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Abstract Degenerative disc disease has been implicated
as a major component of spine pathology. The current
major clinical procedures for treating disc degeneration
have been disappointing, because of altered spinal
mechanics leading to subsequent degeneration at adjacent
disc levels. Disc pathology treatment is shifting toward
prevention and treatment of underlying etiologic processes
at the level of the disc matrix composition and integrity and
the biomechanics of the disc. The ability to perform such
treatment relies on one’s ability to accurately and objec-
tively assess the state of the matrix and the effectiveness of
treatment by a non-invasive technique. In this review, we
will summarize our advances in efforts to develop an
objective, accurate, non-invasive diagnostic tool (quanti-
tative MRI) in the detection and quantification of matrix
composition and integrity and of biomechanical changes in
early intervertebral disc degeneration.
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Introduction

Despite a relentless search for adequate and effective
treatment, low back pain is one of the most prevalent [9]
and costly illness in today’s society [29, 55]. It has long
been recognized that the integrity of the intervertebral disc
(IVD), part of a three-joint complex that determines the
motion segment of the spine, is an essential component of
normal spinal function. Alterations in the disc’s architec-
ture and biochemistry may cause back pain and referred
pain, with or without neurological impairment. In addition,
this can significantly compromise the biomechanical
integrity of the motion segment [15, 17, 37].

Degenerative disc disease has been implicated as a
major component of spine pathology. Currently, the two
major clinical procedures for treating disc degeneration are
disc excision and spinal fusion. These treatment modalities
have been disappointing because of altered spinal
mechanics leading to subsequent degeneration at adjacent
disc levels. Disc pathology treatment is shifting toward
prevention and treatment of underlying etiologic processes
at the level of the disc matrix composition and integrity.
The ability to perform such treatment relies on one’s ability
to accurately and objectively assess the state of the matrix
and the effectiveness of treatment by a non-invasive tech-
nique. Quantitative MRI has the potential to become a very
important diagnostic and treatment assessment tool in
determining the IVD matrix functional state. MRI analysis
can reflect macromolecular structure concentrations in the
disc and can be exploited to reflect the structural integrity
of the matrix. MRI can make non-invasive and repeatable
measurements and can be an important tool for clinical
diagnosis and basic research.

In this review, we will summarize our advances in
efforts to develop an objective, accurate, non-invasive
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diagnostic tool (quantitative MRI) in the detection and
quantification of matrix composition and integrity and of
biomechanical changes in early IVD degeneration. Our
group identified that quantitative MR parameters (relaxa-
tion times, magnetization transfer, apparent diffusion
coefficient) are influenced by both IVD matrix composition
(water, proteoglycan, and collagen) and matrix integrity
(collagen denaturation). Targeted enzyme matrix denatur-
ation allowed us to determine the effect of altered matrix
integrity on quantitative MRI, while maintaining the matrix
content constant. Our work has also led us to demonstrate
that quantitative MRI is highly influenced by the applica-
tion of a mechanical load upon IVDs. We have recently
shown that quantitative MRI can be used to describe
alterations in material properties, specifically the hydraulic
permeability and compressive modulus, of the discs. Our
recent work suggests that Tlrho (time constant of trans-
verse magnetization decay) is a useful parameter in
quantitative MRI analysis that correlates predominantly
with disc water content and its compressive properties.

Basic properties of the disc relevant to MRI studies

Healthy IVDs are composed of two distinct structural
regions, the peripheral annulus fibrosus (AF) consisting of
15-25 concentric lamellae, which are abundant collagen
fibers arranged parallel to one another [39], and the central
nucleus pulposus (NP) rich in proteoglycan [42]. The IVD
lies between thin layers of normally avascular cartilaginous
endplates which separate the NP and the AF from the
adjacent vertebral bone. Figure | shows the general
structure of the IVD with histologic views of structured
AF, less organized NP, and the cartilaginous endplate
which in humans acts as a growth plate for the vertebral
bodies.

The composition and organization of the extracellular
matrix of the IVD governs the disc’s mechanical function
and varies with age and location within the disc [4, 54].
The mechanical role and the water content of the disc is
dependent on both the proteoglycans and collagens. Water
content is related to the osmotic pressure generated by the
fixed negative charges on the proteoglycans and the unique
fibrillar structure of collagens provides the resistance to
swelling. The proteoglycan and water content of the disc
increases on progressing from the outer AF to the NP,
while the collagen content decreases from the outer AF to
the NP.

The ability of disc tissue to retain water, restrict water
flux, and resist compressive forces is largely due to their
high aggrecan content, although other proteoglycans, such
as decorin, versican, fibromodulin, perlecan, lumican, and
biglycan are present in the disc. Figure 2 shows a schematic

Fig. 1 The intervertebral disc. The intervertebral disc (IVD) is
composed of three components: The annulus fibrosus (AF) is a
fibrocartilage organized with the fibroblast-like cells in dense
concentric lamellae. The nucleus pulposus (NP) is a less structured
gelatinous substance with chondrocyte-like cells. The IVD lies
between cartilaginous endplates (EP)

Annulus fibrosus

Collagen fiber

Hyaluronic acid
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Proteoglycan
aggregates

Nonaggregating
cleaved proteoglycans

Fig. 2 Schematic representation of the extracellular matrix of the
annulus fibrosus and nucleus pulposus. The annulus fibrosus is
composed predominantly of type I collagen organized in dense
concentric lamellae forming a fibrous collagen network that maintain
the disc shape. The nucleus pulposus is rich in proteoglycans and in a
type II collagen. In both structures, proteoglycans interact with
hyaluronic acid to form proteoglycan aggregates that are designed to
resist compressive loads

representation of the proteoglycan aggrecan and its inter-
action with collagen fibers and hyaluronic acid in the AF
(Fig. 2a) and NP (Fig. 2b) tissues. In human adults, most
of the proteoglycans are non-aggregated and undergo
extensive proteolytic processing. However, the cleaved
fragments are not lost, but are entrapped into the matrix and
can still temporarily contribute to resisting compressive
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loads. As disc degeneration advances, the mechanical
strength of the tissue ultimately weakens.

The disc contains many different collagen types whose
abundance changes with age [54]. The AF is composed
primarily of type I collagen but, to a lesser extent, it also
contains types II, III, V, VI, IX, and XI collagens. The NP
is rich in type II collagen, but also contains collagen types
I, VI, and IX [20, 21, 23, 25, 44]. Types I and II collagens
constitute about 80% of the collagens in the IVD [20].
They are particularly important to the integrity of the disc,
because they form the fibrous framework of the tissue.

IVD mechanical behavior is highly non-linear [47, 49]
and is dependent on loading history and hydration [27, 52].
IVD may be considered as a biphasic tissue with poro-
elastic properties: a porous and permeable, fiber-reinforced
solid phase and a fluid phase of water mixed with ions. As
the composition and structure varies with region, so do the
mechanical properties. In general, proteoglycans of the
solid phase provide much of the compressive stiffness
through electrostatic repulsion and osmotic pressurization
of the abundant glycosaminoglycan (GAG) negative char-
ges, whereas collagen helps to immobilize proteoglycans
within the tissue and provides tensile and shear properties.
Complex molecular structures and interactions, however,
suggest interrelationships between the mechanical roles of
these major structural proteins. Fluid flow through the solid
matrix is governed by the tissue permeability.

The most dramatic changes in IVD with ageing and
degeneration are the loss of fluid pressurization and
hydration, and the altered biochemical composition and
matrix structure. These dramatic alterations are accompa-
nied by specific changes in the disc material properties,
including alteration of the compressive modulus, of the
hydraulic permeability, and of the tensile properties of the
AF, and alteration of the elastic modulus, of the shear
modulus, and of the swelling pressure of the NP [43, 48].

Matrix degrading proteinases of the IVD

Extensive studies have confirmed earlier indications that
IVD disc degradation results primarily from the extracel-
lular activity of tissue proteinases [24, 53]. Disc cells can
synthesize and secrete a large number of these proteinases
which, together and not singly degrade the disc. Their
activities on matrix proteins are summarized below.

Cleavage of collagen
Matrix metalloproteinases (MMPs) are a family of
enzymes that are capable of degrading the major structural

components of the IVD, and are thus involved in both the
normal turnover and the degradation of the extracellular
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matrix [30]. MMP-1, -8, and -13 (collagenases) can cleave
the triple helical part of the collagens types I, II, and III.
MMP-13 preferentially cleaves type II collagen. MMP-2 is
one of the two gelatinases that can further degrade the
cleaved collagens. However, because of the extensive
covalent cross-linking within the collagen fibrils, the
extracellular matrix retains collagen fragments (reviewed
in [54]). The damaged collagen molecules are then
entrapped in the fibril structure and accumulate due in part
to the slow collagen turnover. This eventually leads to a
weakening of the biomechanics of the disc with age and
degeneration. Similarly, the mature human disc contains a
high proportion of non-aggregating proteoglycans, derived
by proteolytic degradation and retained in the disc.

Cleavage of aggrecan

Along with type II collagen, aggrecan forms a major
structural component of the disc (Fig. 2). Recent studies
have examined the cleavage of the core protein of aggrecan
and link protein. These molecules form macromolecular
aggregates with hyaluronic acid. The binding occurs
through the Gl globular domain of aggrecan. Proteases
capable of degrading aggrecans are called aggrecanases
and they are members of the ADAM (A Disintegrin And
Metalloprotease) family of proteins [19]. MMP-1 and
ADAMTS-4 are expressed in few cells of normal discs,
while MMP-3 and -13 are absent [36, 53, 58]. MMP-2 is
present in early phases of disc degradation and MMP-1, -3,
-9, and -13, as well as ADAMTS-4, have been observed in
degenerated [VDs, specifically in the NP and inner AF cells
[36, 53, 58]. MMP-1, -3, and -13 and ADAMTS-4
expression appear to increase with the severity of disc
degeneration [36, 53, 58]. The release of aggrecan from
articular cartilage can also be arrested by a hydroxamate
inhibitor of MMPs suggesting that they are also directly
implicated in aggrecan cleavage [40].

Determining the matrix composition
of the disc using MRI

Water is the principal source of MR-sensitive protons in
the disc. Studies have demonstrated that the water content
fluctuates in the disc [12, 13]. Thus, to understand disc
degeneration, we need to correlate quantitative MR data to
matrix composition and integrity.

The time constant, which describes how the longitudinal
magnetization returns to its equilibrium value, is called the
spin—lattice relaxation time (T1). T2 is the spin—spin
relaxation time and is always less than or equal to T1. T1
has been predominantly correlated to water content, while
T2 is influenced by tissue anisotropy (orientation of
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collagen fibers), collagen concentration, and water content
in tissues [60]. The transverse relaxation time has also been
correlated with proteoglycan content in tissues, but reports
vary between studies [56, 57]. T1 and T2 are higher in the
NP than in the AF of the disc, and can be used to visualize
structural changes of the disc [3]. T1 has also been shown
to decrease in the NP with disc degeneration [3].

Tlrho is the recent alternate contrast MR mechanism
which represents the time constant of transverse magneti-
zation decay, which occurs in the presence of a spin-lock
radio-frequency field. The Tl1rho time constant is directly
related to interactions between macromolecules and bulk
water, as well as changes in macromolecular content,
without problems of spin dephasing due to inhomogeneous
magnetic fields inherent of T2 contrast. With the increased
dynamic range obtained with the Tlrho technique, Tlrho
has been shown to be related to proteoglycan content in
cartilage and in the disc [6, 10, 28, 45, 59]. These recent
studies have also shown that T1rho correlates with water
content and inversely with age and degeneration in the disc
tissue [6, 28, 45] and that Tlrho has a strong potential as a
quantitative biomarker of the mechanical function of the
nucleus pulposus [45].

Magnetization transfer (MT) technique improves soft-
tissue contrast and characterization. It measures the cross-
relaxation and chemical exchange processes between free
and macromolecule-bound water protons in tissues [46].
More recent studies have demonstrated that the rate of MT
between free-water protons and the macromolecule-bound
protons was elevated in degenerated discs [46]. A positive
correlation was found between disc collagen and total
protein concentration and the rate of transfer, while the
contrast of normal and degenerated discs on MT images
was not altered significantly. One of the main applications
of MT is the computation of the MT ratio (MTR), which
consists of the collection of two images, one with MT
saturation and one without. MTR at 3T in most tissues
varies only slightly when compared to that of 1.5T [33].
MTR is predominantly dependent upon collagen concen-
tration in cartilage, but the structural integrity of the matrix
also plays a role [34]. MT has been shown to increase with
degeneration in the disc [5].

MRI can measure molecular diffusion resulting from
random thermal, or so-called Brownian, translational
motion of molecules [5, 7, 12]. Since freedom of motion is
restricted by interactions with other molecules, diffusion
imaging can reflect molecular mobility and hence, micro-
scopic changes in tissue organization [1, 30, 32]. Diffusion,
measured as the apparent diffusion coefficient (ADC), is
independent of the magnetic field strength, and MRI is the
only in vivo technique presently capable of measuring
diffusion directly from molecular displacements. It has
been shown that the ADC decreases in degenerated discs

and that it correlates in a direction-dependent manner with
disc water, proteoglycan content, and disc matrix integrity
[1, 30, 31].

Physiological loading and MRI imaging

Load-induced changes in IVD geometry can be detected
and measured using MRI. The mean relative volume
change between MRI scans taken after 6-h bed rest and
after a full day activity was 16.2% [13], whereas the
average volume increase 3 h after a highly compressive
load is removed was 5.4% [38]. Between evening and
morning MRI scans, T1 was found to decrease, whereas T2
was found to increase [11]. An expansion of the disc area
associated with a modest increase in the transverse relax-
ation time during overnight or longer bed rest [35], and a
greater creep in the lumbar spine while in an extended
posture than while in a flexed posture were also reported
[26]. Higher T1 and ADC were found in loaded discs than
in the unloaded discs [18]. After compression of the IVD,
the water diffusion either increases in creep (load steps)
experiments [18], or decreases in stress—relaxation (dis-
placement steps) experiments [16]. Significant correlations
were found between nucleus zone migration, as measured
by MRI, and flexion—extension movements of the spine [8,
14, 22]. Correlations were also found between nucleus zone
migration and IVD wedging in scoliosis [51]. These
experiences prove that loading alone significantly influ-
ences quantitative MRI, and that the intricate relation
between quantitative MRI to matrix composition and
integrity undergoing physiologic loading simulation must
be understood and characterized.

Studies on human discs

Growth, maturation, ageing, and degeneration
in the human lumbar IVD

Careful regulation of matrix synthesis and degradation
(together these processes represent turnover) is an integral
requirement for the maintenance of a healthy, fully func-
tional disc. Very little was known about the turnover of
extracellular matrix in the human IVD. We measured
concentrations of specific molecules reflecting matrix
synthesis and degradation in predetermined regions of
human lumbar IVDs and correlated them with ageing and
Thompson grade of degeneration [4]. We identified three
matrix turnover phases (Fig. 3). Phase I (growth) is char-
acterized by active synthesis of matrix molecules such as
type II collagen and active denaturation of type II colla-
gen up to 15 years old. Phase II (maturation and ageing;
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Fig. 3 Matrix turnover phases in IVD degeneration. Three matrix
turnover phases related to age were identified in human discs as
illustrated by collagen II synthesis (pro type II collagen) and matrix
degradation (denaturated type II collagen)

1540 years old) is distinguished by a progressive drop in
synthetic activity and a progressive reduction in denatur-
ation of type II collagen. Phase III (degeneration and
fibrotic, over 40 years old) is illustrated by evidence for a
lack of increased synthesis of type II procollagen, but also
by an increase in collagen type II denaturation. The pattern
of type I collagen and aggrecan synthesis was similar to
what was observed for type II collagen. Recently, we
showed that the GAG to hydroxyproline ratio within the
NP of young adults is approximately 27:1, whereas the
ratio within the hyaline cartilage endplate of the same aged
individuals is about 2:1 [42]. The production of an extra-
cellular matrix with a high proteoglycan to collagen ratio
can thus be used in vivo to distinguish NP cells from
chondrocytes.

Quantitative MRI in the assessment of human
degenerative disc disease

In this study, we analyzed T1 and T2 signal patterns in the
NP of human discs with increasing Thompson morpholog-
ical grade and revealed a significant reduction related to
grade (Fig. 4). This significant decrease in T1 and T2 in the
NP with grade 4 degeneration and the corresponding low
correlation coefficients with respect to the content of indi-
vidual matrix molecules suggested that matrix integrity
plays an important and distinct role in determining T1 and
T2 signal. Contrary to what was observed for T1 and T2,
magnetization transfer (MTR) increased in Thompson grade
4 degenerated discs. No significant changes were observed
in the AF of human discs. This study presented the first clear
evidence that quantitative magnetic resonance analysis
reflects not only the disc matrix composition, but also the
structural integrity of the matrix of the disc in humans [5].
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Fig. 4 Relaxation times in the assessment of degenerative disc
disease. Relaxation times T1 and T2 were measured in human NPs of
IVDs with different Thompson grades of degeneration. *P < 0.05
versus grade 2

Quality of the nutritional supply to the IVD at various
ages and levels of degeneration

The lack of a vascular system in the disc results in diffusion
of solutes from the peripheral parts of the AF and the center
of the end plates as being the sole means of nutritional
supply for both the AF and the NP. Disturbances in the
osmotic pressure and in the hydrostatic pressure of the disc
affect the nutritional pathway and eventually lead to
alterations within the IVD. Quantitative MR was used to
determine if the quality of the nutritional supply to the IVD
at various ages and levels of degeneration could be asses-
sed through measurement of the apparent diffusion
coefficients (ADCs) [2]. Modifications of the NP matrix
content, specifically of water and glycosaminoglycan
(GAG) contents, with age and disc degeneration, were
reflected in correlating changes in the ADCs. We found
that decreases in GAG or water contents in the NPs
resulted in direct decreases in the ADCs (Fig. 5). Changes

2 - 90 850
B ADC [1H,O & GAG : 750
- 650
- 550
- 450
L 350
- 250
- 150
- 50

ADC (x 10° mm?s)
GAG (ug/mg dw)

2 3 4 5
Disc Degeneration Grade

Fig. 5 Apparent diffusion coefficient in the assessment of degener-
ative disc disease. Apparent diffusion coefficient (ADC) was
measured in NPs of human IVDs with different Thompson grades
of degeneration and compared to water (H,O) and proteoglycans
(GAG) contents
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in matrix integrity, as evidenced by the percentage of
denatured collagen, were also detected in the NP with a
low positive correlation to the ADC along the height of the
disc and an inverse statistically significant regression to the
ADC along the anterior to posterior axis of the disc.

Studies related to the mechanism of disc degeneration
using bovine discs

Static, unloaded and closed system

We recently examined the targeted structural degradation
of collagens and proteoglycans of the NP using hyaluron-
idase, collagenase, and trypsin, while keeping the total
content of matrix macromolecules constant using quanti-
tative MRI. The approach allowed us to differentiate the
contribution of the matrix integrity to the MR signal from
that of the total matrix content [3]. The bovine coccygeal
NPs were injected with either enzyme or buffer, incubated

Fig. 6 MRI setup for paraffin-embedded disc segments for the study
of enzyme-induced disc degeneration. Disc segments were embedded
in paraffin and placed in a specially designed Plexiglass container that
fits in the MRI head coil array. Note that the vials of standards are
situated below one of the disc segments

at 37°C as static, unloaded and closed 3-disc segments, and
analyzed by a 1.5-T MR scanner to measure MR parame-
ters. Immediately after the injection protocol, all discs were
embedded in paraffin blocks for the purpose of maintaining
constant within the discs segment the total content of
matrix macromolecules (Fig. 6). We believe that the
absence of loading would minimize transport of matrix
constituents. Results showed that the relaxation times T1
and T2 significantly decreased in NPs only after collage-
nase treatment, while hyaluronidase and trypsin had no
effect (Fig. 7). Similarly, the enzymes had no effect on
MTR either. The collagenase-induced degradation products
of the NP were prevented from diffusing out of the disc
which led to a decrease in T2.

Overall, this study allowed us to identify and charac-
terize the effect that altered IVD matrix integrity has on
quantitative MR measurements. Given that matrix content
remained constant, it has been shown that quantitative MRI
is not just a reflection of disc matrix content, but is influ-
enced by both disc matrix content and structural integrity.
If we assume that in early disc degeneration matrix integ-
rity is lost first (changes in structural integrity) and only
later, molecules and protein fragments will be free to dif-
fuse out and be lost (changes in matrix content), this study
suggests that it might be potentially possible to detect such
early degenerative changes by MRI, namely, when proteins
are being cleaved.

Dynamic, axial cyclic compression and open system

Since the human spine is subjected to mechanical loading,
we chose to determine the effects of simulated physiologic
loading on the correlation between quantitative MR and
disc matrix composition and integrity. We thus tested the
hypotheses that (1) mechanical loading and enzyme treat-
ment will induce changes in quantitative MR parameters,
mechanical properties and biochemical contents of the [IVD
and (2) the mechanical properties of the IVD are quanti-
tatively related to MR parameters. Bovine caudal discs
were subjected to trypsin injection, wrapped in saline,
mounted in a specially designed plastic tube with low

Fig. 7 Effect of enzyme 1500 Z 250 =
treatment on relaxation times. ’—
Bovine NPs were injected with 1250 - [ 200
collagenase (Coll.), =S 1 ]
hyaluronidase (HA), and - 1000 - = 150 A
trypsin, and disc segments were é 750 - E
analyzed by MRI as illustrated -t -~
in Fig. 6. *P < 0.05 versus = 500 - = 1001
control (Ctl) untreated discs

250 - 29

0 0
Ctl Coll. HA  Trypsin Ctl Coll. HA  Trypsin
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Fig. 8 Disc segment setup for the analysis of cyclic compression
loading effect on IVD properties. Both ends of the segment are potted
in PMMA and mounted on a MTS-858 Mini Bionix system (MTS
Systems Corporation, Eden Prairie, MN, USA). The three-ball
bearings are equally positioned around the disc segments to prevent
buckling while minimizing axial friction

friction spacers around the circumference of the vertebral
bodies to prevent buckling under compression, and loaded
with cyclic compression (50-300-50 N at 1 Hz) as illus-
trated on Fig. 8. MRI parameters, mechanical properties,
and biochemical contents of disc tissue were analyzed on
the NP. Results after 2 h of cyclic compression loading
showed that trypsin treatment decreased the compressive
modulus (H,) and increased the hydraulic permeability (k),
while loading decreased T1 and T2, and increased MTR
[50]. Biochemically, trypsin treatment affected water,
GAG, and total collagen contents, while loading decreased
water and GAG contents. The significant effect of trypsin
treatment on the mechanical properties but not on the MR
parameters suggests that the mechanical properties are
more sensitive to the structural changes with trypsin
treatment than are MR parameters. It is also possible that if
the AF remained intact after trypsin injection, the consis-
tency of the NP remained unchanged; therefore, T1 and T2
would remain more or less the same. However, the smaller
GAG fragments may affect the mechanical properties.

In view of the previous results, the influence of a day of
16 h of compression loading was evaluated on the disc
structure and composition, and the MR parameters [41].
Our results confirmed that MR parameters (T1, T2, MTR,
ADC) (Fig. 9) and the biochemical properties (water,

@ Springer

1200 300
s .
1000 -
= 200 A
é 800 - ?
- - -
& 600 e 100 A
400 - =
200 0 -
Unloaded  Loaded Unloaded  Loaded
0.20 - 2.0 "
0.16 rE 15 A
E 0.12 "é 1o 1
S 0.08 ~
8 0.5 A
0.04 z
0 0 -
Unloaded  Toaded Unloaded  Loaded

Fig. 9 Effect of cyclic compression loading on the MRI properties of
IVDs. Bovine IVDs were subjected to 16-h compression loading as
illustrated in Fig. 8 and the MRI properties of the NPs were evaluated
as illustrated in Fig. 6. *P < 0.05 versus unloaded segments
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Fig. 10 Effect of trypsin on the compressive properties of IVDs.
Bovine NPs were injected with trypsin and their compressive
properties were analyzed in a nonpermeable confined compression
chamber. Py, = swelling pressure; H, = compressive modulus;
k = hydraulic permeability. *P < 0.05 versus control (Ctl) untreated
discs

collagen, aggrecan) of the NP tissues are sensitive to
loading. On the other hand, trypsin affects more strongly
the swelling pressure (Pg,), compressive modulus, and
hydraulic permeability of the NP tissue (Fig. 10). In
regards to AF tissues, we demonstrated that loading
decreased T1 but had no effect on T2 and MTR. NP
treatment with trypsin neither significantly affected MR
parameters nor the biochemical content of the AF tissues
[41]. These results strongly suggested that loading history
is an important parameter to consider in efforts to develop
quantitative MRI as a diagnostic tool of IVD matrix
composition and integrity and of biomechanical changes in
early IVD degeneration.

Conclusion

This work may lead to new and exciting advances in the
field of spine research. The inception of such a diagnostic
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tool will be a foundation for future work in diagnosing and
treating spine pathology. In future, we plan to use this
technology in a clinical setting using normal volunteers and
comparing the results to patients with disc pathology. We
also foresee its use in the assessment of new and established
therapeutic modalities in the treatment of disc pathology.
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