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ABSTRACT

Low back pain is a current and increasing problem closely

related to intervertebral disc degeneration, which is respon-

sible for over 90% of spinal surgical procedures. In clinical

routine, clinicians base their diagnosis of disc degeneration

on 2D analysis of Magnetic Resonance (MR) images. In this

work, an automatic 3D segmentation method, based on active

shape models, is presented for both degenerated and normal

intervertebral discs. A database of 25 intervertebral discs was

used to semi-automatically build a shape statistical model and

intensity models. Then, a 3D reconstruction was achieved by

using those models to deform an initial shape. The method

was evaluated using the 25 intervertebral discs and a leave-

one-out cross validation, resulting in a mean shape accuracy

of 1.6mm and a mean dice similarity index of 83.6%. This

automatic and accurate 3D reconstruction method opens the

way for an improved diagnosis of disc degeneration.

Index Terms— Statistical model, 3D, Intervertebral disc

degeneration, image segmentation, MRI

1. INTRODUCTION

Low back pain is a well−known and widely spread muscu-

loskeletal disorder. About 25% of the EU27 active population

complain of low back pain [1]. With a prevalence estimates

for chronic low back pain between 6 and 11% and an annual

direct cost of 7000 euros per person [2].

Intervertebral discs are located between vertebrae in order

to allow back movements and absorbing while distributing the
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loads applied to the spine. Disc degeneration is considered as

one of the key factors of low back pain. In clinical routine,

Magnetic Resonance (MR) is used to acquire images of the in-

tervertebral discs. Clinicians observe sagittal images seeking

for indications of degeneration and axial view to overcome

doubts from unclear discs.

For the last ten years, new research lines have been fo-

cused on biomechanical models to improve understanding,

diagnosis, or surgical treatments of disc degeneration [3], [4].

Such models require 3D meshes of the patient’s discs, which

are usually obtained by manual processing steps of the medi-

cal images [5].

As this process is highly time consuming, automatic

methods to accurately reconstruct intervertebral discs are

sought. In the literature most of the segmentation methods

of the intervertebral discs are in 2D [6],[7], [8]. Seifert et al.

[9] proposed a 3D reconstruction algorithm for intervertebral

discs, but merging multiple 2D segmentations to obtain the

3D. In their paper, Schmidt et al. [10] used Markov chain to

label every voxel in a 3D volume, in order to distinguish the

different intervertebral discs. However, the method was not

thought to perform a high accurate shape reconstruction.

A well-known method to obtain an accurate medical im-

age segmentation is Active Shape Models (ASM) [11]. ASM

is an iterative algorithm which seeks the best configuration of

an object in an image, and it is based on a Point Distribution

Model (PDM). A PDM is a statistical shape model, which

restricts all the possible configurations the sought object can

have. In each iteration of the ASM all the mesh points are dis-

placed, searching for a better position inside the image. Then,

the shape is updated to the closest one contained in the PDM.

An atlas-based 2D reconstruction method was proposed

by Michopoulou [12], in which ASM was used to segment

the discs and a post-procesing step, based on fuzzy logic [13],

was used to improve the accuracy. However, the method was

limited to the analysis of 2D MR slices.

This paper presents an automatic 3D reconstruction and

mesh creation method of intervertebral discs. The method is
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based on ASM, which was trained with 3D images created

by interpolation of sagittal T1-weighted MR images. The

method starts by manually positioning the initial shape in the

center of the disc to be reconstructed. Then, the statistical

model is applied to deform this initial shape until an accurate

reconstruction is obtained. A leave-one-out cross validation

of the method is proposed by using a database of 25 MR im-

ages.

2. METHOD

The reconstruction method proposed in this paper is mainly

based on ASM principles developed by Cootes et al. [11].

ASM are also known as smart snakes, whose internal energy

is given in the form of a PDM, and the external energy is

obtained from the intensity profiles along the normals of the

points in the PDM. In this paper, the PDM was created fol-

lowing a similar pipeline to the one proposed by Frangi et al.

[14]. The external energy follows the original idea of Cootes

et al.

2.1. Data

A database of T1-weighted MR images of 25 human L3-L4

intervertebral discs, using an open MR machine of 0.4 Tesla

(Hitachi, Twinsburg, Ohio) was collected at the National Cen-

ter for Spinal Disorders (Budapest, Hungary). Patients were

13 males and 12 females with a mean age of 44 (age interval:

27-62 years). Those patients were selected for participating in

the European MySpine project. The study design received ap-

proval of the institutional review board and written informed

consent was retrieved from all subjects.

All the images were resampled from an initial size of

0.68x0.68x4.0 mm3 to a final size of 0.68x0.68x0.68 mm3.

Using the classification of Pfirrmann [15] for interverte-

bral disc degeneration (grades I to V), there were 2 discs with

a degeneration of grade I (healthy), 10 with a grade II, 9 with

a grade III and 4 with a grade IV.

2.2. Statistical model construction

The first step pursued to construct the PDM was to manu-

ally segment the L3-L4 intervertebral discs of the patients in-

volved in this study. ITK-SNAP [16] was used to identify the

region of interest of the intervertebral discs, from which bi-

nary masks were computed and then transformed to distance

maps. One of those masks was selected as the reference one.

It was smoothed using morphological operations and its sur-

face mesh and distance map were created.

Then, a surface mesh from every disc was computed fol-

lowing the pipeline depicted in Fig. 1.

First of all, the set of distance maps was aligned to the

reference one using a registration method based on similar-

ity transform and a mean square metric [14]. Then, a non-

Fig. 1: Alignment and surface mesh creation pipeline

Fig. 2: First two modes of variation of the PDM (±3 standard deviation
(σ) from the mean)

rigid registration algorithm, based on B-splines, was applied

on the reference distance map to deform it to all the previously

aligned distance maps. These non-rigid transformations were

applied to the reference mesh to automatically achieve all the

shapes corresponding to the manually segmented discs.

Having all the shapes aligned, the PDM was computed as

follow. A 3n ×M matrix (D) was created, where n was the

number of points in the mesh and M the number of shapes.

Every row of the matrix contained the points’ coordinates of

the ith shape minus the points’ coordinates of the mean shape,

rowi = [|xi1 − x̄1|, |yi1 − ȳ1|, |zi1 − z̄1|...|xin − x̄n|, |yin −
ȳn|, |zi1 − z̄n|]. Principal Component Analysis (PCA) [11]

was then applied to D. PCA computes an orthonormal basis

whose axis are aligned with the statistical variations in the

data. Those axis are the eigenvectors of the covariance of D
and their importance is measured by their eigenvalues. New

shape instances snew can be obtained using equation 1:

snew = s̄+Q· a (1)

where s̄ is the mean shape and a is a vector containing

the weight of every eigenvector and Q the matrix of ordered

eigenvectors. The first two modes of variation of the statistical

model, created with the 25 patients included in this study, are

shown in Fig. 2.

This previous PDM, represents the internal energy of the

snake. The external energy was stored in the form of an in-

tensity model. In Fig. 3, the pipeline to compute the inten-

sity model is depicted in 2D to simplify. However, the actual

method is in 3D.

First of all, the similarity transformations, previously

computed to aligned the distance maps, were applied to the
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Fig. 3: Illustration in 2D of the extraction of the intensity profiles. Al-
though only one intensity profile per disc is shown, intensity profiles were
computed at each point of the surface mesh.

original MR images. From this aligned MR images, intensity

profiles along the normal of the points of their corresponding

meshes were extracted. The average profiles were computed

and subtracted from the original ones, which, together with

the mean intensity, represented the intensity model.

All the methods were implemented in C++ and taking ad-

vantage of ITK library [17].

2.3. Reconstruction Method

The reconstruction method required the manual identification

of the center of the disc in the MR images in order to ini-

tialize the mean instance of the statistical model. Then, an

iterative process started, in which all the points of the mesh

were displaced along their normal directions, using the inten-

sity model, to achieve a new shape. This displacement was

obtained by seeking the minimum mahalanobis distance [11]

between the intensity profiles, in the targeted image, and the

mean intensity given by the intensity model.

This new shape and Q were used as input of equation 1 to

compute a. Q and a were used in equation 1 again to obtain

the final shape for this iteration. The process finished when

the a did not change more than a threshold.

2.4. Evaluation of the method

Due to the small number of lumbar discs available, a leave-

one-out cross validation was performed. 25 different statisti-

cal models were created with 24 different discs, leaving one

different disc out in every model.

In order to evaluate the accuracy of the method, point-

to-surface distances and Dice Similarity Index (DSI) [18] be-

tween the reconstructed shape and ground truth (shape ex-

tracted from the manual segmentations performed using ITK-

SNAP) were computed.

DSI is defined in equation 2, where GT represents the

Ground Truth and RD the Reconstructed Disc.

Fig. 4: Average distance, from the reconstruction to the ground truth, of
all the reconstructions in every voxel.

Fig. 5: (a) Sagittal MR slice of a patient with the contour of the recon-
structed surface mesh (red) and the contour of the ground truth (white).
(b) 3D superimposition of the reconstructed surface mesh (red) and the
ground truth surface mesh (white)

DSI =
2× (GT ∩RD)

GT +RD
× 100% (2)

A perfect reconstruction would reach a DSI of 100%.

3. RESULTS

The evaluation of the method resulted in mean point-to-

surface distance between the reconstructed meshes and

ground truth of 1.6mm, with a 2 Root Mean Square distance

of 3.5mm (statistically meaning that 95% of the distances

were below this threshold). In Fig. 4, a map of the average

point-to-surface distances is presented. Regarding the DSI,

A mean (± 2 standard deviation) of 83.6 ± 9.6% was found

(Fig. 5).

Fig. 5 shows a 2D MR slice of one patient with the con-

tour of the reconstructed shape and the one of the ground

truth. On the right the 3D superimposition of the recon-

structed and ground truth surface meshes. The DSI of this

patient’s disc was 81.1 % and the mean point-to-surface dis-

tance was 1.2mm.

4. DISCUSSION

This study aimed at proposing a method to obtain a 3D recon-

struction of intervertebral discs from MR images.

With a mean shape accuracy of 1.6mm, the method was

found to be quite accurate, taking into consideration that

the spacing between two consecutive sagittal MR slices was

4mm, which provided to the reconstruction method with few
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Fig. 6: DSI from all of the reconstructed discs.

information in the perpendicular direction to the slices, when

deforming the initial mesh using the statistical model.

The minimum DSI was 68.9%, obtained from patient 12

(Fig. 6), which appears to be a clear outlier among the evalu-

ated discs. In fact, this disc presented a particular shape and

none of other discs, in the set of intervertebral discs, had a

shape similar to this one. Hence, the PDM could not per-

form a good approximation of the real disc. This limitation is

due to the relatively low number of samples including in this

study. Therefore, one of our future tasks is to include more

patients to develop and validate the method (as well as more

intervertebral disc levels), which will result in an improved

generalization ability of the statistical model, allowing it to

reconstruct such particular discs.

The last limitation is the need of user interaction for ini-

tializing the primary shape. This step could be automatized

by detecting the center of the intervertebral disc in the cen-

ter sagittal slice using image processing methods to detect the

intervertebral discs [6] or [9].

5. CONCLUSIONS

This paper presents an automatic and accurate method to re-

construct intervertebral discs in 3D from MR using ASM. The

next step will be to overcome the encountered limitations by

including more samples in the study, and by using additional

MR slices views (coronal or axial) together with the sagittal

one to improve the 3D resolution of the volumes.

This method opens the way to a better diagnosis of disc

degeneration, using advanced modeling and prediction meth-

ods such as biomechanical models.
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