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Abstract

Background: The application of kinematic data acquired during biomechanical testing to specimen-specific, three-dimensional models of
the spine has emerged as a useful tool in spine biomechanics research. However, the development of these models is subject to segmentation
error because of complex morphology and pathologic changes of the spine. This error has not been previously characterized.
Methods: Eight cadaveric lumbar spines were prepared and underwent computed tomography (CT) scanning. After disarticulation and
soft-tissue removal, 5 individual vertebrae from these specimens were scanned a second time. The CT images of the full lumbar specimens
were segmented twice each by 2 operators, and the images of the individual vertebrae with soft tissue removed were segmented as well.
The solid models derived from these differing segmentation sessions were registered, and the distribution of distances between nearest
neighboring points was calculated to evaluate the accuracy and precision of the segmentation technique.
Results: Manual segmentation yielded root-mean-square errors below 0.39 mm for accuracy, 0.33 mm for intrauser precision, and 0.35 mm
for interuser precision. Furthermore, the 95th percentile of all distances was below 0.75 mm for all analyses of accuracy and precision.
Conclusions: These findings indicate that such models are highly accurate and that a high level of intrauser and interuser precision can be
achieved. The magnitude of the error presented here should inform the design and interpretation of future studies using manual segmentation
techniques to derive models of the lumbar spine.
© 2012 ISASS - International Society for the Advancement of Spine Surgery. Published by Elsevier Inc. All rights reserved.
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Modern medical imaging technology, such as computed
tomography (CT) and magnetic resonance imaging, has
made it possible to explore anatomic features in three di-
mensions (3D). Furthermore, advances in image processing
have led to the development of specimen-specific models of
certain anatomic features. These models are obtained by
defining the portion of the image corresponding to the
feature of interest, such as the brain, a tumor, or a single
vertebra. This process is known as segmentation.

These models are becoming more prevalent in biome-
chanics research. They have been used to develop speci-
men-specific finite element models, and they have been used
in conjunction with kinematic data acquired during biome-
chanical testing to investigate joint behavior. This technique
provides a means of obtaining additional information with
regard to the behavior of specific joint features under vari-

ous loading conditions. The application of kinematic data to
rigid body models has been used to investigate the region of
contact at the facet joints, carpal bone interaction, and
cartilage contact kinematics in the knee.1–3 The fidelity of
the analysis obtained from these techniques is dependent on
the accuracy of the kinematic data acquired, the accuracy of
registration between the reference frames of the motion
capture system and the image data, and the accuracy of the
solid models developed from the image data. Segmentation
of the spine has proven to be a useful tool for several
applications in medicine and medical research and requires
varying levels of accuracy depending on which application
is used. However, given the natural variation in morphology
of spinal anatomy and limitations in imaging technology,
segmentation of the human spine presents several chal-
lenges. Variation in the density of cortical bone across the
surface of the vertebra can result in ambiguity in the bound-
ary between bone and soft tissue in some regions, particu-
larly in the spinous and transverse processes. The thickness
of the articular cartilage of the facet is known to vary across
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its surface and between different levels of the spine. The
mean thickness of this layer has been shown to vary be-
tween 0.49 and 0.61 mm across the cervical spine.4 The
proximity of adjacent facet surfaces presents the greatest
challenge, given the fact that the maximum resolution of
medical CT scanners ranges between 0.6 and 1.0 mm in the
axial direction depending on the device. Anatomic variation
is exacerbated by the presence of pathology. Narrowed or
hypertrophic facet joints, bony growths, poor bone density,
partial or complete fusion between levels, and degenerated
discs contribute to the difficulty of accurately segmenting
the lumbar spine. These challenges eliminate the possibility
of defining complete models of the vertebral surface for a
vast majority of spines based on a simple intensity thresh-
old. Therefore segmentation of the human spine has re-
quired either the intelligence of a knowledgeable operator or
that of a sophisticated algorithm.

Manual segmentation requires the persistent input of an
operator and often uses image filters, intensity thresholding,
morphologic filters, and manual “painting” or outline defi-
nition. Automated segmentation routines are distinguished
from manual ones in that they rely, at least in part, on some
image or pattern recognition algorithm.

Several methods have been developed for automated
spine segmentation relying on a wide variety, and often a
combination, of distinct segmentation frameworks, includ-
ing thresholding, edge detection, and various manifestations
of deformable models coupled with optimization routines.
The normalized cuts method of Carballido-Gamio et al5

segments vertebrae from 2-dimensional magnetic resonance
images. The average reported error of this method ranged
from 14.44% to 19.34% in vertebral body area from a
manual segmentation baseline, depending on input values.
de Bruijne et al6 used a shape particle filtering method on
spine radiographs that yielded an average segmentation er-
ror of 1.4 mm from manual segmentation by a medical
expert and under 2.0 mm in 88 of 91 cases. Kim and Kim7

developed a fully automatic vertebral segmentation method
using deformable 3D fences for CT images, but the method
was only evaluated qualitatively. Furthermore, only 80% of
the specimens were segmented successfully with this auto-
mated routine. A promising class of algorithms that has
emerged, model-based algorithms, relies on the inclusion of
prior shape information to the segmentation process.8,9

These prior shape models are usually referred to as active or
adaptive in that the location and shape of the model can be
modified to achieve optimum correspondence of the model
with shape information contained within the image. A phys-
ical metaphor of energy is generally used to explain these
algorithms with external energy used to describe the attrac-
tion of the model to image features and internal energy used
to describe the restriction of the adaptation to a known
shape. A minimization of the total energy is used to opti-
mize the segmentation process. Klinder et al8 developed
such a technique and applied it to CT images of the thoracic
spine. The group reported an average segmentation accu-

racy of 1.0 mm when compared with segmentation achieved
through a similar algorithm using more operator interaction.
Using an active shape model to segment the lumbar spine
from planar X-rays, Zamora et al10 reported an average
error below 6.4 mm in 50% of cases.

These methods have been developed for fast identifica-
tion or segmentation of vertebrae in applications such as
surgical planning, deformity assessment, and image fusion.
However, most model-based investigations of joint articu-
lation have required manual segmentation for some or all of
the specimens used in their respective studies.3,11–15 To our
knowledge, no currently available automatic segmentation
algorithm has been shown to be successful at segmenting
lumbar vertebrae with submillimeter accuracy. These algo-
rithms are subject to variability in the definition of initial
conditions and may converge to local minima in some
cases.7 Given that articular cartilage on the facet may be
approximately 1.0 mm at its thickest point, these techniques
do not appear to be sufficiently accurate for such purposes.4

Furthermore, as described earlier, many presentations of
these automatic algorithms rely on manual segmentation as
a standard of accuracy. Because the rate of segmentation is
of no relevance compared with accuracy in biomechanical
studies of this type, a manual segmentation process was
developed for CT images with the aim to produce models
with submillimeter accuracy and precision.

The focus of this study is to examine the accuracy, as
well as the intrauser and interuser precision, of this tech-
nique on a series of human cadaveric lumbar spines.

Methods

Specimen preparation

Eight cadaveric lumbar spine segments from T12
through the sacrum (4 female and 4 male cadavers; mean
age, 59.6 years; age range, 51–68 years) were cleaned of
muscle, loose connective tissue, and the anterior longitudi-
nal ligament with special care given to preserving the re-
maining intervertebral ligamentous structures. Each speci-
men underwent CT scanning with a slice thickness of 0.6
mm in a 64-slice CT scanner (Somatom; Siemens, Munich,
Germany).

Vertebral segmentation

Commercially available medical image analysis software
(ScanIP; Simpleware, Exeter, England) was used to gener-
ate a 3D model of each vertebra. Each specimen was seg-
mented twice by each of 2 operators (operator A and oper-
ator B). For ease of comprehension, the following scheme
will be used throughout the remainder of this article: seg-
mentation sessions will be abbreviated with operator name
(A or B) followed by session number (1 or 2); for example,
the second segmentation session by operator B will be
abbreviated B2. To ensure that each segmentation session
was independent of bias related to memory, the first and

168 D.J. Cook et al. / International Journal of Spine Surgery 6 (2012) 167–173



Download English Version:

https://daneshyari.com/en/article/4059841

Download Persian Version:

https://daneshyari.com/article/4059841

Daneshyari.com

https://daneshyari.com/en/article/4059841
https://daneshyari.com/article/4059841
https://daneshyari.com

