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Abstract— This present study aims to assess in vivo the
nervous fibers distribution in the intervertebral disc using
diffusion tensor imaging technique. Five healthy subjects
participated into the data acquisition. Fiber extraction and
tracking algorithms were used. The number of fibers in L4/5
disc ranges from 314 to 679 and the mean fiber length L4/5 in
disc ranges from 8.22+2.36 mm to 11.24 + 5.17 mm. This study
showed the feasibility of using diffusion tensor imaging
technique to detect and assess the nervous fibers in the
intervertebral discs. This could be of great clinical interest for
the study of the correlations between these useful
characteristics with pain levels on the low back pain patients.

1. INTRODUCTION

Low back pain is one of the common chronic disorders of
the human beings during their lives [1]. The depiction of the
possible causes of the back pain is still a challenging
research topic. The early detection of abnormal behavior of
involved tissues such as lumbar spine muscles, bones and
intervertebral discs plays in important role in the better
management of this chronic disorder [2].

Research studies have been done to provide evident facts
to early detect the abnormal symptoms of the low back pain
at the organ and tissue levels leading to better treatment
prescription [3-5]. Lumbar spine discs are common
structures affected by the pathophysiological process.
Conventional (Computed Tomography (CT) and Magnetic
Resonance Imaging (MRI)) and advanced (T,,, T2 mapping,
diffusion tensor) medical imaging techniques have been
widely used to assess the geometrical and material changes
of the intervertebral discs (IVD) during disc degeneration
process [5-6]. However, the correlation between
characterized properties such as T, time, T2 relaxation time,
and apparent diffusion coefficients with chronic pain is still
misunderstood.

Pain arises from damaged tissues. The dorsal root ganglia
and nervous fibers are main actors which transmit the painful
signals to the spinal cord. In fact, the nervous fibers could be
an effective indicator to study the pain. To get the
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information of the nervous fiber, diffusion tensor imaging
could be used. This technique has been used to track the
nervous fibers in the brain [7-9]. However, this imaging
technique has not been applied on the intervertebral disc.
The objective of this present study was to apply this non-
invasive technique to assess in vivo the nervous fiber
distribution in the intervertebral disc.

II. MATERIALS AND METHODS

A. Diffusion Tensor MRI Acquisition

Five healthy and male subjects (mean + standard
deviation: 32.2+7.8 years old, 73.8+18.7 kg body mass,
1.75+£0.09m body height, 24.8+6.9 kg/m? body mass index
(BMI)) participated into this study. The data acquisition was
performed at the Polyclinique Saint Come (Compiégne,
France). All participated participants signed their informed
written consent agreement before the data acquisition. The
diffusion tensor MRI sequence (1.5T GE machine) was used
to scan the participant’s L4/5 disc in the axial plane.

The diffusion tensor MRI sequence included six different
directions [10]. The repetition (TR) and echo (TE) times
were 3000 ms and 90.5 ms respectively. Each acquisition
had 21 adjoining slices. The slice thickness was 4mm. The
voxel resolution was 1.21x1.21x4 mm? (around 5.86 mm?).
The field of view (FOV) was 310x310 mm?. The acquisition
time of one subject was around 5.39 minutes. An example of
MRI image is shown in Fig. 1.
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B. Fiber spatial distribution analysis

First, the diffusion tensor (D) and relative anisotropy
(RA) were computed [10-12]. Then the threshold-based fiber
extraction and tracking algorithm [13] were performed.

This analysis was performed using MedInria software'
(Asclepios Research Team, Inria, France). All constitutive
equations are expressed as follows:
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where D is the diffusion tensor; S, and S; are the signal
intensity without diffusion weighting and with diffusion
weighting for 6 directions respectively; G; is the dual 3x3
tensor basis; 4; and A; are the greatest and lowest eigenvalues
of the diffusion tensor. The b-value coefficient was set up as
600 s/mm? [10]; R is the local connectivity with the tracking
threshold set up as 0.1 [13]; C is the transition smoothness
with the tracking threshold set up as greater than 0.7
(approximately cosinus of 45°) [13]; s is the number of the
%
voxels referred in the neighborhood. The vector ; is the

- -

scaling vector. The vectors #; and #;| are the unit vectors

at the current location and at the voxel prior to the current on
the tracked fiber respectively.

To assess the fiber distribution on each intervertebral
disc, the number of the extracted fibers and their length were
computed and presented. Disc volume property was also
computed to give geometrical information of the IVD. The

volume computing is based on cumulative pixel principle
[14].

III. RESULTS

Diffusion apparent coefficient maps of the IVDs are
illustrated in Fig. 2.

! http://www-sop.inria.fi/asclepios/software/MedINRIA/

Figure 2.

Illustration of diffusion apparent coefficient maps of the the
L4/5 of 2 subjects.

The disc volume, the number of the extracted fibers and
their length properties are depicted in Table 1.

TABLE 1. FIBER DISTRIBUTION RESULTS OF THE L4/5 IVD OF
ALL SUBJECTS
Extracted Properties on the L4/5 IVD
Subject Volume Number | Mean Length | SD Length

(mm3) of fiber (mm) (mm)

1 3126.1 314 8.22 2.36

2 3906.2 382 8.28 2.83

3 4064.5 447 8.42 3.09

4 5900.3 632 9.84 4.96

5 5853.4 679 11.24 5.17
The fiber length property was transformed into

probability space. Thus, a cumulative distribution function
(CDF) [15] of the mean fiber lengths is illustrated in Fig. 3.
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Figure 3. Cumulative probability function of the mean fiber lengths of 5
subjects.

An example of orientation of the first eigenvector
extracted from a diffusion tensor MRI image is shown in
Fig. 4.
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Subject #1

Figure 4. Orientation example of the first eigenvector of the L4/5 of the
subject #4.
The relative anisotropy and fiber maps of all analyzed
discs are illustrated in Fig. 5 and Fig. 6. Note that the fiber SUbJe

density of the IVD varies from one subject to another.
Moreover, the fibers are more compact on the annulus

fibrosus regions.
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Figure 5. Relative anisotropy maps related to the L4/5 discs of 5 subjects.

Figure 6. Fiber maps related to the L4/5 discs of 5 subjects.
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IV. DISCUSSION

Early detection of abnormal behavior of the
intervertebral discs using in vivo approach plays an
important role in the management of low back pain
disorders. In this context, non-invasive medical imaging is an
essential tool to provide in vivo assessment of human tissues
and structures. Conventional medical imaging techniques
such as CT or MRI allowed only contrast and spatial
resolution to be used for the quantification of morphological
and pseudo-biomechanical properties of the IVD leading to
poor predictive specificity in the diagnosis of low back pain
[17-18]. Besides, advanced magnetic resonance sequences
such as T2 mapping, diffusion tensor have showed their
efficiencies in the quantification of tissue change as well as
the assessment of molecule motion in the IVD regions
(annulus fibrosus and nucleus pulposus) [3], [5], [10]. In this
present study, the diffusion tensor sequence allows nervous
fiber distribution to be extracted and tracked leading to
provide a new potential marker for the early detection of
abnormal behavior of the IVD.

Diffusion tensor imaging has been successfully applied to
assess the fiber distribution in the brain [9]. Based on the
water diffusion properties (diffusion anisotropy and
orientation) and the assumption of the alignment between
largest principal axis of the diffusion tensor and fiber
orientation, 3D vector fields at each voxel could be
extracted. Then, fiber trajectories could be reconstructed in
3D [16]. In our present study, nervous fiber distribution was
extracted and tracked on the IVD (Fig. 6). The fiber
distribution was more concentrated in the annulus fibrosus
region. This finding seems to be consistent with the anatomy
of the intervertebral disc. Moreover, based on our
unpublished data, the diffusion tensor sequence was applied
on the cadaveric IVD and we noted that no fibers could be
extracted due to the in vitro condition of the analyzed tissue.
In fact, diffusion tensor imaging (DTI) allows the number of
fibers and their respective length properties to be estimated
in a non-invasive and in vivo manner. This information will
be of great clinical interest for the better understanding as
well as for the early detection of abnormal behavior of the
low back pain.

V. CONCLUSION

This study showed the feasibility of the diffusion tensor
MRI sequence on the assessment of nervous fiber
distribution of the intervertebral discs. As perspective, the
developed methodology will be applied on low back pain
patients to verify the hypothesis on the correlation between
the nervous fiber information and the low back pain.

ACKNOWLEDGMENT

The research leading to these results has been funded from
the European Union Seventh Framework Programme
(FP7/2007-2013) under grant agreement n° 269909
(MYSPINE Project). The authors would like to thank
Ludovic Robert for the MRI data acquisition.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

2367

REFERENCES

A. Dupeyron, P. Ribinik, A. Gélis, M. Genty, D. Claus, C. Hérisson,
and E. Coudeyre, “Education in the management of low back pain.
Literature review and recall of key recommendations for practice”,
Annals of Physical and Rehabilitation Medicine, 2011, 54 (5), pp.
319-335.

P. O’Sullivan, “Diagnosis and classification of chronic low back pain
disorders: Maladaptive movement and motor control impairments as
underlying mechanism”, Manual Therapy, 2005, 10 (4), pp. 242-255.
V. Haughton, “Medical imaging of intervertebral disc degeneration:
current status of imaging”, Spine, 2004, 29, pp. 2751-2756.

Y. Schroeder, S. Sivan, W. Wilson, Y. Merkher, J. Huyghe, A.
Maroudas, and F.P.T. Baaijens,.”Are disc pressure, stress, and
osmolarity affected by intraand extrafibrillar fluid exchange?”,
Journal of Orthopaedic Research, 2007, 25, pp. 1317-1324.

L. Kerttula, M. Kurunlahti, J. Jauhiainen, A. Koivula, J. Oikarinen,
and O. Tervonen, “Apparent diffusion coefficients and T2 relaxation
time measurements to evaluate disc degeneration: A quantitative MR
study of young patients with previous vertebral fracture” Acta Radiol,
2001, 42, pp. 585-591.

G. Blumenkrantz, J. Zuo, X. Li, J. Kornak, T.M. Link, and S.
Majumdar, “In Vivo 3.0-Tesla Magnetic Resonance Tlp and T2
Relaxation Mapping in Subjects with Intervertebral Disc
Degeneration and Clinical Symptoms”, Magn Reson Med, 2010,
63(5), pp. 1193-1200.

B. Jian, B.C. Vemuri, E. Ozarslan, P.R. Carney, and T.H. Marecid,
“A novel tensor distribution model for the diffusion-weighted MR
signal”, Neuroimage, 2007, 37(1), pp. 164—176.

S. Deprez, T. Billiet, S. Sunaert, and A. Leemans, “Diffusion tensor
MRI of chemotherapy-induced cognitive impairment in non-CNS
cancer patients: a review”, Brain Imaging and Behavior, 2013, 7, pp.
409-435

P.S. Huppi and J. Dubois, “Diffusion tensor imaging of brain
development”, Seminars in Fetal & Neonatal Medicine, 2006, 11, pp.
489-497.

T.T. Dao, P. Pouletaut, L. Robert, P. Aufaure, F. Charleux, and M.C.
Ho Ba Tho, “Quantitative Analysis of Annulus Fibrosus and Nucleus
Pulposus derived from T2 Mapping, Diffusion-weighted and
Diffusion Tensor MR Imaging”, Computer Methods in Biomechanics
and Biomedical Engineering: Imaging & Visualization, 2013, 1(3),
pp.:138-146.

C.F. Westin, S.E. Maier, H. Mamata, A. Nabavi, F.A. Jolesz, and R.
Kikinis, “Processing and visualization for diffusion tensor MRI”,
Medical Image Analysis, 2002, 6, pp. 93—108.

E.W. Hsu and L.A. Setton, “Diffusion tensor microscopy of the
intervertebral disc annulus fibrosus”, Magn Reson Med, 1999, 41,
pp.992-996.

D. Xu, S. Mori, M. Solaiyappan, and P.C.M. van Zijl, C. Davatzikos,
“A Framework for Callosal Fiber Distribution Analysis”,
Neurolmage, 2002, 17, pp. 1131-1143.

T.T. Dao, P. Pouletaut, J.C. Goebel, A. Pinzano, P. Gillet, and M.C.
Ho Ba Tho, “In vivo Characterization of Morphological Properties
and Contact Areas of the Rat Cartilage derived from High Resolution
MRI”, Biomedical Engineering and Research (IRBM), 2011, 32(3),
pp. 204-213.

T.T. Dao and M.C. Ho Ba Tho, “Biomechanics of Musculoskeletal
System: Modelling of Data Uncertainty and Knowledge”, Wiley
Publisher. Hermes Penton Ltd, London, England, 2014, 176 pages,
ISBN: 978184821602.

S. Mori and P.C. van Zijl, “Fiber tracking: principles and strategies -
a technical review”, NMR Biomed., 2002, 15(7-8), pp. 468-480.

M.C. Jensen, M.N. Brant-Zawadzki, N. Obuchowski, M.T. Modic, D.
Malkasian, and J.S. Ross, “Magnetic resonance imaging of the lumbar
spine in people without back pain”, The New England Journal of
Medicine, 1994, 331, pp. 69-73..

D.G. Borenstein, J.W. O'Mara, S.D. Boden, W.C. Lauerman, A.
Jacobson, C. Platenberg, D. Schellinger, and S.W. Wiesel, “The Value
of Magnetic Resonance Imaging of the Lumbar Spine to Predict Low-
Back Pain in Asymptomatic Subjects: A Seven-Year Follow-up
Study”, The Journal of Bone & Joint Surgery, 2001, 83, pp. 1306-
1311.



