age,(”) leading to a more recently established view that other age-related
factors in trabecular bone microstructure need to be identified.

Jensen and Mosekilde(® modeled the vertebral trabecular bone architecture as a lattice
network of thick vertical columns and thinner horizontal struts and showed that the apparent
elastic modulus of trabecular bone can vary by as much as a factor of 5-10 from a perfect
cubic lattice to a network of maximal irregularity, whereas trabecular bone volume remains
almost constant. These findings suggest that the detailed microarchitecture (i.e., the
orientation and connection of trabeculae), in addition to bone volume fraction, are also very
important in governing the mechanical properties of trabecular bone.

Since the inception of uCT for imaging trabecular bone microstructure,® the 2D
stereological techniques based on histologic sections have gradually been supplanted by 3D
morphological analyses of trabecular bone microstructure.(10-13) The 2D conventional
histomorphometric parameters such as trabecular number and separation are estimated given
the specific prior assumption of either rod-like or plate-like microstructure.14) An important
parameter characterizing the 3D branched nature of trabecular bone is
connectivity.(9:12.15-17) |t has been shown that, in the regression between mechanical
properties and BV/TV, the inclusion of parameters derived from the above morphological
analyses, such as trabecular bone thickness (Th.Th), trabecular number (Th.N), trabecular
spacing (Tb.Sp), trabecular bone anisotropy, or trabecular connectivity, has improved its
predictive power.(16.18-20) However, none of these conventional structural parameters, either
individually or in combination, can adequately describe the microarchitecture: how many
and what types of trabeculae are in the microstructure and how these trabeculae are
connected and oriented, independent of BV/TV.

To study the independent role of trabecular bone microarchitecture, some researchers
considered a topological approach to extract the node-and-branch network information from
trabecular bone.(21.22) |n general, it consists of a skeletonization or thinning process while
maintaining the topological features of the trabecular bone network. Results of their
experiments indicated that these topological and morphological information can improve
predictions of mechanical properties of trabecular bone and be used to monitor trabecular
bone loss in patients in conjunction with in vivo pMRI.(23) However, they described the
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trabecular bone microarchitecture as a network of interconnected and free lines without
considering the morphology and topology of plate-like trabecular microarchitecture.

Wehrli et al.,(24) on the basis of in vivo uMRI structure analysis, first provided in vivo
evidence that the trabecular bone loss in osteoporosis patients involves a conversion of
trabecular plates to rods and eventual disconnections of trabeculae. This work was based on
digital topological analysis (DTA), a method conceived by Saha and colleagues(?>-27) and
applied to quantitatively characterize trabecular bone networks.(28:29) The trabecular bone
skeleton derived by DTA preserves the network’s full topological and architectural
properties, that is, trabecular types (trabecular plates and rods), trabecular connections, and
trabecular orientation. However, the skeletonized microstructure of trabecular bone does not
maintain the bone volume information. Therefore, this DTA skeletonization technique offers
a unique means to explicitly examine the contributions from trabecular microarchitecture
and the distinct trabecular type (plate-like versus rod-like) in determining the elastic
modulus of the trabecular bone independent of its bone volume fraction.

In this work, a DTA-based topology-preserving skeletonization and classification technique
combined with pCT image-based finite element (FE) modeling was used to quantitatively
examine the relationship between the trabecular microarchitecture and elastic modulus of
human trabecular bone. Furthermore, rod-like and plate-like trabeculae were separately
reconstructed from the skeleton structure with the aid of a newly developed voxel
reconstruction technique. The method was applied to quantitatively examine the trabecular
types in determining trabecular bone’s elastic modulus. In addition, several new
morphological parameters were introduced to directly quantify the fraction of different
topological types of trabeculae (plate-like versus rod-like) within the original trabecular
bone microstructure.

MATERIALS AND METHODS

Trabecular bone sample preparation and pCT imaging

Twenty-nine human trabecular bone samples were obtained from 16 lumbar vertebrae (75.3
+ 13.8 years old, eight males and eight females), 4 proximal femurs (one pair: 60-year-old
female; two singles: 64- and 44-year-old males), and one pair of proximal tibias (69-year-
old male). The subjects were screened to exclude metabolic bone diseases or bone cancer,
and X-ray radiographs were taken to ensure that there was no evidence of damage or other
bone pathologies. Twenty 8-mm diameter on-axis (along the principal trabecular orientation)
vertebral specimens along the superior-inferior direction were obtained following previously
published protocols.(39 Four on-axis specimens from human proximal tibias and five on-
axis specimens from proximal femurs were obtained using similar protocols.(31-33) After
thawing at room temperature, the cylindrical specimens were aligned and stabilized with wet
gauzes in a 15-ml centrifuge tube along their longitudinal axis. The specimen tube was
fastened in the specimen holder of a uCT system (vivaCT 40; SCANCO Medical AG,
Bassersdorf, Switzerland). The central gauge length of 15 mm was scanned at 21-um
nominal isotropic resolution and the central ~4 x 4 x 4-mm cubical subvolume equivalent to
191 x 191 x 191 voxels was extracted from each reconstructed image. A global thresholding
technique was applied to binarize gray-scale uCT images where the minimum between the
bone and bone marrow peaks in the voxel gray values histogram was chosen as the threshold
value. Isolated voxels or disconnected voxel clusters were removed from binarized uCT
images by computing the largest bone component under 26-connectivity.(2534 The resulting
uCT images (Fig. 1A) were used for DTA and FE analyses.
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DTA of a binarized trabecular bone image is accomplished by first performing
skeletonization,@7) followed by topological classification.(26) Skeletonization transforms a
trabecular bone image into a representation composed of surfaces and curves while
preserving the topology (i.e., connectivity, tunnels, and cavities)(>:3%) and the rod and plate
morphology of the trabecular microarchitecture. Briefly, the skeletonization is an iterative
erosion process where bone voxels are peeled off layer by layer until no further bone voxels
can be removed without altering the shape or topology of the trabecular microarchitecture.
Therefore, the skeleton of a trabecular bone uCT image is essentially a minimal
representation of the shape and topology of the trabecular bone microarchitecture (Fig. 1B).
After skeletonization of a trabecular bone image, digital topological classification is applied
where each skeletal voxel is uniquely classified as a surface or a curve type(20) (Fig. 1C).
The method of topological classification is based on the number of objects, tunnels, and
cavities in the 3 x 3 x 3 neighborhood of a bone voxel after the latter’s hypothetical
transformation to a marrow voxel.(26) These topological parameters eventually lead to an
unambiguous determination of topological classes (e.g., surface, curve, edge, and junction)
at every voxel in the skeletonized representation of a trabecular bone image.

Plate and rod reconstructions

The plate-like and rod-like trabeculae in the original trabecular bone image are referred as
“plate” and “rod,” respectively, which corresponds to “surface” and “curve” after
skeletonization. To examine the relative contribution of plate- and rod-type trabeculae in
bone biomechanics, plates and rods were selectively reconstructed from the trabecular bone
skeleton. In plate reconstruction, the objective is to fully reconstruct the plate-type
trabeculae, which are interconnected by skeletal curves. In other words, in a plate-
reconstructed image, plates preserve their thickness or bulk information, whereas rods are
represented by skeletal curves (Fig. 1E). On the contrary, in rod reconstruction, the rod-type
trabeculae are fully reconstructed from skeletal curves, whereas skeletal surfaces are
unaltered. Thus, in a rod-reconstructed image, the rods preserve their thickness information,
whereas only skeletal structures are preserved for plates (Fig. 1F).

Plate and rod reconstructions of the trabecular bone image were accomplished by using a
topological-type-tagged layer-by-layer reverse filling of bone regions starting from the set of
skeletal voxels. In the skeletonization procedure proposed by Saha et al.,?”) bulk bone
voxels are iteratively removed in a layer-by-layer fashion, and the iteration number is
recorded with each voxel at the time of its removal. During the reverse filling process, all
voxels with the same iteration number constitute a layer, and the iteration number represents
the depth of the layer. The process starts only with the skeletal voxels as the set of
reconstructed voxels, which is subsequently dilated to obtain plate or rod reconstruction of
the original trabecular bone. Initially, a topological-type value is assigned to each skeletal
voxel by using its DTA-based classification as follows: (1) all surface edge, surface interior,
and surface—surface junction voxels are assigned a type value of 1, (2) all curve edge, curve
interior, and curve—curve junction voxels are assigned a type value of 2, and (3) all surface—
curve junction voxels are assigned a type value of 1.5. In the first reverse filling iteration,
the set of reconstructed voxels is dilated to include the voxels in the deepest layer (i.e., the
voxels that were deleted in the last iteration during skeletonization). In the next iteration, the
dilation process includes the voxels belonging to the next deepest layer, and the process
continues until all original bone voxels (the ones that were deleted during skeletonization)
are included in the set of reconstructed voxels. During an iteration, the topological type
value of a voxel p in the candidate layer is determined as the mean of the topological type
values of all previously reconstructed voxels in the 3 x 3 x 3 neighborhood of p. At the end
of the reconstruction process, each original bone voxel possesses a type value from the
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interval [1, 2], which represents that voxel’s topological type index (i.e., likelihood to be a
plate-like or rod-like structure). The final type of each reconstructed voxel is determined as
follows: if the computed type value is >1.5, it is labeled as a rod-like voxel; if not, it is
labeled as a plate-like voxel. Note that surface—curve junctions voxels (type value > 1.5) are
eventually labeled as a plate-like voxel. Thus, on completion of the above reconstruction
process, each bone voxel in the original bone image is labeled as belonging to either a plate
or rod (Fig. 1D). The algorithms of both DTA and reconstructions of plate and rod models
were written in Microsoft Visual C** (Microsoft, Redmond, WA, USA) and implemented
on a Dell XPS PC workstation (Dell, Round Rock, TX, USA).

Four different uCT images of each specimen, original, skeletonized, rod-reconstructed, and
plate-reconstructed images, were converted to a set of voxel-based FE models by converting
each voxel to an eight-node brick element. Four uCT-based FE models for each specimen in
this study refer to the following: (1) original, full voxel model; (2) skeleton model; (3) rod-
reconstructed model; and (4) plate-reconstructed model. The original, full voxel model has
the sufficient spatial resolution to appropriately characterize elastic modulus of trabecular
bone. The other three models are synthetic models with specific purpose of examining
contributions of microarchitecture or trabecular type (rod versus plate). For each model, a
linear FE analysis was applied to determine the apparent Young’s modulus E* using an
element-by-element preconditioned conjugate gradient solver.(36)

The trabecular bone tissue was modeled as an isotropic, linear elastic material with a
Young’s modulus Eg of 15 GPa and a Poisson’s ratio of 0.3.37) Apparent modulus values
were determined along three orthogonal directions: the principal trabecular orientation (z)
and other transverse directions (x and y). In each direction, a fixed displacement of u; = 0.01
mm (i =X, y, and z) was applied perpendicularly to one face of the model, whereas the
opposite face was imposed zero displacement along the same direction. The total reaction
force (RF;) was calculated from the FE analysis and the apparent Young’s modulus E* by
the following:

«_ RFif
i UiA;

)

where £; and A;j were the length and cross-sectional area of the specimen in the ith direction
(i=x,y, and z), respectively.

Morphological parameters of trabecular bone microstructures

To further describe the microstructure of trabecular bone, the following morphological
parameters were also calculated from the labeled bone images: bone volume fraction (BV/
TV; the total volume of bone voxels divided by the bulk volume), plate bone volume
fraction (pBV/TV; the total volume of plate bone voxels divided by the bulk volume), rod
bone volume fraction (rBV/TV; the total volume of rod bone voxels divided by the bulk
volume), the plate-to-rod ratio (pBV/rBV; the total volume of plate bone voxels divided by
the total volume of rod voxels), plate tissue fraction (pBV/BV; the total volume of plate
bone voxels divided by the total volume of bone voxels), rod tissue fraction (rBV/BV; the
total volume of rod bone voxels divided by the total volume of bone voxels); and the
thinning ratio (the total volume of bone voxels divided by the total volume of skeleton
voxels).
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Statistical analyses

All the statistical analyses were performed using the Statistic Toolbox in Matlab 6.0 (The
MathWorks, Natick, MA, USA) on a PC Workstation. To evaluate the contribution of the
microarchitecture to the mechanical properties of trabecular bone, linear correlations
between the Young’s modulus (E*) of full voxel model and that of the skeleton model were
separately studied along all three image coordinate directions. Second, to evaluate the effect
of trabecular type on the elastic modulus of entire trabecular bone network, linear
correlations between Young’s modulus of the full voxel model as well as those of each of
the rod- and plate-reconstructed models were separately examined along the three image
coordinate axes. The correlation coefficients between BV/TV of full voxel model and those
of each of the skeleton and rod-, and plate-reconstructed models were also listed. For the full
voxel model, correlations between Young’s modulus along principal orientation of

trabecular bone specimen ( E7) and BV/TV as well as pBV/TV and rBV/TV, which

represent the trabecular plate and rod density, were computed. Associations between E; of
the full voxel model and trabecular plate tissue fraction (pBV/BV), rod tissue fraction (rBV/
BV), and plate-to-rod ratio (pBV/rBV) were evaluated as well. Finally, correlations between

thinning ratio and BV/TV as well as E? of the full voxel model were studied.

To differentiate the role of trabecular architecture from bone volume fraction, partial
correlation analyses between elastic modulus of full voxel model and those of each of the
skeleton and rod-, and plate-reconstructed models along three coordinate axes with the effect
of BV/TV removed were performed. Similarly, partial correlation between plate (rod) tissue

fraction and E; of the full voxel model with effect of BV/TV removed was studied.

Although the minimal bone volume was maintained in the skeletonized model, surprisingly,

there was a significant correlation between E; of the skeleton model and that of full voxel
model along the principal orientation of trabecular bone specimens (Fig. 2). Significant
correlations were also found in the other two transverse directions (Table 1), with slightly
different correlation coefficients. Although the elastic moduli of the skeleton models
correlated significantly with those of the original, full voxel models, the values of the
skeleton moduli were more than one order of magnitude less than the full moduli values.
This, of course, was because the skeletonization led to, on average, a factor of 8.91
reduction in bone volume fraction. Moreover, partial correlation analysis revealed that the
correlations between elastic modulus of full voxel model and those of each of the skeleton
and rod- and plate-reconstructed models were highly significant even with the effects of BV/
TV removed (Table 1).

When trabecular rods were fully reconstructed to their original bone volume in the rod-
reconstructed models, the changes in E; from the skeleton model were negligible in terms of

the correlation between E; of the rod-reconstructed model and that of full voxel model (Fig.
2). On average, the rod-reconstructed model had a bone tissue volume, which corresponded
to 21.3% of the original bone tissue volume. However, the rod-reconstructed model only
represented 1.5% of the original elastic modulus. On the other hand, when trabecular plates
were fully reconstructed to their original bone volume in the plate-reconstructed models, the
changes in elastic modulus from the skeleton model were quite dramatic (Fig. 2). The plate-
reconstructed models had 90.3% of the original bone tissue volume and 53.2% of the
original elastic modulus on average. The results in the other two transverse directions were
similar (Table 1). These observations in elastic modulus are consistent with the results in
bone volume fraction, shown in Fig. 3, which suggest that the plate-reconstructed model
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maintained most of the bone volume fraction compared with the rod-reconstructed and
skeletonized model.

The trabecular bone microstructure in the specimens studied ranges from rod-dominant to
plate-dominant, with the plate-to-rod ratios ranging from 4.6 to 29.7. Figure 4 shows the full
voxel models and skeleton models of three trabecular bone samples, illustrating the

variations in structure type from plate- to rod-dominant. The elastic moduli E; of these
samples were also listed and indicated a direct relationship with the plate-to-rod ratio. In

Fig. 5A, E; of the full voxel model correlated significantly with the plate bone volume
fraction (pBV/TV) by a nonlinear regression of power law, whereas no significant

correlation was found between E and rod bone volume fraction (rBV/TV; Fig. 5B). It
should be noted that the pBV/TV combines trabecular type and bone volume fraction. To
isolate the effect of the bone volume fraction, pBV/TV and rBV/TV were normalized by
BV/TV to obtain plate tissue fraction (pBV/BV) and rod tissue fraction (rBV/BV). Plate or
rod tissue fraction represents the percentage of bone tissue belonging to the trabecular plate

or rod and the sum of them always equals 1. The correlations between pBV/BV and E7, and

between rBV/BV and E? are shown in Figs. 5C and 5D to follow nonlinear regression of
power laws. Both correlations were significant (r2 = 0.49 and 0.42, p < 0.001) but have
opposite signs. Furthermore, partial correlation analysis showed plate (rod) fraction
significantly correlated to Young’s modulus of the full model (r2 = 0.22, p = 0.01) with the

effect of BV/TV removed. Finally, correlations between E7 and BV/TV and between E? and
plate-to-rod ratio are shown in Figs. 5E and 5F.

Assuming the skeleton model represents the medial line or surface of trabeculae, the
calculated thinning ratio is a measure of the layers of bone mass build up over the skeleton
of the bone. The averaged thinning ratio of studied trabecular bone specimens was 8.9 + 1.7.
No correlation (r2 = 0.03 and 0.005, p > 0.05) was found between thinning ratios and either
BV/TV or elastic modulus of the full trabecular bone model, suggesting the overall
“thickness” of trabecular bone is independent of either BV/TV or elastic modulus.

DISCUSSION

Previous studies have shown relationships between microarchitecture and the elastic
modulus or stiffness of trabecular bone in terms of one or several properties of the
microarchitecture. This study used a DTA-based skeleton model to represent the full
microarchitecture of human trabecular bone as a means to separate the effect of
microarchitecture from bone volume fraction. The observation that elastic moduli of
skeleton models are significantly correlated with those of full models is intriguing. The
partial correlation between the elastic moduli of skeleton models and those of full models
further suggests that the skeleton of the trabecular bone, which is the representative of the
network’s topology, affects its mechanical properties in a manner independent of bone
volume fraction. Certainly, bone volume fraction is also a significant factor, which
determines elastic modulus of trabecular bone (Fig. 5E). Bone volume fraction is highly
correlated with the elastic modulus, which begs the question whether trabecular bone
microarchitecture determines the bone volume fraction. Figure 3 shows that, although the
skeleton has lost most of the bone volume, BV/TV of skeleton model is still significantly
correlated with full BV/TV. Thus, the data suggests that the microarchitecture of trabecular
bone may have a direct relationship to BV/TV, which is consistent with previous 2D
analyses.(38:39) To examine this question, we introduce a thinning ratio that is a measure of
the layers of bone mass build up over the skeleton of the bone. The averaged thinning ratio
represents an overall “thickness” of trabecular bone and is independent of either BV/TV or
elastic modulus of the full trabecular bone model. Therefore, we can postulate that bone
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mass is uniformly rather than randomly built based on the architecture-preserved skeleton.
According to this conclusion, bone volume fraction may also be determined by its
microarchitecture.(38:39) Qur results are consistent with previous studies showing that the
deterioration of trabecular architecture resulting from bone remodeling has much greater
impact on the elastic modulus and strength of trabecular bone than mere thinning, which
does not change microarchitecture of trabecular bone.(40)

A key observation of this study concerns the role of trabecular types in determining the
mechanical competence of trabecular bone. The plate-reconstructed model represents a
hypothetical trabecular bone structure, which has lost most of the rod-like trabecular volume
information while maintaining all plate-like trabeculae and the skeleton of rod-like
trabeculae. In contrast, the rod-reconstructed model keeps all rod-like trabeculae while
preserving the skeleton of plate-like trabeculae. Our results show that the loss of trabecular
rod volume insignificantly affects either elastic modulus or overall bone volume fraction
compared with the loss of plate volume (Figs. 2 and 3). Moreover, the elastic modulus is
significantly correlated with pBV/TV, whereas no correlation exists between it and rBV/TV
(Figs. 5A and 5B). These results support the hypothesis that trabecular plates play a much
more important role in determining the elastic modulus and bone volume fraction than do
rods. Perforation or disconnection of the trabecular bone elements caused by bone
remodeling changes the microarchitecture by reducing the connectivity, and converting
trabecular plates to trabecular rods, therefore diminishing elastic modulus of the bone.

In this work, a direct measurement of the trabecular type was introduced. Plate and rod
tissue fractions quantitatively indicate the percentage of the bone tissue that belongs to either
trabecular type. In this manner, the quantitative influence of trabecular types on elastic
modulus of trabecular bone has been shown (Figs. 5C and 5D). An alternative approach
toward characterizing trabecular bone type is the structural model index (SMI), which is a
measure of the bone’s degree of plate-likeness or rod-likeness in the form of an index
ranging from 0 to 3.(41) We evaluated the SMI for all 29 samples using the software on the
vivaCT 40 (Scanco Medical AG) and compared them with the plate-to-rod ratio. A
significant linear correlation existed between the SMI and the plate-to-rod ratio (r2 = 0.85, p
< 0.001). It should be emphasized that our new trabecular type measures has an advantage of
identifying structural elements as belonging to a particular trabecular type rather than a
statistical calculation.

The accuracy of nCT-based FE analyses is influenced by the resolution of the image.(42:43)
In general, at least three to four voxels across a trabecula are required to adequately model a
trabecula. Our skeleton, rod- and plate-reconstructed maodels are synthetic ones, which only
maintain certain aspect of microarchitecture. For example, the skeleton model contains the
basic microarchitecture of trabecular bone but it does not represent well the individual
trabeculae, because the skeleton model is only one voxel thick. However, the elastic
modulus of this synthetic, skeleton model can be used as an indicator of microarchitecture of
the full voxel model. It should be noted that in either rod-reconstructed or plate-
reconstructed models, the other trabecular type (trabecular plates in the rod-reconstructed
model or trabecular rods in the plate-reconstructed model) is artificially one voxel thick.
Trabecular type thus can be potentially influenced by the image resolution. However,
increasing spatial resolution will not change any major findings in the study. For example,
the rod-reconstructed model with a hypothetical 10-pm resolution would have 10-pm-thick
trabecular plate skeleton and its elastic modulus would not get any closer to that of the full
voxel model. The other limitation of the study is the relatively small sample size of
specimens, although the normal distributed BV/TV and elastic modulus do represent a
typical trabecular bone population. Finally, the study is completely based on 3D puCT image
analysis. Given the discrepancies between 3D puCT analysis and 2D histomorphometric
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analysis, more 3D image analysis techniques for uCT such as the one presented in this study
should be developed and compared with the traditional 2D analyses.(4445)

In this study, we evaluated for the first time the full microarchitecture of trabecular bone in
terms of the trabecular elements’ topology and quantitatively showed these quantities to be
independent factors in determining the elastic modulus of trabecular bone. The data also
suggest microarchitecture to be an essential determinant of bone volume fraction. Trabecular
plate type, as one of the descriptors of microarchitecture, significantly correlates with both
BV/TV and elastic modulus. Earlier research qualitatively showed a dramatic change of
trabeculae from plate-like to rod-like occurs with aging and osteoporosis, resulting in a
decrease of mechanical competence.(6:47) Therefore, the great clinical potential from this
study is a new microarchitecture description, with trabecular types that can be used to
develop a better understanding of the mechanism of bone loss and corresponding changes in
elastic modulus. The function of the microarchitecture and trabecular type is not only an
assessment of fracture risk, but also can be used to evaluate the efficacy of pharmaceutical
treatment. With the available clinical pCT, the architectural and trabecular type parameters
developed in this study could be added to the standard BMD measures as additional
indicators for pharmaceutical treatments of osteoporosis. For example, it is important to
initiate the treatment for osteoporosis before the dramatic change of microarchitecture and
reduction of plate tissue fraction caused by the thinning process of aging or postmenopausal
osteoporosis. Although the bone mass of trabecular rods has a minimal contribution to both
BV/TV and elastic modulus, the existence of the structure is essential to maintain the
integrity of trabecular bone network and its mechanical properties. Various anatomic sites
determine the different biomechanical functions of trabecular bone, maintaining a certain
percentage of trabecular rods optimize the balance of mechanical competence and the
energy to maintain the physiological environment. As the weakest link in the lattice of bone,
percentage and properties of trabecular rod may play an important role in the initiation of
trabecular bone failure, which is a topic for further study.
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FIG. 1.

Results of DTA and reconstruction procedure on image of vertebral trabecular bone sample
(3.2 x 3.2 x 2.1 mm?3). (A) An original pCT image (full voxel model) of a trabecular bone
sample. (B) Skeletonized image (skeleton model) of A. (C) Results of topological
classification of B. Plate voxels are shown as dark gray, rod voxels in lighter shading. (D)
Reconstructed structures with the trabecular type labeled for each voxel. (E) Rod-
reconstructed model. (F) Plate-reconstructed model.
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FIG. 2.

Results of linear correlation analyses between the elastic modulus of the full voxel model
and that of each of skeleton and plate- and rod-reconstructed models. The plots for the
skeleton and rod-reconstructed models were almost superimposed on each other. For the
results shown here, the elastic moduli were computed under compression along the z-axis of
the image which was aligned with the principal orientation of trabeculae.
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of each of skeleton and plate-and rod-reconstructed models.
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FIG. 4.

[llustrations of DTA on uCT images of three different trabecular bone samples (2.1 x 2.1 x
1.3 mm3). (Left) Original pCT image (full voxel model) of the trabecular bone sample.
(Right) Skeletonized image (skeleton model). (A) Plate-to-rod ratio = 20.10, plate tissue
fraction = 0.9526, Young’s modulus = 974.8 MPa. (B) Plate-to-rod ratio = 10.22, plate
tissue fraction = 0.9109, Young’s modulus = 674.8 MPa. (C) Plate-to-rod ratio = 5.94, plate
tissue fraction = 0.8559, Young’s modulus = 216.8 MPa.
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Table 1

Correlation Coefficients™ Between Young’s Modulus of Trabecular Bone Computed From the Full Voxel
Model and That Computed From Each of the Plate- and Rod-Reconstructed and Skeleton Models
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z-axis y-axis X-axis

E* (plate) 084 0.70)t  0.84 (066" 0.83(0.76)
E” (rod) 052(0.68)" 048 (034" 067 (0.68)t

E* (skeleton)  0.39 (0.57)T  0.38 (0.39)T 053 (0.58)1

Young’s moduli were separately computed under compressions along each of three image coordinate axes directions.
*
p < 0.005 for all correlations in Table 1.

TPartiaI correlation with the effect of BV/TV removed.
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