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Abstract Introduction: Trabecular bones have a porous microstructure and can be modeled as linear elastic solids,

heterogeneous and anisotropic. In the literature, few investigations have compared the two- dimensional
(2D) and three-dimensional (3D) morphometric analyses of cancellous bone. Methods: In this investigation
eighteen cylindrical samples of cancellous bone (10 mm of diameter and 20 mm of height) were obtained
from six bovine head femurs, with similar values for the weight and age, of the same race and gender. The
samples were harvested and freezed at —20 °C before carrying out the microCT analysis. The CT-Analyzer
software was used to measure in three directions (superior-inferior, lateral-medial and anterior-posterior)
parameters such as trabecular thickness, trabecular separation, trabecular number and the eigenvalues of the
fabric tensor (M). Results: The Comparison of 2D and 3D analyses for the parameters: 2D (plate model)
trabecular thickness, trabecular separation and trabecular number were statistically different (p = 0) showing
that measurements are not similar to the 3D ones. However, 2D (rod model) trabecular thickness and 3D
trabecular thickness measurements presented no significant difference (p = 0.26). The eigenvalues show that
the bovine trabecular microstructure has a tendency to transverserly isotropic symmetry. Discussion: The
method proved to be quite interesting for the characterization of the bone structure through 3D measurements
of trabecular bone morphometric parameters in the three possible directions of loading. The results show that
x-ray microtomography (LCT) is a technique of great potential for characterization and generating bone quality
parameters for the diagnosis of bone metabolism diseases.

Keywords Trabecular bone, X-ray microtomography (LCT), 2D and 3D morphometric analyses,

Fabric tensor, Bone quality.

Introduction

Osteoporosis is a changing of bone metabolism
characterized by loss of bone mass and changes in
the microstructure of the tissue with a compromised
bone strength, and consequent increased fragility
and susceptibility to fracture. Their occurrence is
more common in women after menopause and in
elderly people.

Investigations on the trabecular bone microstructure
resulted in new concepts on bone quality and the
monitoring of osteoporosis. Noninvasive techniques
such as computed tomography and magnetic resonance
imaging represent a huge diagnosis potential to be
explored (Majumdar and Bay, 2001).

The orientation of trabeculae in a sample of
trabecular bone changes with the direction. Goulet et al.
(1994) have shown experimentally that the influence
of the orientation strength: two samples with volume
fraction of trabecular bone nearby (BV / TV = bone
volume of the sample volume / total volume of sample)
18% and 19%, respectively, showed a variable strength
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about 30% to an order of magnitude depending on
the measured direction.

The bone density of cancellous bone was related to
strength and was observed a strong positive correlation
between the density and the maximum breakdown
stress and between density and stiffness (Carter and
Hayes, 1977; Ciarelli et al., 1991; Currey, 1969;
Rice et al., 1988). Despite the density represents an
important component of mechanical strength, it is not
influenced by the microstructure of trabecular bone
and does not explain certain variations observed in
this resistance, thus representing a partial measure
of this resistance characterization.

Bone quality is monitored clinically by
measurement of bone mineral density (BMD), but this
measure is not sufficient to completely identify bone
fragility and risk of fracture for patient (Mccreadie and
Goldstein, 2000; Roque et al., 2007). The measure of
microstructural parameters, named two-dimensional
morphometric analysis (2D) and three dimensional
morphometric analysis (3D), should be incorporated



94 Silva AH, Alves JM, Silva OL, Silva Junior NF

into the monitoring of bone quality for a more accurate
determination of fracture risk and to improve the
diagnosis of osteoporosis.

Qualitative and quantitative analysis of the
microstructure of an object can be performed by the
technique of X-ray computed microtomography (uCT).

When a beam of X-rays with an intensity Io
passes through an object with thickness x, there is an
attenuation of the beam according to (Figure 1). The
intensity of radiation I, after propagation is given by
Equation 1, where p is the attenuation coefficient of
the material. If the beam path includes regions with

different attenuation coefficients (u,, y,, ... ) then

the intensity I is given by Equation 2.

I=Ie™ )]
S ©)
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The interest in investigating the microstructure of
an object resulted in the development of mathematical
algorithms, to determine the spatial distribution of
attenuation coefficients in each of the cross sections
obtained, and reconstruct the images of the cross
sections, knowing a set of projections an object in
various directions of a beam of X-rays.

Morphometric Analysis of a trabecular bone sample
is a measure of microstructural parameters and can
be performed by conventional histomorphometry
(Parfitt et al., 1987) or by X-ray Microtomography
(1CT) using a radiation source with parallel and
monochromatic beam (Kinney et al., 1995) or a
radiation source with conical and polychromatic field
(Feldkamp et al., 1989). The hardware for uCT conical
field began to be developed in the 90°s (Kuhn et al.,
1990; Ruegssegger et al., 1996).

The steps for the acquisition of cross-sections and
morphometric analysis by uCT of a trabecular bone
sample are shown in Figure 2, in summary, include
the following steps:

The Morphometric Analysis by pCT is performed
using the reconstruction of the 2D cross-sections of
the sample (2D analysis) or 3D volume reconstruction
of the sample (3D analysis), as described by
Hildebrand et al. (1999). The parameters are calculated
using stereological techniques and assuming that bone
sample has a microstructure composed of plates or
rods (Feldkamp et al. 1989). The formulations of
equations were originally developed for conventional
histomorphometry and continue to be used in 2D
UCT analysis. The algorithm calculates the input
parameters for the equations (bone surface area - BS,
bone volume — BV, tissue sample volume - TV “bone
volume plus the pore volume”) counting the number
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Figure 1. Attenuation of beam photons per sample.

of pixels across the histogram (levels of gray scale in
the image) which can be seen in white is characterized
like bone and black as pores.

Thus, are determined the following parameters:

Trabecular Thickness (Th.Th): 1t is the average
thickness of the trabeculae. The measurement unit is
mm. Equations 3 and 4 are used considering the plate
or rod model, respectively, to represent the trabeculae
(CT-Analyser, 2008; Silva et al., 2011):

2

ThTh=—"
(BS/BV)

(plate model) 3)

Th.Dm = (rod model) 4)

(BS / BYV)
where BS/ BV is the ratio of bone surface and bone
volume.

Trabecular Number (Th.N): It is the number of
trabeculae per unit of length. The unit of measurement
is mm-1. Equations 5 and 6 are used for the calculation
in the plate or rod model, respectively, to represent
the trabeculae (CT-Analyser, 2008; Silva et al., 2011):

(BV /TV)

Th.N = ThTh (plate model) 5)
4 BV
Th.N = M (rod model) 6)
Tb.Dm

where BV / TV is the ratio of bone volume and tissue
volume.

Trabecular Separation (Th.Sp): 1t is the main
diameter of the cavities containing the bone marrow.
The measurement unit is mm. Equations 7 and 8 are
used for the calculation in the plate and rod model,
respectively, to represent the trabeculae (CT-Analyser,
2008; Silva et al., 2011):

Th.Sp = ﬁ —-TbTh (plate model) @)

Th.Sp = Th.Dm x[ [(%) X (ﬁ)] - 1] (rod model) (8)

v
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Figure 2. Steps of computed X-ray microtomography.

The 3D Morphometric Analysis is not based
on a structural model of plates or rods and all the
measurements of parameters, including the primaries
(bone surface (BS); bone volume (BV); tissue volume
(TV)) are performed directly from the volume of bone
reconstructed of sample. The (BS) measurement
is calculated using the method of “Marching
Cubes” which is performed by placing triangles
to the bone surface sample (Lorensen and Cline,
1987; Muller et al., 1994). The (BV) measurement
is calculated using tetrahedrons built in triangle’s
surface (Guilak, 1994). And TV is determined by a
count of voxels. To compare samples with different
sizes are used standardized indexes (BV/TV), (BS/
TV) and (BS/BV). The parameter (Tb.Th) is calculated
using spheres in which the diameter must satisfy the
structure of the trabeculae (Hildebrand et al. 1999). In
the calculating of parameter (Tb.Sp) is used the same
principle of determining (Tb.Th) in the voxels that
contains the bone marrow (Figure 3). The parameter
(Tb.N), Figure 4, is the inverse of the distance between

the main axes (center lines) of the bone trabeculae
(CT-Analyser, 2008; Silva et al., 2011).

Whitehouse (1974) described the measurement of
microstructural anisotropy using a counting technique
of intersections, expressed by the measurement of
length the main intersection (mean intercept length,
MIL). The MIL principle is the counting of the
intersections number between parallel lines grid and
interface trabeculae/marrow on a trabecular bone
flat section. Whitehouse noted these points could be
interpolated accurately and represented by an ellipse.
The generalization of the structural anisotropy creates
a three-dimensional ellipsoid.

The general equation of an ellipsoid in a Cartesian
Coordinate System with axes x, y and z is given by:

Ax® + By? + Cz> + 2Dxy + 2Exz + 2Fyz = 1 9

Let L(0) the (MIL) calculated in 6 direction in o
plane with arbitrary direction. The o plane intercepts
a bone sample generating a section. Letn,, n, and n,
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Figure 3. Schematic drawing of the principle of determination (Tb.
Th) in A, and (Tb.Sp) in B, by 3D analysis.

1/Tb.N*

Figure 4. Schematic drawing of the principle of determination (Tb.N)
by 3D analysis (CT- Analyser, 2008).

projections on the X, y and z coordinate system, of a
unit vector n with 0 direction belonging to the o plane.
Is a vector with L(0) magnitude in the direction of
the unit vector n of the a plane. The coordinates of
the vector with L(0) magnitude on the x, y and z axes
are given by: x =L(0) n, y =L(0) n,and z= L(0) n,.
The Equation 9 can be rewritten as:
An? + Bn? +Cn? +2Dmn, + 2Enny + 2Fnyn; = L%(G) (10)
The Equation 10, in a matrix form, can be rewritten
as:

A D E||n |
n n, m||D B F||n,|=—— 11
[m m ) 2|17 ) (11)
E F C||m

Where M is a positive definite second-order tensor,
expressed by 3x3 matrix of the Equation 11, andnis a
unit vector that defines the direction on which to infer
the value of L(0). The tensor M, named anisotropy
tensor, features the geometric arrangement of the
porous media microstructure. The eigenvectors of M
provide the main directions of the ellipsoid, which
are the main orientations of trabeculae. Harrigan and
Mann (1984) proposed an experimental technique for
measuring L(0) in an arbitrary direction and MIL in
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three dimensions. The technique consists in obtaining
ellipses on three mutually orthogonal planes of the
sample, which are the orthogonal projections of an
ellipsoid about these plans.

The Degree of Anisotropy (DA) is defined by:

DA = (1 B [ min eigenvalue D
max eigenvalue

Using the minimum and maximum eigenvalues of
the M matrix, the values for the degree of anisotropy
can range from 0 (indicating the structure is completely
isotropic) to 1 (indicating the structure is completely
anisotropic). The main directions of the ellipsoid,
which are the preferred orientations of the trabeculae,
depend upon the number of distinct eigenvalues
obtained from analysis. If all the eigenvalues of M
are different, the MIL is represented by an ellipsoid
with three principal axes with different sizes and the
porous media has an orthotropic symmetry. If two of
the three eigenvalues are equal, the MIL is represented
by an ellipsoid with two main equal sizes axes and
features transversely isotropic symmetry of porous
media. If all M eigenvalues are equal, the MIL is
represented by a sphere and the porous media has

an isotropic symmetry (Cowin, 1985; Cowin and
Mehrabadi, 1989).

(12)

Methods

Three pairs of bovine femurs from the same breed,
with approximate ages and weights were supplied
by the company Barra Mansa Comércio de Carnes
e Derivados LTDA, city of Sertdozinho, Sao Paulo.
The femurs were kept in a freezer at —20 °C until used
for extraction of trabecular bone samples.

The extraction of the eighteen bone samples with

10 mm diameter by 20 mm height was performed
in the “Biomechanics Laboratory,” at Instituto de
Ortopedia e Traumatologia do Hospital das Clinicas
da Faculdade de Medicina da USP (IOT-HC-FMUSP)
and mechanical workshop at Escola de Engenharia de
Sao Carlos-USP (OME). The following procedures
were used to extract samples of bovine femur:

Procedure 1: Extraction of trabecular cubic sample

in 3 steps.

» Step 1: Radiography of femurs for viewing
the alignment of trabecular bone in the
craniocaudal direction and alignment of the
femur to the cuts of samples;

» Step 2: Marking distances of approximately
30 mm in the femoral head, to designate the
cuts;
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* Step 3: Femoral head cuts in the transverse
and perpendicular directions, determination
of cubic sample.

Procedure 2: Extraction in each cubic bone sample
of three cylindrical samples in 4 steps. Extraction was
carried out in mechanical workshop at EESC-USP.
The cylinders with 10 mm diameter and 20 mm height
were taken on the main direction of trabeculae.

» Step 1: Fixation of cannula trephine in a radial
drill (Silva, 2009), and pitch adjustment of
drilling (0.187 mm) and rotation (60 rpm).
The penetration and rotation step of the drill
were chosen to minimize the temperature
increase at cube sample (maximum 47 °C to
avoid necrosis of bone tissue (Eriksson and
Albrektsson, 1984)) and possible structure
damage;

*  Step 2: Cube sample attachment at bench vise
and trephine positioning;

» Step 3: Cube sample drill (keeping irrigated
with distilled water) (Alves, 1996) and
monitoring of the temperature with a digital
temperature sensor: power 1 mW, accuracy
of £ 0.5 °C, red wavelength output 630-670 nm
(MT-350 model, Minipa, Brazil);

»  Step 4: Cylindrical sample withdrawal with the
trephine and storage with saline (0.9% NaCl)
kept in the refrigerator until the morphometric
analysis by nCT (Silva, 2009).

The 2D projections acquisition and reconstruction
of trabecular cylindrical samples were performed
by X-ray microtomograph (1172 model, SkyScan,
Belgium) at EMBRAPA Instrumentagdo Agropecuaria
(Sao Carlos-SP). The 2D and 3D morphometric
analyzes used the CT-Analyser software provided
by manufacturer (SkyScan).

Morphometric Analysis of Trabecular Bone

The following procedures were performed during
the microstructural quantification:

* Procedure 1: Fixation of cylindrical sample

in a circular support with play dough;

*  Procedure 2: Projections acquisition from
the central region of the cylindrical samples
and reconstruction of 936 cross sections in
TIF/16 bits format with 6,96 pm resolution;

*  Procedure 3: The 2D and 3D morphometric
analysis of 201 cross sections of central region
bone sample.

Statistical Analysis was performed with the
Statistica software (version 8.0) using the Pearson
correlation test and the paired t-test to compare 2D
and 3D measurements of the following microstructural
parameters: trabecular thickness, trabecular number,
trabecular separation. The anisotropy in 3D dimension
was also measured.

Results

Table 1, 2 and 3 describe the average value of
the morphometric parameters from the 2D and 3D
analyzes measured on each main direction, respectively.
Example of 2D and 3D images from the CT-Analyser
and CT-Vol softwares, respectively, are shown in
Figure 5. The better correlation is between the 2D
trabecular thickness (rod model) and the 3D trabecular
thickness measurements.

Table 4 describes the paired t-test, with significance
level of 0.5% (p < 0.05) in 2D and 3D analyzes,
showing the statistical similarity and difference
among the measures. The test was applied to the
following morphometric parameters: trabecular
thickness, trabecular separation, trabecular number,
and eigenvalues of the M matrix (anisotropy tensor).

Table 1. Mean values of morphometric parameters (n = 6) from the 2D and 3D analysis (direction cranio-caudal).

Parameter Abbreviation 2D Analysis 3D Analysis Unit
Trabecular Thickness (plate model) Tb.Th 0.12 0.23 mm
Trabecular Thickness (rod model) Tb.Dm 0.25 0.23 mm
Trabecular Separation (plate model) Tb.Sp 0.13 0.43 mm
Trabecular Separation (rod model) Tb.Sp 0.07 0.43 mm
Trabecular Number (plate model) Tb.N 3.97 2.14 1/mm
Trabecular Number (rod model) Tb.N 3.20 2.14 1/mm
Porosity Po 47.99 - %
Degree of Anisotropy DA - 0.32 -
Eigenvalue 1 - - 0.59 -
Eigenvalue 2 - - 0.56 -
Eigenvalue 3 - - 0.56 -
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Table 2. Mean values of morphometric parameters (n = 5) from the 2D and 3D analysis (direction medial-lateral).

Parameter Abbreviation 2D Analysis 3D Analysis Unit
Trabecular Thickness (plate model) Tb.Th 0.11 0.20 mm
Trabecular Thickness (rod model) Tb.Dm 0.21 0.20 mm
Trabecular Separation (plate model) Tb.Sp 0.12 0.42 mm
Trabecular Separation (rod model) Tb.Sp 0.06 0.42 mm
Trabecular Number (plate model) Tb.N 4.59 2.40 1/mm
Trabecular Number (rod model) Tb.N 3.78 2.40 1/mm
Porosity Po 44.59 - %
Degree of Anisotropy DA - 0.29 -
Eigenvalue 1 - - 0.46 -
Eigenvalue 2 - - 0.59 -
Eigenvalue 3 - - 0.66 -

Table 3. Mean values of morphometric parameters (n = 5) from the 2D and 3D analysis (direction anterior-posterior).

Parameter Abbreviation 2D Analysis 3D Analysis Unit
Trabecular Thickness (plate model) Tb.Th 0.12 0.22 mm
Trabecular Thickness (rod model) Tb.Dm 0.24 0.22 mm
Trabecular Separation (plate model) Tb.Sp 0.11 0.40 mm
Trabecular Separation (rod model) Tb.Sp 0.06 0.40 mm
Trabecular Number (plate model) Tb.N 4.47 241 1/mm
Trabecular Number (rod model) Tb.N 3.49 2.41 1/mm
Porosity Po 45.19 - %
Degree of Anisotropy DA - 0.28 -
Eigenvalue 1 - - 0.51 -
Eigenvalue 2 - - 0.62 -
Eigenvalue 3 - - 0.59 -

Figure 5. Microtomograph Image 2D (A) and Image 3D (B).

The Statistical Analysis of parameters shows 1 becomes distinct among the eigenvalues of the
the differences between 2D and 3D Analyzes  matrix M (tensor anisotropy) indicating a tendency
except for parameter of trabecular thickness in  to transversely isotropic symmetry overall bone
the rod model. And for 3D Analyze the eigenvalue  structure (macroscale).
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Table 4. Paired t-test (p <0.05) morphometric parameters (n = 16).

Group 1 vs. Group 2 Group 1 Ave.* Group 2 Ave.* (t) Value P
Tb.Th (2D) vs. Tb.Th (3D) 0.12+£0.02 0.22+0.03 11.00 0
Tb.Dm (2D) vs. Tb.Th (3D) 0.23+0.04 0.22+0.03 1.15 0.26
Tb.Th (2D) vs. Tb.Dm (2D) 0.12+0.02 0.23 +0.04 ~10.98 0
Tb.Sp (2D pla. mod.) vs Tb.Sp (3D) 0.12+0.01 0.42 +£0.04 -28.09 0
Tb.Sp (2D rod mod.) vs Tb.Sp (3D) 0.06 +0.01 0.42 +£0.04 —34.17 0
Tb.Sp (2D pla. mod.) vs Tb.Sp (2D rod mod.) 0.12+0.01 0.06 +0.01 14.52 0
Tb.N (2D pla. mod.) vs Tb.N (3D) 4.32+0.59 2.30+0.35 11.73 0
Tb.N (2D rod mod.) vs Tb.N (3D) 3.47+0.51 2.30+0.35 7.55 0
Tb.N (2D pla. mod.) vs Tb.N (2D rod mod.) 4.32+£0.59 3.47+0.51 4.33 0
Eigenvalue 1 vs. Eigenvalue 2 0.52+£0.09 0.59 +0.07 —2.14 0.04
Eigenvalue 1 vs. Eigenvalue 3 0.52+0.09 0.60 +0.07 -2.52 0.02
Eigenvalue 2 vs. Eigenvalue 3 0.59 +0.07 0.60 +0.07 —0.44 0.67

* Ave. (Average); pla. mod. (plate model); rod mod. (Rod model).

Discussion

The 2D (plate model) and 3D comparative analysis
of the trabecular thickness parameter showed a
statistically significant difference (p = 0; Table 4).
However the 2D (rod model) and 3D measurement
of the trabecular thickness did not show a statistically
significant difference (p = 0.26) meaning that the 2D
measurement (rod model) is a good approximation
of the 3D measurement.

For the trabecular separation parameter, 2D and
3D, comparative analysis realized a statistically
significant difference (p = 0), showing that both
measurements, plate model and rod model, were not
good approximations in the 3D measurement.

The trabecular number values showed a statistically
significant difference (p = 0) when the plate and the
rod model measurements were compared with the 3D
measurements. However, there was a strong correlation
between the plate and the rod model measurements.

The statistical difference observed for the
eigenvalues of the M matrix (anisotropy tensor) showed
that the eigenvalue 1 is distinct from eigenvalue 2 and 3
and therefore the trabecular bovine bone microstructure
had a tendency to present transversely isotropic
symmetry (Cowin, 1985; Cowin and Mehrabadi, 1989).

The analyzes based on 2D measurements depend
on the region of interest (ROI) chosen in the images
making the choice of the ROI a complex procedure.
If the sample has a ROI whose microstructure is
not the same throughout the sections, the results
may lead to false interpretation. Otherwise the 3D
measurement responds better to the morphology of
the sample, performed by voxels representation of
volume, providing all necessary spatial information for
the morphometric parameters calculated (Lima et al.,
2009). To base results upon average values may

not be the best solution, but when the format of the
microstructure remains along the sections (in case
of the ROI with a same circumference in the entire
structure), observe that the average 2D analysis for
the rod model trabecular thickness, is roughly the
same of 3D analysis.

It has been observed that not only the bone mineral
density (BMD) but also the morphology of the bone
structure (symmetry) plays an important role in bone
toughness. Luo et al (1999) showed that the BMD
contributes with about 65% of the variation in bone
strength, but 90% explanation of this variation can be
reached if the contribution of the microarchitecture
is taken into account in the analysis. In this sense a
more detailed study of trabecular morphometry began
to raise a great interest in the medical community
for seeking more accurate measurements for the
osteoporosis diagnosis and treatment (Chapard et al.,
1999). The characterization of bone quality can be
improved by adding microstructural and mechanical
information.

It is possible to use a mechanical test module
coupled to microtomograph in order to determine
mechanical and microstructural correlations, which
to improves the characterization of bone quality by
adding a number of structural and mechanical values
to BMD, obtaining a better diagnosis of entire bone
structure degradation, and the consequent drop in
mechanical structural toughness, thus indicating a
possible incidence of metabolic bone diseases such
as osteoporosis.
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