A decision support scheme for vertebral geometry on body CT scans
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ABSTRACT

For gaining a better understanding of bone quality, a great deal of attention has been paid to vertebral geometry in
anatomy. The aim of this study was to design a decision support scheme for vertebral geometries. The proposed scheme
consists of four parts: (1) automated extraction of bone, (2) generation of median plane image of spine, (3) detection of
vertebrae, (4) quantification of vertebral body width, depth, cross-sectional area (CSA), and trabecular bone mineral
density (BMD). The proposed scheme was applied to 10 CT cases and compared with manual tracking performed by an
anatomy expert. Mean differences in the width, depth, CSA, and trabecular BMD were 3.1 mm, 1.4 mm, 88.7 mm?, and
7.3 mg/em’, respectively. We found moderate or high correlations in vertebral geometry between our scheme and
manual tracking (» > 0.72). In contrast, measurements obtained by using our scheme were slightly smaller than those
acquired from manual tracking. However, the outputs of the proposed scheme in most CT cases were regarded to be
appropriate on the basis of the subjective assessment of an anatomy expert. Therefore, if the appropriate outputs from the
proposed scheme are selected in advance by an anatomy expert, the results can potentially be used for an analysis of
vertebral body geometries.
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1. INTRODUCTION

Osteoporosis has been estimated to affect more than 200 million individuals worldwide. One in three women and
one in eight men are affected by osteoporosis [1]. In clinical practice, osteoporotic vertebral fracture risk is currently
estimated on the basis of lumbar vertebral bone mineral density (BMD). However, vertebral fractures can occur even
when the BMD does not reach the osteoporotic threshold. Previous studies have indicated that the compressive strength
of vertebrae is determined not only by their bone density but also by their dimensions such as vertebral body width,
height, depth, cross-sectional area (CSA), configuration, and volume [2]. In addition, reduced sagittal curvature is an
independent risk factor [3]. However, the role of vertebrae in fracture risk has not been clearly demonstrated to date.
Knowledge of normal vertebral anatomy is essential to understanding vertebral fracture risk.

Recently, multidetector row computed tomography (MDCT) has enabled high-resolution visualization of three-
dimensional (3D) spinal structures. The MDCT method has the potential to be used for the quantitative analysis of
vertebral anatomy, including BMD, geometry, and configuration, with high accuracy and precision using the same
dataset. However, when thin-section CT is used to scan the whole body, a huge number of images—exceeding 1000
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sections—are generated. Analysis of the spine using all these CT sections imposes a heavy burden on examiners.
Therefore, it would be helpful to develop a computer-assisted scheme for analyzing vertebral dimensions on body CT
images.

Several computerized schemes for the segmentation and/or identification of vertebrae had been designed to date [4—
15]. Takahashi et al. [6] designed a computer-aided diagnosis (CAD) scheme for osteoporosis based on the assessment of
BMD and vertebral height. However, to the best of our knowledge, no computerized scheme has been developed to date
for the measurement of vertebral dimensions such as width and depth, and their relation to osteoporosis has not yet been
clearly demonstrated. A population-based study of quantitative vertebral body geometry may help improve our
understanding of normal vertebral anatomy, which is basic knowledge for the practice of medicine. Accordingly, the aim
of this study was to design a computer-assisted scheme for the quantification of vertebral body dimensions on body thin-
section CT scans. This paper proposes a computerized scheme for the measurement of vertebral body width, depth, CSA,
and trabecular BMD on body CT scans.

2. METHODS
2.1 Study sample

CT images, which were obtained with a CT scanner (LightSpeed Ultra, GE Yokogawa Medical Systems Ltd.,
Tokyo, Japan), were scanned for the purpose of examining various organs and tissues, as is done in a metastasis check or
follow-up. The scans included thoracic and lumbar vertebrae, which were scanned in each patient using standard settings
(120 kV, auto mAs, 1.25-mm-thick slice, pitch = 0.63-0.74 mm). Slice intervals were modified to the same value as the
pitch using sinc interpolation to keep each voxel in an isotropic size in 3D. The study sample consisted of 10 individuals
(nine men, one woman; mean age, 55 years). Those who had a normal variant at vertebrae, as confirmed by radiologists
or anatomy experts, were not included in this sample. This study was approved by the institutional review board of Gifu
University.

2.2 Overview of the scheme

Measurements of vertebral body width, depth, CSA, and trabecular BMD taken by an anatomy expert are illustrated
in Fig. 1. This paper presents a new computerized scheme for such measurements.

The block diagram of our proposed scheme is shown in Fig. 2. Fig. 2a shows an example of the midsagittal section
of the original CT images. First, bone voxels are extracted and the center line of the spinal canal and the tips of the
spinous processes are determined. Second, CT images are reformatted so that the sagittal spinal curvature disappears.
The localization of vertebral bodies is done in the third step. Finally, the vertebral body contour is determined and
vertebral body dimensions based on it are quantified. Each part is described below.

2.3 Bone extraction

CT numbers with bone voxels are higher than those of other internal organs. For that reason, CT number
thresholding or the region-growing method is used to extract bone voxels [4]. Fig. 2b shows an example of the extraction
of bone voxels. After this extraction, the center line of the spinal canal and the tips of the spinous processes are
determined on the basis of implicit anatomic knowledge.

(a) Original CT images (b) Width (c) Depth (d) CSA (e) Trabecular BMD
Fig.1 Axial section view of the overlaid images between the original CT images and the manual tracking by an anatomy expert
(CSA and BMD denote a cross-sectional area and bone mineral density, respectively). These are the midaxial sections of L1 and
the manual tracking of vertebral body width, depth, CSA, and trabecular BMD are shown in red.
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Fig.2 Block diagram of our proposed scheme. (a) The midsagittal section view of original CT images. (b) Surface view of bone
voxels. (c) The midsaggital section view of re-formed CT images. (d) Section view of the overlaid images between the re-formed
CT images and the points produced using the localization scheme (Localization results of individual vertebral bodies are
indicated in different colors.). (e) The axial section views of the vertebral body geometries (Examples of the computerized
quantification are indicated by voxels in orange.).

2.4 Image re-formation

To simplify the vertebral body detection task, CT images are reformatted. This is carried out on the basis of the
center line of the spinal canal and the tips of the spinous processes [16]. Fig. 2c shows an example of the mid-sagittal
section of the reformatted CT images.

2.5 Vertebral body localization

The contour model of the vertebral body is built in advance, and the vertebral body localization is carried out using
the template matching technique. An example of the localization of individual vertebral bodies is indicated in Fig. 2d.
Details of the localization scheme are described in [17].

2.6 Quantification of vertebral body geometry

The computerized scheme for quantifying width, depth, CSA, and trabecular BMD of vertebral bodies is described
in this subsection.

Step 1: Vertebral body height (#) is identified as the distance between the uppermost and lowermost slice, including
the points produced using the localization scheme, and its central section is detected as the midaxial section of the target
vertebral body. The vertebral body height (#) and the midaxial section of the target vertebra are detected, and then the
axial sections of 4/3 that belong to middle sections are selected as the volume of interest (VOI) [Fig. 3(a)].

Step 2: The morphological top-hat operation is applied to the VOI. After that, a ray summation image of the VOI is
generated [Fig. 3(b)] and voxels with > 20 values are extracted as contour candidates of vertebra [Fig. 3(c)].

Step 3: The vertebral contour is determined by a template matching technique with contour models of the vertebral
bodies built by manual tracking of the vertebral contour on the mid-axial section [Fig. 3(d)]. In the template matching
technique, rigid transformation is applied according to the following restrictions:

I. Scaling, s(0.9 <s< 1.1), is applied to the models.

II. Rotation, r(— 3.0°<r< 3,00), is applied to the models.

Then, the precisions of the output of Step 2 and the transformed contour models are computed, and the transformed
model with the highest indicated precision is selected as the target vertebral contour. The percent of precision P of the
template matching is calculated by the following equation:
P P, NP, 5 (1)
PA
where P, denotes voxels that make up the model and Py denotes voxels extracted by Step 2. After that, voxels inside the
vertebral contour are filled [Fig. 3(e)].
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Fig.3 The proposed scheme for vertebral body geometry. (a): Volume of interest (VOI) determination on the midsagittal section
(the located vertebra is shown in aqua, and the VOI is shown in green), (b): A ray summation axial view of the VOI after
applying the morphological top-hat operation, (c): Binarization, (d): Contour models of the target vertebra on a midaxial section
with 100 cases, (e): Model fitting on a midaxial section (the fitted contour model is shown in orange, and inside of the vertebra is
shown in green), (f): Geometric definition for vertebral body geometry on a midaxial section (SC denotes the spinal canal
centroid), (g): One CSA example on a midaxial section (CSA is indicated in green), (h): One BMD measurement example on the
ray summation axial view of the VOI without using morphological operation (the measurement region is indicated in green).

Step 4: Line /, which divides equally the filled region that passes through the spinal canal centroid, is drawn. Next,
two points, d, and d,, are detected at the boundary of the line / with the filled region, and the distance between d, and d,
is defined as “depth” [Fig. 2(f)].

Step 5: Line m perpendicular to line / that passes through point d;, which is in the middle between d; and d,, is drawn.
Next, two points dy and ds are detected at the boundary of line m with the filled region, and the distance between d, and
ds is defined as “width” [Fig. 2(f)].

Step 6: Line n parallel to line m that passes through point d, is drawn. Next, a cortical bone adjacent to the filled
region is added as a part of the filled region. After that, the number of voxels that belongs to the filled region that is
located anterior to line » is defined as “CSA” [Fig. 2(g)].

Step 7: To remove a cortical bone, voxels extracted by Step 2 are removed. After that, the morphological closing
operation is applied to fill the voxels of the vertebral contour. To ensure that a cortical bone is not included, the
morphological erosion operation is also applied to the extracted region.

Step 8: A ray summation image of the VOI without using the morphological operation is generated, and the mean CT
number of voxels overlapping with the extracted region from Step 7 is computed. Finally, “trabecular BMD” is estimated
on the basis of the mean CT number in a manner similar to [18] [Fig. 2(h)].

2.7 Assessment

The performance of our scheme is assessed by comparing it with the manual tracking done by an anatomy expert.
For vertebral body width, depth, and CSA, manual tracking is carried out three times at the midaxial sections of L1 on
“original” CT scans (not re-formed images), and mean values are determined to be the grand truth. Each tracking is set at
a time interval of at least one week, and the position of the midaxial section of L1 is selected independently. For
trabecular BMD, volumetric BMD at the central site of the vertebral body measured in [18] is used as the grand truth.
Pearson's product-moment correlation coefficient () and Bland-Altman analysis are used to show relative and absolute
reliability.
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(a) width = 36.9 mm (b) width = 36.2 mm (c) width = 38.3 mm (d) width = 33.5 mm

(i) CSA =951.9 mm’ (j) CSA = 850.5 mm’ (k) CSA =958.9 mm (1) CSA = 818.2 mm®

Fig.4 Measurement examples of the vertebral body width (a— d), depth (e-h), and CSA (i-1) by an anatomy expert and the
proposed scheme. These are the midaxial sections of L1 and measurement results of vertebral body width, depth, and CSA are
shown in red. Manual tracking of first (a, e, i), second (b, f, j), third (c, g, k) and the produced using the proposed scheme (d, h, 1)
are shown from left to right.

(a) (d) BMD = 67.8 mg/cm®

Fig.5 Measurement example of the vertebral trabecular BMD at L1. (a): Midsagittal section on the re-formed CT images. (b)
Volume of interest (VOI) determination on the midsagittal section (the located vertebra is shown in aqua, and the VOI is shown
in green), (c): A ray summation axial view of VOI on the re-formed CT images, (d): BMD measurement on the ray summation
axial view of the VOI (The measurement region is indicated in red).

3. RESULTS

To assess the performance of the proposed scheme, it was applied to 10 body CT cases. Vertebral contour models
were built with 100 samples except for the target case. Fig. 4 illustrates the proposed scheme as well as measurement
examples of vertebral body width, depth, and CSA taken by an anatomy expert. These measurements were done on the
midaxial sections of L1. Fig. 4 also enables us to understand intra-observer variability and to compare manual tracking
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Fig.6 The correlations of vertebral geometries between the proposed scheme and manual tracking by using Pearson's product-
moment correlation coefficient (Left to right: width, depth, CSA, and trabecular BMD).

o —~
5 : . r %
s £ Width £ Depth £ CSA R Trabecular BMD
o 0 | o <) ] o o o g <)
T < Q1 ~
g | °o___8 o w© |
o -
I S St I P [ saspf | ____ Qo220
& w]o o ° ° +2SD
] Mean o ol o/
o o 10 -~
2 Mean _ -~ Vean
] o o ean
o
LY Ol o o 0
sef L _____] ®te____ Gmmmmmmm |
S Voo o] 2SD 28D | e ____o__o__-2sD|
c 2SD ° o
g ) o © 10
= © | o 3
g - o N o © o o
§ 36 38 40 42 (mm) 27 28 29 30 31 32 33 (mm) 900 1000 1100 1200 (mm’) 40 60 80 100 120 140 (mg/em’)
D
.E Average of the proposed scheme and manual tracking

Fig.7 Bland-Altman analysis of vertebral geometries between the proposed scheme and manual tracking (Left to right: width,
depth, CSA, and trabecular BMD). Three lines: mean, mean + 2 standard deviation (SD), and mean - 2 SD = limits of agreement.

with computerized tracking. Manual tracking done by an anatomy expert showed vertebral body width = 37.1 + 1.07 mm,
depth = 27.6 + 0.38 mm, and CSA = 920.4 = 60.7 mm’. In contrast, computerized measurements using the proposed
scheme showed vertebral body width = 33.5 mm, depth = 26.7 mm, and CSA = 818.2 mm’. A measurement example of
the vertebral trabecular BMD at L1 is illustrated in Fig. 5, which also the process flow of the proposed scheme in
measuring vertebral trabecular BMD. The vertebral trabecular BMD measured by [18] was 68.9 mg/cm’, while that
measured by the proposed scheme was 67.8 mg/cm’.

The correlations of the vertebral geometries between the proposed scheme and manual tracking are shown in Fig. 6.
As can be seen, moderate correlation was found in measuring depth [» = 0.72, P = 0.02, 95% confidence interval (95%
CI) of the population correlation coefficient: 0.16-0.93], and high correlations were found in measuring width (» = 0.90,
P <0.01, 95% CI: 0.63-0.98), CSA (r=0.87, P < 0.01, 95% CI: 0.54-0.97), and trabecular BMD (» = 0.98, P < 0.01,
95% CI: 0.92-1.00), respectively.

Bland-Altman plots of vertebral geometries from the proposed scheme and the manual tracking are indicated in Fig.
7, which shows mean differences of width, depth, CSA, and trabecular BMD of 3.1 mm, 1.4 mm, 88.7 mm?, and 7.3
mg/cm’, respectively. No proportional biases were found for all four vertebral geometries between the proposed scheme
and manual tracking when testing for no correlation. However, the 95% CI of mean associated with width, depth, CSA,
and BMD did not contain zero, as seen in Fig. 7. Namely, fixed biases in measuring these vertebral geometries between
two methods were found.

4. DISCUSSIONS

The aetiology of osteoporotic vertebral fractures is multifactorial, and the BMD is insufficient to evaluate correctly
the risk of vertebral fracture. Several studies on vertebral geometries have been done to improve our understanding of
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vertebral fracture risk [2, 3, 19-25]. For example, a systematic review of the literature that studied the potential
association between vertebral fracture risk and vertebral dimensions was reported by Ruyssen-Witrand et al. [2]. Kunkel
et al. [19] measured 20 vertebral parameters associated with the end plate, vertebral body, pedicle, spinal canal, spinous
process, and transverse process of the human individual thoracic and lumbar vertebrae, and they created simplified
geometrical models of the spine on the basis of its parameters. However, such precise measurements on medical images
(especially 3D images) are a time-consuming task. For that reason, population-based studies of vertebral geometries
using CT images are very challenging.

Computer-based quantitative measurements have received a lot of attention in recent years, as can be seen from
examples of computer-aided volumetry (CADv) of pulmonary nodules [26]. In the area of osteoporosis analysis,
Takahashi et al. [6] and Guglielmi et al. [27] have developed computer-aided schemes for evaluating the magnitude of
osteoporosis on the basis of the vertebral trabecular BMD and vertebral height. Such computer-aided schemes have the
potential to be used for a quantitative analysis of osteoporosis without putting a heavy burden on observers. We
developed a computer-based tool for measuring thoracic and lumbar vertebral trabecular BMD using body CT scans;
systematic investigation of vertebral trabecular volumetric BMD in Japanese individuals was done for the first time [18].
A novel computer-assisted scheme for evaluating sagittal spinal curvature on the basis of the center line of the spinal
canal was also designed [16]. As a follow-up, in this study we attempted to design a computerized scheme for measuring
vertebral body width, depth, CSA, and trabeuclar BMD.

Moderate or high correlations between the outputs of the proposed scheme and those of manual tracking were found
using Pearson's product-moment correlation coefficient. However, Bland-Altman analysis showed that fixed biases were
present in both methods. The thickness of a cortical bone may be one of the causes of those biases. Although the tracking
by an anatomy expert was done on the basis of the center position of the cortical bone, the proposed scheme was
evaluated by considering the boundary between the cortical and the trabecular bone. Adding a new procedure that
converts measurement values using a regression equation may help to reduce the fixed biases.

The outputs from the proposed scheme had errors that went beyond intra-observer variability, as illustrated in Fig. 4.
For that reason, it may be difficult to use the proposed scheme directly instead of with manual tracking. However, the
outputs from the proposed scheme in most CT cases were regarded to be appropriate on the basis of the subjective
assessment of an anatomy expert. Therefore, if the appropriate outputs from the proposed scheme are selected in advance
by an anatomy expert, the results can potentially be used for analysis of vertebral body geometries. A comparison taking
into account interobserver variability may be required to discuss the usefulness of the proposed scheme.

Future plans for extending this study include improving the proposed scheme so as to remove fixed biases, assessing
the performance of our scheme using a large dataset, carrying out a population-based study using thin-section body CT
images, and showing age-, gender-, and vertebral-level-dependent changes for vertebral body geometries.

5. CONCLUSION

A computerized scheme for measuring vertebral body width, depth, CSA, and trabecular BMD on body CT scans
was designed in this study. The proposed scheme used the image re-formation technique, the vertebral body localization
technique, and descriptors based on the anatomic structures of vertebrae. Experimental results for vertebral geometries
showed moderate or high correlations between the proposed scheme and manual tracking. In contrast, both methods were
shown to have fixed biases in measuring the vertebral geometries. However, the outputs from the proposed scheme in
most CT cases were regarded to be appropriate on the basis of the subjective assessment of an anatomy expert. Therefore,
if the appropriate outputs from the proposed scheme are selected in advance by an anatomy expert, its results can
potentially be used for the analysis of vertebral body geometries.
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