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Abstract—An automatic system for segmenting and

constructing volumetric representations of excised inter-

vertebral discs from Peripheral Quantitative Computed

Tomography (PQCT) imagery is presented. The system

is designed to allow for automatic quantitative analysis

of progressive herniation damage to the intervertebral

discs under flexion/extension motions combined with a

compressive load. Automatic segmentation and volumetric

reconstruction of intervertebral disc from PQCT imagery

is a very challenging problem due to factors such as streak

artifacts and unclear material density separation between

contrasted intervertebral disc and surrounding bone in

the PQCT imagery, as well as the formation of multiple

contrasted regions under axial scans. To address these

factors, a novel multi-scale level set approach based on

the Mumford-Shah energy functional in iterative bilateral

scale space is employed to segment the intervertebral disc

regions from the PQCT imagery. A Delaunay triangulation

is then performed based on the set of points associated with

the intervertebral disc regions to construct the volumetric

representation of the intervertebral disc. Experimental re-

sults show that the proposed system achieves segmentation

and volumetric reconstructions of intervertebral discs with

mean absolute distance (MAD) error of under 0.8mm when

compared to ground-truth measurements. The proposed

system is currently in operational use as a visualization

tool for studying progressive intervertebral disc damage.

Index Terms—computed tomography, intervertebral

disc, scale space, Mumford-Shah, bilateral, segmentation,

volumetric reconstruction.

I. INTRODUCTION

One of the most common musculoskeletal disorders

faced in industrialized countries is low back pain [1].

While the factors that contribute to low back pain can
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vary, a frequent source of low back pain is damage to

the intervertebral discs, which act as shock absorbers

between the individual vertebrae. In particular, studies

have shown that the major factors contributing to in-

tervertebral disc damage are flexion/compressive mo-

tions [2] and compressive load [3]. Hence, to improve

the understanding of intervertebral disc damage, it is

necessary to study and quantify the migration of herni-

ated intervertebral discs under flexion/extension motions

combined with a compressive load.

In established non-destructive approaches, progres-

sive intervertebral disc herniation damage was studied

using standard x-ray radiographic imagery. However,

comparative studies have demonstrated that such ap-

proaches show discordance with destructive ’gold stan-

dard’ dissection techniques [4], [5]. A promising new

non-destructive approach for studying intervertebral disc

damage is the use of computed tomography (CT). To

study progressive intervertebral disc herniation, a con-

trast agent is injected into the excised intervertebral disc

prior to being imaged using CT. A typical axial CT im-

age slice of the excised intervertebral disc and surround-

ing vertebral regions is shown in Fig. 1, where the inter-

vertebral disc is represented by the bright regions due to

the injected contrast agent. One of the advantages of CT

imagery over traditional x-ray radiographic imagery is

that CT provides improved resolution and material den-

sity sensitivity, and as such holds the potential to better

illustrate actual disc damage previously observed using

dissection techniques without damaging the specimen.

Therefore, a model of herniation damage constructed

from CT imagery may allow a better visualization of

herniation damage without specimen destruction, and

holds the potential to add valuable information regarding

herniation progression and specific pathways of damage.

The visualization and quantitative analysis of progres-

sive intervertebral disc herniation damage requires the

automatic segmentation and volumetric reconstruction

of intervertebral discs from the acquired CT imagery,

which is a very challenging problem for several reasons.
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Fig. 1. An axial CT image slice of the excised intervertebral disc and

surrounding vertebral regions. The intervertebral disc is represented

by the bright regions due to the injected contrast agent.

First, multiple contrasted regions are formed under axial

CT scans, requiring multiple regions to be segmented

in the image. Second, the material density separation

between the contrasted intervertebral disc regions and

the surrounding bone regions is unclear and appears

blurred in the CT image, making the isolation of the

intervertebral disc difficult. Third, a basic assumption

made in CT imaging is that some transmitted radiation is

observed by each detector at every position [6]. However,

the presence of a high density material can significantly

reduce transmission to an extent that a detector observes

no transmission. The high density material in the case of

studying intervertebral disc herniation using CT imagery

is the contrast agent injected into the intervertebral disc.

This violation in the basic assumption of CT imaging

results in streaking artifacts in the reconstructed image,

which is very noticeable in Fig. 1. The proposed method

addresses these issues to provide accurate segmentation

and volumetric reconstruction.

The main contribution of this paper is an automated

system for segmentation and volumetric reconstruction

of intervertebral disc from axial Peripheral Quantitative

Computed Tomography (PQCT) imagery. To the best of

the authors’ knowledge, there is no research literature as-

sociated with automatic segmentation and volumetric re-

construction of intervertebral disc. While there is existing

research literature on automatic segmentation of interver-

tebral discs [7], [8], these approaches deal with sagittal

magnetic resonance (MR) imagery, where the boundaries

of the intervertebral discs are clear, exhibit few imaging

artifacts, and the appearance of the discs from a sagittal

perspective is relatively simple and remain a single

region. Therefore, these approaches can utilize simple

watershed and other edge-based segmentation methods

to provide good segmentation accuracy. However, none

of these methods are useful for accurate intervertebral

disc segmentation from axial PQCT imagery where the

disc boundaries are unclear, highly complex, and exhibit

strong streaking artifacts. PQCT was chosen for the study

of intervertebral disc damage primarily due to its cost

and convenience when compared to MR, particularly for

excised functional spinal units.

II. MATERIALS AND METHODS

The materials and methods used to study progres-

sive intervertebral disc herniation under flexion/extension

motions combined with a compressive load can be

described as follows. A solution consisting of 0.4 ml

of radio-opaque contrast agent (OmnipaqueTM, General

Electric Company, USA) and 0.15 ml of blue dye was

injected into the intervertebral discs of excised porcine

functional spinal units. Damage in the form of interver-

tebral herniations was created by loading the specimens

in a servo-hydraulic testing system under combined

compressive loading with repeated flexion/extension mo-

tions [9]. Three sets of CT images were then obtained;

prior to loading, after sufficient cycles of load to cause

partial damage to the intervertebral disc, and again after

additional loading hypothesized to exacerbate herniation

damage. The CT images were taken through the level

of the intervertebral disc using a Stratec Medizintechnik

XCT 2000 Research Plus Peripheral Quantitative Com-

puted Tomography (PQCT) scanner. Each of the three

sets of CT images consists of eight serial slices spanning

the entire intervertebral disc using a slice thickness of

0.9mm, a scan speed of 10mm/s and implementing a

voxel size of 0.2mm×0.2mm×0.2mm.

For each set of CT images, the contrasted interver-

tebral disc regions are then segmented from the sur-

rounding bone structures using a multi-scale level set

approach based on the Mumford-Shah energy functional

in iterative bilateral scale space, which is described in

Section II-A. A volumetric reconstruction of interverte-

bral disc is then constructed from the segmented inter-

vertebral disc regions using Delaunay triangulation [10],

which is described in Section II-B.

A. Multi-scale Segmentation in Iterative Bilateral Scale

Space

The first step in the proposed system is to segment the

contrasted intervertebral disc regions from the PQCT im-

agery. One of the most common methods for image seg-

mentation is based on the minimization of the Mumford-

Shah energy functional [11]. Let the image u0 be a piece-

wise smooth function that is well approximated by a set

of smooth functions ui defined on a set of regions Ri
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covering plane domain R. In our case, u0 is a function

of material density and the set of regions Ri is defined

as the contrasted invertebral disc and surrounding bone

regions. The segmentation problem can then be defined

as determining the decomposition R = R1
⋃

. . .
⋃

Rn
of u0 that provides the optimal estimate of u0 by a set

of smooth functions u1, . . . , un. The decomposition of

u0 can be obtained by minimizing the Mumford-Shah

energy functional, which indicates the degree of match

between u0 and the estimated decomposition,

R̂ = argmin
R






α

∮

R

(u− u0)
2
dx+

∮

R−Γ

‖∇u‖2 dx+ β |Γ|






,

(1)

where Γ is the boundary between regions, |Γ| is the total

arclength of Γ, and α and β control the penalty terms.

The three main issues discussed in Section I asso-

ciated with multiple regions, unclear density separation

between the contrasted regions and surrounding regions,

and streaking artifacts must be addressed to provide

accurate intervertebral segmentation results using the

Mumford-Shah energy minimization approach. An ef-

fective approach for addressing the issue associated

with multiple contrasted regions is to use the level-set

method [12] for minimizing the Mumford-Shah energy

functional. One of the main advantages of using the

level-set method is that it automatically handles topolog-

ical changes, thus making it well suited for segmenting

multiple contrasted intervertebral disc regions within

the same CT image. To minimize the Mumford-Shah

energy functional using the level-set method, Γ is treated

as a zero level set function φ0 of a surface φ and

evolved based on a partial differential equation towards

the minimum energy potential.

To address the issues associated with streaking arti-

facts and unclear region separation, we propose a novel

multi-scale extension to solving the Mumford-Shah en-

ergy minimization problem in an iterative bilateral scale

space. While linear and nonlinear scale space extensions

to the Mumford-Shah energy minimization problem have

been previously proposed [13], such approaches provide

poor coarse-scale structure preservation and localization,

which can lead to poor segmentation accuracy. To ad-

dress these issues, we introduce the concept of iterative

bilateral scale space, which is inspired by the bilateral

filtering scheme proposed by Tomasi and Manduchi [14],

where detail in an image is smoothed based not only

on spatial locality but also photometric differences. We

take the fundamental concept behind bilateral filtering

and extend it based on scale space theory [15], where a

multi-scale decomposition of an image is formed such

that image detail is monotonically removed at each

subsequent scale. The key advantage of iterative bilateral

scale space over existing linear and nonlinear scale

spaces is that coarse-scale structures are well preserved

and localized while fine scale structures such as streaking

artifacts and other artifacts that affect region boundary

clarity are suppressed.

For a given image u0, the iterative bilateral scale-space

representation is defined by a family of derived images

Lt,

Lt(x) =

∑

ψ

wp(x, ψ)ws(x, ψ)Lt−1 (x)

∑

ψ

wp(x, ψ)ws(x, ψ)
(2)

where L0 = u0, t is the scaling parameter, ψ defines

a local neighborhood, and wp and ws denote Gaussian

photometric and spatial weights on x respectively,

wp

(

x, ψ
)

= exp

[

−
1

2

(

‖Lt−1(x)− Lt−1(ψ)‖

σp

)2
]

(3)

ws

(

x, ψ
)

= exp

[

−
1

2

(

‖x− ψ‖

σs

)2
]

(4)

By solving the Mumford-Shah energy minimization

problem across multiple scales in iterative bilateral scale

space, we are able to evolve Γ to converge around the

contrast intervertebral disc regions while avoiding local

minima caused by streaking artifacts and other fine scale

artifacts. Based on the above iterative bilateral scale

space formulation, the proposed multi-scale segmenta-

tion method can be described as follows. Let L be the

iterative bilateral scale space representation of uo at k

scales. At scale t − 1, an estimate of R is determined

by minimizing the Mumford-Shah energy functional for

Lt−1 using the functions u1,t, . . . , un,t associated with

the estimate of R at t as the initial condition,

R̂t−1 = argmin
Rt−1






α

∮

R

(u− Lt−1)
2
dx+

∮

R−Γ

‖∇u‖2 dx+ β |Γ|






.

(5)

This hierarchical estimation process is performed going

from the coarsest scale to the finest scale to obtain the fi-

nal segmented regions R̂ = R̂0. Based on testing, setting

the number of scales to three (t = {0, 1, 2}) was found

to be effective and is used for all tests. The intervertebral

disc regions are then determined automatically from the

resulting contours based on the intensity distributions of

the contrast agent. This is accomplished by comparing

the learnt histogram of the contrast agent with that of
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the resulting contours, and the contours with intensities

that are likely to belong to the distribution of the contrast

agent are selected.

B. Volumetric Reconstruction

Based on the segmented contrasted intervertebral disc

regions obtained during the segmentation process, a

set of q points P = {p
1
, . . . , p

q
} is extracted along

the intervertebral disc boundaries to represent points

along the surface of the intervertebral disc. A Delaunay

triangulation [10] D(P ) is then performed based on

P to construct the volumetric representation of the

intervertebral disc. The Delaunay triangulation, in the

case of three-dimensional spaces, is based on the criteria

that the circumscribed spheres of all triangles in D(P )
must not contain points other than the three points

defining the triangle itself. The problem of computing

the Delaunay triangulation of P is solved using the

Quickhull algorithm [16].

III. EXPERIMENTAL RESULTS

To evaluate the effectiveness of the proposed system,

segmentation and volumetric reconstruction were per-

formed on three test sets of serial PQCT images acquired

from the porcine functional spinal units at three different

times:

1) Test 1: prior to applying flexion/extension motions

with compressive load.

2) Test 2: after 7000 cycles of flexion/extension mo-

tions with a 1.5 kN compressive load to cause

partial damage to the intervertebral disc [9].

3) Test 3: after additional cycles of vibrational mo-

tions to exacerbate herniation.

Each test set consists of 16 slices consisting of two

different entire intervertebral disc samples and are rep-

resentative of non-ideal, real-world scenarios, where the

PQCT images are characterized by streaking artifacts

and unclear separation between contrasted intervertebral

disc and surrounding bone regions. The proposed system

was implemented in MATLAB and tested on an Intel

Pentium 4 3 GHz machine with 1 GB of RAM. Each in-

tervertebral disc took approximately 2 min to reconstruct.

For comparison purposes, the traditional Mumford-Shah

(TMS) and linear scale space extension to Mumford-

Shah [13] (LSSMS) were also tested.

The mean absolute distance (MAD) error between the

ground truth measurements by a trained expert and the

obtained intervertebral disc regions using the proposed

system, along with the standard deviation, is computed

over all images within the test sets. Given an inter-

observer variability of approximately 1mm, which was

determined based on the MAD error between the 48

manual segmentations by two in-house experts, a MAD

error of under 1mm is typically considered useful accu-

racy. The MAD error results for all three test sets are

shown in Table I. The reduction in MAD error using the

proposed system over the other two tested methods was

found to be statistically significant based on paired t-

tests, with all tests having MAD error of under 0.8mm.

The MAD error increases as the amount of herniation

damage increases, which can be attributed to the fact that

the shape of the intervertebral disc becomes increasingly

distorted and thus becomes more difficult to segment

accurately. Sample segmentation results from the first

disc sample are shown in Fig. 2. Visually, the proposed

system was able to segment the contrasted intervertebral

disc regions with a high level of accuracy for all tests.

This demonstrates the effectiveness of the proposed

method in segmenting intervertebral disc regions from

PQCT imagery. The volumetric representations of the

first intervertebral disc sample are shown in Fig. 3.

Such representations show very clearly the change in

intervertebral disc shape from normal conditions (Test

1) to herniation conditions (Tests 2 and 3) and provides

a clear indication of mechanical damage to the tissues

of the annulus fibrosus that has allowed the nucleus

pulposus to progress in the disc herniation process. The

proposed system is currently in operational use as a

visualization tool to study progressive intervertebral disc

damage.

IV. CONCLUSIONS AND FUTURE WORK

In this paper, we have introduced an automatic ap-

proach to the problem of intervertebral disc segmentation

and volumetric reconstruction from PQCT imagery. A

novel multi-scale level set scheme based on a Mumford-

Shah model in bilateral scale space was introduced

for segmenting contrasted intervertebral disc regions

from the serial PQCT images. A Delaunay triangulation

approach was employed for constructing a volumetric

representation of the intervertebral disc based on the seg-

mented contrasted regions. Experimental results showed

that accurate segmentations of intervertebral disc can be

achieved from PQCT image sequences. The system is

currently in operational use for visualizing and study-

ing intervertebral disc damage. Future work involves

extracting detailed volume and shape information from

the extracted 3D volumes.
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TABLE I

MEAN ABSOLUTE DISTANCE (MAD) ERROR, STANDARD DEVIATION, AND P-VALUE FROM PAIRED T-TEST BETWEEN PROPOSED

METHOD AND TMS AND LSSMS. EACH TEST SET CONTAINS TWO DISC SAMPLES.
Method MAD (mm) (p-value)

Test 1 Test 2 Test 3

TMS 1.30±0.96 (0.0015) 1.68±1.20 (0.0015) 2.60±1.60 (0.0001)
LSSMS [13] 0.85±0.67 (0.0267) 0.95±0.80 (0.1117) 1.57±0.85 (0.0014)

Proposed 0.45±0.15 (1.0000) 0.60±0.30 (1.0000) 0.76±0.35 (1.0000)

Fig. 2. Sample intervertebral disc segmentation results from first disc sample. Visually, the proposed system was able to segment the

contrasted intervertebral disc regions with a high level of accuracy for all tests.

Fig. 3. The volumetric representations of first intervertebral disc sample.
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