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BACKGROUND AND PURPOSE: Accurate identification of the NP in MR images is crucial to properly and
objectively assess the intervertebral disk. Therefore, computerized segmentation of the NP in T2WI is
necessary to produce repeatable and accurate results with minimal user input.

MATERIAL AND METHODS: A semiautomated CS method was developed to identify the NP in T2WI on
the basis of intensity differences compared with the AF. The method was validated by segmenting
computer-generated images with a known ROI. The method was tested by using 63 MR images of
rabbit lumbar disks, which were segmented to detect disk degeneration. An ICC was used to assess
the repeatability of this method compared with manual segmentation.

RESULTS: The error in the detected area of the rabbit NP by using CS was �3.49% � 4.4% (mean �
SD) compared with 22.36% � 5.55% by using manual segmentation. Moreover, the method was
capable of detecting disk degeneration in a known rabbit puncture model of disk degeneration. Finally,
this method had an ICC of 0.97 and 0.99 in regard to segmenting the area and calculating the MR
imaging index of the NP, deeming it highly repeatable.

CONCLUSIONS: The CS method is a semiautomated computer method able to segment the NP of the
rabbit disk and detect disk degeneration. In addition, it could assist in clinical detection, assessment,
and monitoring of early degeneration in human disks.

ABBREVIATIONS: AF � annulus fibrosus; CS � contour segmentation; ICC � intraclass correlation
coefficient; IDD � IVD degeneration; IVD � intervertebral disk; MD1 � first resident; MD2 �
second resident; MRI � MR imaging; NP � nucleus pulposus; ROI � region of interest; S �
student; SNR � signal-to-noise ratio; T2WI � T2-weighted imaging; wk � week

The IVD occupies the space between adjacent spinal verte-
bral bodies and acts as a shock absorber to resist loads

placed on the spine. It is an avascular structure composed of 2
parts: an outer fibrotic ring, the AF, surrounding an inner
gelatinous nucleus, the NP. The AF is composed of collagen
fibers, primarily collagen I, arranged in concentric sheets. The
NP contains primarily type II collagen fibrils and proteogly-
cans, which attract water.1 Therefore, the healthy NP is con-
sidered to have higher water content than the AF. This is re-
flected on T2WI as a difference in image intensities, in which
the NP has high signal intensity and appears bright, while the
AF has low signal intensity and appears dark.2

The difference in the image intensity between the 2
structures enables physicians to assess the condition of the

IVD, especially in the case of IDD, which is one of the
leading causes of low-back pain. Numerous animal models
have been developed to study IDD,3,4 one of which is a
rabbit puncture model.5,6 T2WI of the punctured rabbit
spines (Fig 1) shows degeneration as a loss of signal inten-
sity in the NP throughout time. One method to assess the
amount of degeneration is for an observer to grade images
of the rabbit NP by using a modified Thompson classifica-
tion system.7 This grading system is based on changes in the
area and signal intensity of the disk. It ranges from grades 1
to 4 with grade 1 being a normal disk with high NP signal
intensity and grade 4 being a severely degenerated disk with
low NP signal intensity. Also, Sobajima et al6,8 quantified
the amount of IDD by manually segmenting the rabbit NP
and calculating the MR imaging index, which is the area of
the NP multiplied by the average intensity of the NP. Their
studies showed a decrease in the MR imaging index for
degenerated disks compared with healthy disks.

Accurate identification of the NP is crucial to properly and
objectively assess the IVD. This approach will assist in the eval-
uation of therapeutic interventions, robot-guided surgeries,
and monitoring the progression of degeneration. Therefore,
computerized segmentation of the NP is necessary to produce
repeatable and accurate results with minimal user input. This
study proposes a CS method to semiautomatically segment the
NP on the basis of the difference in intensity between the NP
(bright) and AF (dark) structures. By generating an intensity
isoline image of the IVD from the T2WI, the user can easily
distinguish the 2 structures and select the NP. MR images of
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the rabbit puncture model were used to develop and test this
technique.

Materials and Methods

Validation Dataset
To calculate the amount of segmentation error in the CS method, we

generated a validation dataset containing a structure with a known

area, and the result of the CS was compared with this area. The vali-

dation dataset was a computer-constructed image containing a 2D

Gaussian structure with a height intensity equal to 500 and the SD

equal to 3 in both directions. This structure was intended to mimic

the T2WI of the NP because the signal intensity radially drops off

from the center of the NP toward the AF. The base diameter of the

Gaussian structure spanned 13 pixels, thus the base area was � � 6.52

� 132.66 pixels2. This area will be referred to as Areatrue. The image

size was 49 � 49 pixels with background intensity equal to zero, with

the Gaussian structure located in the bottom right corner of the im-

age. The top left corner of the image was used to measure the average

intensity of the background to calculate the image SNR as described

below.

The base image was generated without the introduction of any

noise; thus, it had a noise level equal to 0% (Fig 2A). Other validation

images were generated with noise added to a specific number of pixels

chosen at random. For example, the intensity of 960 randomly chosen

pixels of 2401 total pixels was randomly changed between 0 and 500,

resulting in an image with 40% noise level (Fig 2B). The following

noise levels were added to the base image: 0%, 5%, 10%, 20%, 30%,

40%, 50%, 60%, 70%, and 80%, and 30 images of each noise level

were generated, thus creating a total of 300 validation images. These

images were used to assess the sensitivity and accuracy of the CS

method.

Rabbit Dataset
This dataset was composed of midsagittal T2WI ROI from a rabbit

puncture model study approved by the Institutional Animal Care and

Use Committee of the University of Pittsburgh, and all procedures

were in compliance with guidelines of the Public Health Service Policy

on Humane Care and Use of Laboratory Animals. A 3T magnet (Sie-

mens, Erlangen, Germany) was used, and the parameters of the T2WI

were as follows: TR � 3800 ms, TE � 114 ms, FOV � 184 � 232,

number of sections � 20, section thickness � 0.6 mm, section gap �

0.66 mm. This study was similar to that reported previously by Soba-

jima et al.6,8 In brief, 4 skeletally mature New Zealand white rabbits

underwent the puncture procedure with a 16-ga needle in 3 lumbar

IVDs, L2–3, L3– 4, and L4 –5, thus initiating a degeneration process.

We did not operate on 3 additional rabbits; thus, they were used as

nonoperative controls. T2WI was performed in all rabbits before the

date of surgery and at 6 and 12 weeks postsurgery. Therefore, the 3

IVDs from 7 rabbits across 3 time points resulted in 63 images of

lumbar IVDs. This dataset was used to evaluate the ability of the CS

method to detect IDD.

Segmentation
The CS method was written in Matlab, Version 7.5 (MathWorks,

Natick, Massachusetts) and was applied to both datasets. For the rab-

bit dataset, the method was applied to the midsagittal section, which

was identified by an orthopedic resident. The user drew a box on the

image surrounding each IVD of interest (L2–3, L3– 4, and L4 –5) and

the adjacent vertebrae. The intensity isolines of the chosen section

were calculated and displayed as a contour image. The contour lines

of the image were separated by contour levels of 50. The user was

prompted to identify the NP, our ROI, by selecting the isoline that

corresponded to the largest closed area between the 2 adjacent verte-

brae. Then as a visual confirmation, the image was displayed with the

ROI boundary in red to ensure the proper location of the NP. The

segmentation was performed twice with a 1-week gap. The same pro-

cess was performed on the validation dataset, but the selected region

was the Gaussian structure instead of the IVD.

Moreover, the NP of the rabbit MR images was manually seg-

mented using ImageJ software (http://rsb.info.nih.gov/ij/) by 3 ob-

servers: 2 orthopedic residents and a student, who were trained to

recognize the location and shape of the NP on an MR image. The

order of the images was randomized for each observer, and they were

also segmented twice, with a 1-week gap between each segmentation

session. Additionally, the Gaussian structure of the validation dataset

was manually segmented once by the student.

Outcome Measures
The total area of the ROI was calculated for both datasets. Addition-

ally, the SNR of each image was calculated according to the following

equation9:

1) SNR �
mean �ROI signal �

�2⁄� � mean �background signal �
.

To assess IDD, the MR imaging index previously established by Soba-

jima et al6,8 was calculated for the rabbit NP:

2) MRI index � �
j � 1

N Ij � Aj,

where I and A are the intensity and area of the jth pixel respectively,

and N is the total number of pixels in the ROI. Also, a Student t test

was used to statistically evaluate the differences between the control

and punctured rabbits disks. Finally, an ICC was calculated to com-

pare the performance of the CS method with the manual segmenta-

tion in addition to inter- and intraobserver variability.

As previously indicated the Areatrue of the Gaussian structure in

the validation dataset was 132.66 pixels2. The error in the segmented

area from the CS and manual method was calculated as the percentage

Fig 1. Midsagittal T2WI of the rabbit lumbar spine with 3 punctured intervertebral disks
between the second and third lumbar vertebrae, the third and fourth lumbar vertebrae, and
the fourth and fifth lumbar vertebrae, across 3 time points relative to the date of surgery.
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difference between the area of the segmented ROI (AreaROI) and

Areatrue as shown in equation 3:

3) area error �
Areatrue � AreaROI

Areatrue
� 100.

Therefore the area error addresses the size difference between the

segmented region of interest and the criterion standard represented

here by Areatrue.

Results
An example of the application of this method on a midsagittal
rabbit T2WI is shown in Fig 3. After the user selects the IVD of
interest, the contour image of the selection is calculated and
presented and the user is prompted to select the largest closed
area, which is indicated by the red line within the adjacent
vertebrae. This figure displays the simplicity of identifying the
NP and the ability of the CS method to select partial pixels.

Validation Dataset
The CS method was applied to the validation dataset with
various noise levels to segment the Gaussian structure. The
method was able to segment all images up to a 70% noise level
in which only 20 of 30 images were segmented. Images with
0% noise level had an SNR equal to infinity because the mean
background signal intensity was equal to zero. Therefore, 70
images were eliminated from the analysis (30 with 0% noise,
10 with 70% noise, and 30 with an 80% noise level). For direct
comparison, the same images were removed from the results
of the manual segmentation of this data and only 230 valida-
tion images were segmented.

The area error was compared with the noise level of the
image, which was determined by the image SNR for both the
CS and manual segmentation as shown in Fig 4, where a mov-
ing average of area error (bin width � 5) was plotted against
the image SNR. As the image SNR increased and the noise level

Fig 2. An example of the computer-generated validation image with 0% noise (A) and 40% noise (B). The Gaussian structure is located in the bottom right corner of the image.

Fig 3. An example of applying the CS method on the lumbar disk between the third and fourth lumbar vertebrae of a control rabbit. After the user selects, with a box, the area surrounding
the disk, the contour isolines are generated and the user is prompted to select the largest closed area (shown as a red line) within the vertebrae, which is assumed to represent the NP.
After the selection is made, the MR image is displayed with the selected region of interest bounded by a red line. Additionally, the NP boundary between the second and third as well
as fourth and fifth lumbar vertebrae is displayed in red.
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decreased, the area error decreased. While the area error of the
manual segmentation decreased and plateaued around 18%,
the area error of the CS method converged to zero. Thus for an
image noise level of 10%, the SNR was equal to 7.53, resulting
in �10% error in the CS segmentation compared with 29%
from the manual segmentation.

Rabbit Dataset
The amount of error present in segmenting the rabbit NP was
extracted from Fig 4. The mean SNR of the rabbit dataset was
equal to 10.3, and the SD was equal to 3.09. Thus, from the CS
curve in Fig 4, the mean percentage error of the rabbit MR
imaging dataset was determined to be �3.49% with an SD
equal to 4.40%. Meanwhile, from the manual segmentation
curve, the mean percentage error was 22.36% with an SD equal
to 5.55%. The 2 means were significantly different by using a t
test with a P value � .01.

The ICC was calculated to assess the reliability of the CS
method to detect the NP area and the MR imaging index com-
pared with manual segmentation. A high correlation was ob-
served between the interobserver and intraobserver manual
segmentation as shown in the Table. This result comple-
mented what has been reported by Sobajima et al.6,8 More-
over, when the CS method was compared with itself, the area
and MR imaging index ICC were 0.97 and 0.99, respectively,
which were higher than those with manual correlation. Mean-
while, a moderate correlation was found when the CS method
was compared with the manual segmentation.

Moreover, the ability of the CS method to detect rabbit

IDD was tested. There was a statistically significant difference
in the NP area and MR imaging index between the control and
punctured rabbit disks. At week 6, the mean MR imaging in-
dex was 111.34% and 48.40% that of week zero for control and
punctured disks, respectively (P � .01). By week 12, the mean
MR imaging index for the punctured rabbits dropped to
46.56% relative to week zero, while the control disks remained
at 107.82% relative to week zero (P � .01). This decrease in the
MR imaging index for the punctured rabbits as shown in Fig
5A resembled what has been reported by Sobajima et al6,8 and
was an indication of IDD. Similarly, by weeks 6 and 12, the
mean area of the lumbar NP of the punctured rabbits de-
creased to 74.87% and 63.97%, respectively, relative to week
zero; meanwhile, the control NP remained at 96.57% and
98.42% relative to week zero (Fig 5B). This difference was
statistically significant with P � .01. The decrease in size and
MR imaging index of the punctured NP also reflected its de-
generated state.

Discussion
In this study, a new semiautomated CS method was developed
to segment the NP by using rabbit IVDs to assess the status of
the disk and the amount of degeneration. The method was
based on calculating the intensity isolines of the disk and
prompting the user to select the isoline corresponding to the
largest closed area between 2 adjacent vertebrae, which was
assumed to be the NP. This assumption might have included
adjacent tissue in addition to the NP, but it provided a robust
guide to eliminate any user bias and uncertainty as to which
area to choose. Moreover, it decreased the amount of segmen-
tation error relative to the manual segmentation as shown in
Fig 4. Therefore, the CS method provided a more accurate
segmentation of the rabbit NP. Additionally, the CS method
was highly repeatable, with ICC values of 0.97 and 0.99 for the

Fig 4. The validation dataset SNR of each image is plotted against the area error calculated
in equation 3 for both manual and CS of the Gaussian structure. The dotted line is the zero
error line, meaning that the segmented area is exactly equal to the area of the structure.

ICCs for manual segmentation and CS

ICC (area) ICC (MRI index)
MD1 � MD1 0.82 0.95
MD2 � MD2 0.73 0.88
S � S 0.83 0.92
CS � CS 0.97 0.99
MD1 � MD2 0.85 0.89
MD1 � S 0.87 0.96
MD2 � S 0.83 0.86
MD1 � CS 0.49 0.53
MD2 � CS 0.64 0.66
S � CS 0.49 0.56

Fig 5. The time course of the average percentage MR imaging index (A) and average
percentage area (B) of the control and punctured rabbit lumbar NPs relative to week 0. Error
bars are the standard error at each time point.
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area and MR imaging index calculation. These correlation co-
efficients were higher than those with the manual segmenta-
tion, thus ensuring a highly repeatable measurement of the
NP.

On the other hand, the results of the CS method were mod-
erately correlated with those from the manual segmentation.
The manual segmentation by using ImageJ was limited by the
pixel boundary, allowing segmentation of only the whole or
half of the pixel. The CS method is not restricted by the pixel
boundaries but by the intensity isoline, thus enabling the seg-
mentation of partial pixels. Therefore, the shape and total area
of the NP would be different for both segmentation methods
and would result in a moderate ICC value.

Numerous computerized methods are currently avail-
able to segment and localize the human IVD, such as water
shedding,10 probabilistic models,11 or generalized Hough
transformations and principle component analysis.12 These
methods are required to distinguish differences in the AF
and surrounding tissues, such as the anterior and posterior
longitudinal ligaments, which have image-intensity levels
similar to those of the AF. Additionally, they need to ad-
dress the various states of human IVDs, such as degener-
ated, thin, bulged, or herniated. The CS method was suffi-
cient to segment the image of the rabbit IVD because it is
simpler than the human IVD by being smaller, with fewer
intensity variations. Moreover, this method could be ap-
plied to a healthy or early degenerated human IVD due to
the significant difference in the intensity between the NP
and the surrounding tissue, but further development of the
method is required to address pathologic IVDs.

Not only could the CS method be applied to T2WI of the
rabbit spine, but it has the potential of segmenting the NP in
other types of MR images such as multi-spin-echo images used
to calculate T2 maps and T1-weighted or sodium images.
Moreover, this technique could be applied to fluid-attenuated
inversion recovery and short-time inversion recovery images
of the lumbar spine to segment the NP.

Conclusions
The CS method provided a new tool to successfully detect
differences between a healthy and a degenerated rabbit NP.
While it is limited to addressing early human IDD, this tool is
essential to further study possible interventional therapies that
alter the course of IDD.
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