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Objectives: To evaluate the accuracy of CBCT in assessing trabecular structures.

Methods: Two human mandibles were scanned by micro-CT (Skyscan 1173 high-energy
spiral scan micro-CT; Skyscan NV, Kontich, Belgium) and CBCT (3D Accuitomo 170;
Morita, Japan). The CBCT images were reconstructed with 0.5 and 1 mm thicknesses. The
condylar images were selected for registration. A parallel algorithm for histogram
computation was introduced to perform the registration. A mutual information (MI) value
was used to evaluate the match between the images obtained from micro-CT and CBCT.
Results: In comparison with the micro-CT image for the two samples, the CBCT image with
0.5 mm thickness has a MI value of 0.873 and 0.903 while that with 1.0 mm thickness has
a MI value of 0.741 and 0.752. The CBCT images with 0.5 mm thickness were better matched
with micro-CT images.

Conclusions: CBCT shows comparable accuracy with high-resolution micro-CT in assessing
trabecular structures. CBCT can be a feasible tool to evaluate osseous changes of jaw bones.
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Introduction

A number of studies have investigated bone trabecular
structures by quantifying their parameters using histo-
morphometry, backscattered electron imaging and
microradiography,' > since the mechanical properties
of these structures may affect bone strength and in-
dicate early physiopathological changes. In dentistry,
this osseous change could be observed during tem-
poromandibular joint (TMJ) osteoarthritic progress-
ing. The plate-like trabeculae are primarily oriented
vertically and anteroposteriorly and are also optimal
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to resist compressive and tensile deformations durin%
loading of the jawbones, especially of the TMJ.*
Some methods can be used to measure trabeculae
parameters on excised bone specimens, such as his-
tomorphometry. In addition, modern imaging techniques
to characterize bone structure from three dimensions
have been developed as non-invasive methods, such as
micro-CT.

Micro-CT has become the “gold-standard” for eval-
uation of bone morphology and microstructure in the ex
yivo bone model or small animal bone.®® On the other
hand, clinical CBCT has been widely applied in den-
tistry for over two decades. It can offer high image
quality with low radiation dose and at low cost. Liang
et al’ reported that Accuitomo three-dimensional (3D)
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CBCT even had better visibility for the trabecular bone
than multislice CT (MSCT). Clinically, Hsu et al'® did
a comparison between micro-CT and dental CT in
assessing trabecular bone microarchitecture parameters
using rat femurs and lumbar vertebral body. The results
showed different morphological parameters but with
high correlations. So far, the reliability of CBCT to
analyze the trabecular bone is still controversial and has
not been properly studied in human clinics.!"*'?

In the present study, a 3D registration method was
applied based on mutual information (MI) to align the
CBCT images with micro-CT images, and a compari-
son of the condylar trabecular structure between the
two imaging modalities was made in order to de-
termine if the accuracy of CBCT is feasible to assess
trabecular structures. Data of the human condyle were
used in the present study due to easy access and data
consistency.

Methods and materials

Two human mandibles obtained from Caucasian cadavers
were used for the present investigation. The specimens
were derived from patients who had donated their
bodies for research and with ethical approval from the

Department of Medical Basic Sciences (University of
Hasselt, Hasselt, Belgium). Specimens were scanned by
micro-CT (Skyscan 1173 high-energy spiral scan
micro-CT; Skyscan NV, Kontich, Belgium) with the
following scanning conditions: 130kV, 61 pnA, 900 ms
exposure with 0.2° rotation steps, a 2240 X 2240 image
size and 35-wm image pixel size. The same specimen
were also scanned by a CBCT scanner (3D Accuitomo
170; Morita, Japan) at 80 kV, 2mA tube current, 17 s
scanning time, 360° rotation and 125-pm pixel size
with 0.5 and 1 mm slice thickness. After scanning, the
condylar images were selected for registration. The
trabecular structures on CBCT images were aligned
with the micro-CT images.

Registration algorithm

About mutual information: MI is widely used in image
registration, especially in multimodal image registration
problem. In MI, the entropy of a random variable is
defined as:

H(X)=— 3 p(x)log, p(x),

xeX

where p(x) is the (marginal) probability density func-
tion. The MI of two random variables is defined as:

(©)

(d)

Figure 1 Three-dimensional images from different modalities (CBCT and micro-CT) aligned roughly and viewed in different colours. (a) Volume

fused rendering of two images; (b) axial; (c) coronal; (d) sagittal.
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MI(X, Y)= XZJP(W) log, p(x)p(y)

This concept is in a sense representative of the
amount of information that one image provides about
the other (Viola and Wells'?).

When MI is used in image registration, the key re-
quirement is to measure the joint spatiointensity prob-
ability distributions of the two images. And this process
is also most time consuming. In our method, a parallel
algorithm for histogram computation was introduced to
speed up the registration.

Algorithm details: To reach the registration purpose, we
firstly manipulated a widget to rotate and translated
volume for co-registration purposes (Figure 1). In the
process of manual adjustment, the real-time output of
the MI value showed the matching degree of current
operation. As shown in Figure 2, the MI value attained
its maximum in the current state. Rather than com-
puting MI for the whole volume of data, our algorithm
computed it for three orthogonal slices: axial, sagittal
and coronal. Owing to this simplification, we could do
histogram computation that was completely conflict
free and without the need of any update synchroniza-
tion and costly data transfers between the graphics
processing unit (GPU) and the central processing unit.
For histogram computation, the GPU was programmed
by means of compute unified device architecture,'*
which was a new hardware and software architecture
for computing on the GPU. Secondly, starting from the
initial alignment, we can improve it by maximizing MI
using iteration method. Figure 3 shows the framework
of precise registration. The basic input data of this
process are two images: one is defined as the fixed image
and the other as the moving image. The precise regis-
tration is treated as an optimization problem with the
goal of finding the spatial mapping that will bring the
moving image into alignment with the fixed image.'> A
rough alignment is made by moving the image to ba-
sically coincidence with the fixed image in the first step,
therefore the speed of precise registration can be im-
proved by up to 30 times compared with a central
processing unit-based implementation.
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Figure 2 Real-time output of the mutual information (MI) value.
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Results

The example images from a registered data set are
shown in Figure 4. For a thickness of 0.5 mm, the op-
timal MI values are 0.873 and 0.903 for the two sam-
ples, whereas for a thickness of 1.0 mm, the optimal MI
values are 0.741 and 0.752 for the two samples
(Table 1). For two reconstructions of one scanning
process, the larger MI value indicated to a better
matching degree. When the MI value equals 1, it rep-
resents an exact match, and a MI value of 0 represents
an entirely unmatched result. When the MI value is
>(.5, a reasonable match is indicated.

Therefore, this computing result determined that
CBCT images with slice thickness of 0.5 mm had better
matching with micro-CT images than CBCT images
with 1-mm slice thickness. Because micro-CT is con-
sidered widely as the gold standard, it can be concluded
that CBCT images with a thickness of 0.5 mm is good
for clinical investigation of mandibular trabeculae.

Discussion

The present study evaluated a new information theo-
retic approach that was efficient for finding the regis-
tration of volumetric medical images of differing
modalities. Registration was achieved by adjusting the
relative position and orientation until the MI between
the images was maximized. In our derivation of the
registration procedure, the imaging process took shorter
time, but a good result was obtained by the algorithm
(Figure 4) and the texture of trabeculae was aligned
well. This approach works directly with image data; no
pre-processing or segmentation is required. Therefore, it
avoids errors caused by segmentation or pre-processing.
This technique is, however, more flexible and robust
than other intensity-based techniques such as correla-
tion.'® Additionally, because of the complexity and ir-
regular distribution of the TMJ trabeculae, it is hard to
use registration methods based on feature point or fre-
quency field. The method based on MI is effective for
this kind of image, but it is a time-consuming process.
An optimized procedure and a fast implementation
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Figure 3 Registration framework. 3D, three-dimensional; MI, mutual
information.
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Figure 4 Sample images from a registered micro-CT/CBCT pair. (a)
Micro-CT image (right) vs CBCT image (left) of 0.5 mm slice thickness,
(b) micro-CT image (right) vs CBCT image (left) of 1 mm slice thickness.

through the compute unified device architecture were
successfully programmed in the present study.
Evaluation of the trabeculae has been widely applied
in analyzing the function and strength of bone, the
healing of bone graft, bone disease (e.g. osteoporosis)
and bone quality before the implant surgery and
osseointegration after it. Such analysis was proposed to
aid the diagnosis of bone disease. Although some meth-
ods such as microradiographs, quantitative backscattered
electron imaging or histomorphometry allowed for ac-
curate analysis of trabecular structures, these methods
required a destructive process during specimen prepara-
tion and only allowed two-dimensional analysis with
a small local region of interest. With 3D, scanning of
whole bone specimens to analyze microarchitecture is
available. Micro-CT imaging could provide a valid result
with a “gold standard” accuracy for trabecular parame-
ters, but its high radiation exposure and small scan field
limit its clinical application in scanning patients. Medical
MSCT is widely applied in clinical examination, but
the resolution is not enough to evaluate bony micro-
structures. The limitation of CT to analyze trabeculae
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Table 1 Mutual information value results of two samples

Specimen CBCT SL 0.5 mm CBCT SL 1 mm
Sample 1 0.873¢ 0.714¢
Sample 2 0.903“ 0.752¢

SL, slice thickness.
“Good match: metric value =0.5.

is the low signal-to-noise ratio and low resolution.
The average thickness of the human trabeculae is
100-400 wm, and the average trabecular separation is
2002000 wm.'” The ideal device to analyse trabecular
structures requires a higher resolution than the thinnest
trabeculae.'® The imaging resolution of the CBCT device
used in the present study was 125 pm, which was close
to the finest trabeculae, with low radiation which was
1/100-1/400 the radiation of MSCT.'® In addition, the
reconstruction slice thickness of CT images may also
affect parameter examinations. A thicker slice could
cause an increased trabecular thickness and a decreased
number of trabeculae.'” Liu et al'® also reported that the
signal-to-noise ratio was too low to analyze trabecular
structures when the slice thickness is <<0.5 mm in CBCT.
In the present research, we had the same finding and slice
thicknesses with 0.5 and 1 mm were selected for the final
alignments.

With the present alignment results, the peak value of
MI is mostly close to 1 with 0.5-mm slice thickness
CBCT images. Even with 1 mm slice thickness, the MI
value of CBCT images was still >0.5, which was an
acceptable result too. The MI value of such alignments
would never be one because of the different resolutions
of two different imaging modalities. Therefore, when
the value is >0.5, a good match is considered. This
finding suggests that assessments for mandibular tra-
beculae morphology based on the clinical CBCT scan-
ner are comparable with those based on high-resolution
micro-CT.

Conclusions

The present study showed a comparable accuracy be-
tween CBCT and micro-CT images on trabecular
structures. This result may also support that non-
invasive clinical CBCT can be a validation tool to
provide useful information to estimate osseous changes
of jaw bones which can account for the progress of
dental diagnosis and treatments in a patient.
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