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Choice of Thresholding Technique in Micro-CT Images
of Trabecular Bone Does Not Influence the Prediction
of Bone Volume Fraction and Apparent Modulus
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Abstract

Trabecular bone can be accurately represented using image-based finite element modeling and analysis of these bone models is widely used
to predict their mechanical properties. However, the choice of thresholding technique, a necessary step in converting grayscale images to
finite element models which can thus significantly influence the structure of the resulting finite element model, is often overlooked.
Therefore, we investigated the effects of thresholding techniques on micro-computed tomography (micro-CT) based finite element models
of trabecular bone. Three types of thresholding techniques were applied to micro-CT images of trabecular bone which resulted in three
unique finite element models for each specimen. Bone volume fractions and apparent moduli were predicted for each model and compared
to experimental results. Our findings suggest that predictions of apparent properties agree well with experimental measurements regardless
of the choice of thresholding technique in micro CT images of trabecular bone.
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|. INTRODUCTION

M echanical properties of trabecular bone depend on its
microstructural parameters such as the bone volume
fraction(BVF) and connectivity. Biomechanical characterization
of trabecular bone, especially its structure-function relation-
ship will contribute to the better understanding of the etiology
of age-related fractures.

High resolution micro-computed tomography(micro-CT)
and micro-magnetic resonance imaging(micro-MRI) are non-
invasive imaging techniques to quantify the complex three-
dimensional(3D) architecture of trabecular bone[1-5]. Micro
finite element(FE) models based on these high resolution
images have become a widely used tool for the study of
trabecular bone mechanics and adaptation[6-19]. It has been
shown in several studies that these micro FE models of
trabecular bone can provide relatively accurate predictions in
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elastic modulus and yield strength[6,7,9-12]. In most of these
analyses, the original digital images of trabecular bone have to
be thresholded to distinguish between bone and bone marrow
voxels with only bone voxels converted into elements used in
the finite element model. Choice of threshold value is critical
as small variations in the threshold value can significantly
influence the predicted bone volume fraction and mechanical
properties[19]. The thresholding technique used in this proce-
dure may also have significant impact on the accuracy of these
micro FE models.

In this study, the effects of thresholding techniques on
micro-CT image based finite element models were inves-
tigated. Using bovine trabecular bone specimens, the apparent
elastic moduli were first determined by performing uniaxial
compression tests. These trabecular bone specimens were then
scanned using a micro-CT and converted into finite element
models using three thresholding techniques: (1) adaptive
thresholding, (2) global thresholding, and (3) BVF-matched
global thresholding. Finite element analyses were performed
to obtain predicted apparent moduli. The effects of various
thresholding techniques on the BVF and predicted apparent
modulus were examined and compared to experimental mea-
surements.



II. MATERIALS AND METHODS

Ten freshly frozen bovine proximal tibiae were obtained
from a local slaughter house and cut into 12 mm thick coronal
sections using a band saw. Contact radiographs were taken
from these sections and 12 mm x 40 mm rectangular regions of
trabecular bone were identified such that the principal
orientation of the trabeculae was aligned(qualitatively by
inspection) with the longitudinal axis of the rectangle. The
radiographs were placed on the corresponding tibiae sections
and the identified trabecular regions(12 mm x 12 mm x 40
mm) were cut using a band saw. Under wet conditions,
seventeen 8.6 mm diameter and 40 mm long cylinders were
cored out from these trabecular bone blocks. The ends of the
cylindrical bone specimens were cleaned of bone marrow
using a water jet and embedded with adhesive in internally
threaded brass end caps using a custom-made alignment jig
[20]. The specimens were frozen in -80°C and while the
specimens were still frozen the diameter of the mid-span of
each specimen was reduced to 6 mm with a gage length of 10
mm using a lathe. The diameter of each specimen was
measured using a digital caliper three times with its average
reported. Uniaxial compression tests were performed using a
servo-hydraulic material testing machine(MTS810, MTS,
Minneapolis, MN) with an 8 mm gage length extensometer
(632.26F-20, MTS, Minneapolis, MN) mounted on the gage
region of the specimen. A 2500 N load transducer('661.18E—
02, MTS, Minneapolis, MN) was used to record the load.
Specimens were tested under strain control with a rate of
0.0005 s-1 up to 0.8% strain with care taken such that the
specimens were not compressed past the ultimate strength.
The testing control and data acquisition were performed using
the TestStar IS software(MTS, Minneapolis, MN). The stress
was determined by dividing the load by the cross-sectional
arca of the specimen. The apparent elastic modulus was
obtained from the linear region of the stress-strain curve
(0.0%-0.1% of strain). After mechanical testing, the central
gage region(8 mm length) of each specimen was cut and the
length measured using the digital caliper three times with its
average reported. The bone marrow from the gage region was
removed using water jet cleaning and ultrasonic bath. Both
the wet weight and the submerged weight(measured while
submerging specimens under water) of each sample were
measured. The apparent density was calculated by dividing the
wet weight by the specimen apparent volume while the bone
tissue density was determined by Archimedes's principle. The
BVF was calculated by dividing the apparent density by the
bone tissue density.

The gage region of each specimen was scanned using a
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micro-CT system(pCT 20, Scanco Medical, Switzerland) at
34 uym nominal resolution. Each 3D micro-CT image was
segmented using a low-pass filter to remove noise. Binarized
digital models were constructed using three types of thres-
holding techniques: adaptive, global, and BVF-matched global.
In adaptive thresholding, throughout the 3D image, local
(adaptive) thresholds were obtained in local volumes depe-
nding on the grayscale value of the surrounding voxels[3]. In
global thresholding, a unique threshold value was selected
based on the histogram distribution of the 256 gray values in
the 3D image of each specimen. The minimum gray value
between bone and background peaks in the histogram was
used as the threshold value. Any voxel with a grayscale value
above this threshold was considered as a bone voxel while any
voxel with a grayscale value equal to or below the threshold
was reset to a gray value of zero. A third set of thresholded
images("BVF-matched global') was also processed by adjusting
the global threshold value, such that the BVF matched the
BVF obtained through physical density measurements.

Thresholded 3D images were converted to 3D linearly
elastic finite element models by mapping each bone voxel to
an 8-node brick element. The models were solved using an
element-by-element pre-conditioned conjugate gradient solver
[21]. The isotropic bone tissue modulus was set as 18 GPa and
Poisson's ratio as 0.3[22]. The apparent modulus of the
specimen were obtained from models constructed using each
of the thresholding methods. The BVF and apparent modulus
resulting from each thresholding technique were compared to
the values obtained through experiment using a paired Stu-
dent's t-test(Systat, SPSS Science, Chicago, IL).

I, RESULTS

Different thresholding techniques on micro-CT images of
bovine trabecular bone specimens resulted in three different
voxel-based 3D finite element models for each specimen.
Visually, the resulted images from the global and adaptive
thresholding were similar while the "matched global" pro-
duced different images, especially in areas of bone with
dramatic variations in trabecular thickness(Fig. 1).

All three methods produced models with BVF that were not
significantly different(p>0.05) from BVF obtained through
density measurements while the predicted values from all
three models have good correlations with the experimentally
measured values(r2>0.93)(Fig. 2). BVF ranged between 8%
and 35%.

The apparent elastic moduli of the specimens determinec
from the linear region of the stress-strain curve obtained from
mechanical testing were in the range of 500 to 5000 MPa.
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Fig. 1. Typical section of an 8-bit micro-CT image of bovine trabecular bone
before and after three different types of thresholding.

Similar to the BVF, the apparent moduli calculated from the
three methods were not significantly different(p>0.05) from
the apparent modulus obtained through mechanical testing
with good correlations with the experimental measurements
(*>0.91)(Fig. 3).

IV, DISCUSSION

In this study, three types of thresholding methods(i.e.,
global, adaptive, and matched global) were applied to micro-
CT images of bovine trabecular bone. BVF and apparent
elastic moduli were calculated from image-based FE models
and compared to those measured directly from physical
density measurements and mechanical testing. Results from
this study revealed that all three thresholding methods on
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Fig. 3. Apparent modulus predicted by finite element models after different
types of thresholding correlated to apparent modulus from mech-
anical testing.
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Fig. 2. BVF predicted by finite element models after different types of
thresholding correlated to BVF from physical density measurements.

micro-CT images have no significant effect on BVF and
apparent moduli. Upon qualitative inspection of the thresho-
lded images along with the original micro-CT image, there
were clear variations in local trabecular bone morphology
depending on thresholding technique(Fig. 1). Thin trabeculae
are more likely to have grayscale values that are closer to
values of background compared to thicker trabeculae. As a
result, these thin trabeculae are more sensitive to the threshold
value and can be inadvertently converted to background that
leads to a disruption in the connectivity of trabecular bone.
This may lead to a modification in trabecular bone morpho-
logy where the difference can be detected only at the local
tissue level. However, it appears that the different outcomes
of trabecular morphology are minimal, at least at the apparent
level, considering BVF and apparent moduli comparisons
produced results not significantly different from experimental
results. These results support previous studies that have used
either one of the three thresholding methods compared in this
study to determine the trabecular bone properties at the app-
arent level[3,9,11,13-15].

When extrapolating these results, one must keep in mind
that this study was performed on bovine trabecular bone. It is
possible that the results from this study may have to be
validated when analyzing different animals, such as rat or
mouse where their trabeculae are thinner compared to bovine
trabecular bone used in this study. Also, thresholding of whole
bone that includes both the trabecular and cortical bone may
pose different problems. The choice of thresholding technique
may be more crucial in these cases although further studies are
needed.

Although the choice of thresholding technique did not
affect the overall statistical outcome of this study, one must



take into account that there are individual images, especially
those with lower bone density, that are more sensitive to the
change in threshold value and technique. This implies that
there may be individual oversights in image-based bone
density measurements, especially in patients with lower bone
density(and thus more likely to develop bone fractures)
depending on the thresholding technique applied. In addition,
image quality(e.g., signal-to-noise ratio or micro-CT reso-
lution) which was not compared in this study may have an
effect on the overall outcome. Therefore, the choice of
thresholding technique should not be overlooked when
examining individual grayscale images trabecular bone.
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