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Abstract
Purpose—To establish relationships between quantitative magnetic resonance imaging (qMRI)
and biomechanical parameters to help inform and interpret alterations of human intervertebral
discs (IVD) with different grades of degeneration.

Materials and Methods—The properties of the nucleus pulposus (NP) and annulus fibrosus
(AF) tissues of each IVD of 10 lumbar spines (range 32–77 years) were analyzed by qMRI
(relaxation times T1 and T2, magnetization transfer ratio MTR and apparent diffusion coefficient
ADC), and tested in confined compression and dynamic shear.

Results—T1 and T2 significantly decreased in both the NP and AF with increasing degeneration
grades while the MTR increased significantly with grade 4. In contrast with the others qMRI
parameters, the ADC had a tendency to decrease with increasing grade. Disc degeneration caused
a decrease in the aggregate modulus, hydraulic permeability and shear modulus magnitude along
with an increase in phase angle in the AF. On the other hand, disc degeneration of NPs decreased
the shear modulus and the phase angle.

Conclusion—Our studies indicate that qMRI can be used as a non-invasive diagnostic tool in
the detection of IVDs properties with potential to help interpret and to detect early, middle and late
stages of degeneration. QMRI of the human IVD can therefore become a very important
diagnostic assessment tool in determining the functional state of the disc.
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INTRODUCTION
Despite a relentless search for adequate and effective treatment, low back pain is one of the
most prevalent (1) and costly illnesses in today’s society (2). Moreover, due to the lack of
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quantitative approaches in determining disc integrity, most of the diagnosis refers to
idiopathic etiology of the clinical condition. It has long been recognized that the integrity of
the intervertebral disc (IVD), part of a three-joint complex that comprises the motion
segment of the spine, is an essential component of normal spine function. Alterations in the
IVD’s architecture, biochemistry and biomechanics can cause back pain and referred pain
with or without neurological impairment (3, 4). While disc degeneration has been implicated
as a major etiologic component of low back pain (5), few studies have been directed towards
developing an objective, accurate, non-invasive diagnostic tool to detect and quantify
structural and biochemical matrix changes in early disc degeneration. Such diagnostics are
increasingly important with the development of novel and minimally invasive therapy (6).

IVDs are composed of four components: the outer annulus fibrosus (AF) is a fibrocartilage
composed predominantly of type I collagen organized with the fibroblast-like cells in dense
concentric lamellae; the inner AF and the transition zone are composed of increasing
amounts of type II collagen and chondrocyte-like cells; and the central nucleus pulposus
(NP) is a gelatinous substance rich in proteoglycans in a randomly oriented type II collagen
matrix with chondrocyte-like cells (7). The IVD is separated from the adjacent vertebral
bodies by cartilaginous endplates. Normal adult discs are characterized by their abundant
extracellular matrix and low cell density, coupled with an absence of blood vessels,
lymphatics, nerves, and mechanoreceptors in all but the most peripheral AF layers (7). In
many respects, this absence leaves the disc prone to degeneration because the cells have a
large matrix to maintain with no source of repair through vasculature and decreased nutrient
supply early in life (8). Additionally, the lack of nerves in the IVD renders early stages of
degeneration largely asymptomatic.

The IVD allows 6 degrees of freedom motion between adjacent vertebrae while carrying
large loads on the trunk and dissipating energy (4). IVD mechanical behavior is highly non-
linear (4,9,10) and is dependent on loading history and hydration (11). The IVD may be
considered as a biphasic tissue with a porous and permeable, fiber-reinforced solid phase
and a fluid phase of water mixed with ions (4). As the composition and structure varies with
region, so do the mechanical properties. Proteoglycans of the solid phase provide much of
the compressive stiffness through electrostatic repulsion of the abundant glycosaminoglycan
(GAG) negative charges, whereas collagen helps to immobilize proteoglycans within the
tissue and provides tensile and shear properties. Fluid flow through the solid matrix is
governed by the tissue porosity and permeability. The dramatic changes in morphology,
composition and structure that occur in the IVD with aging and degeneration have been
simulated by enzymatic digestions, and are accompanied by specific changes in the disc
material properties (12–15), including alteration of the compressive modulus, hydraulic
permeability, and tensile properties of the AF, and alteration of the elastic modulus, shear
modulus, and swelling pressure of the NP.

Quantitative magnetic resonance imaging (qMRI) analysis is an important technique with
the potential to objectively and non-invasively assess the disc matrix composition, integrity
and biomechanics. QMRI uses the relaxation times T1 and T2, the magnetic transfer ratio
MTR, and the diffusion coefficient ADC to correlate MRI signal to disc tissue degeneration.
Our group has identified correlations and multiple linear regressions between qMRI
parameters, biochemical and mechanical parameters of targeted enzyme matrix denaturation
and buffer-treated bovine IVDs (14). We have shown that qMRI parameters (T1, T2, T1rho,
MTR, and ADC) are influenced by both IVD matrix composition (water, proteoglycan, and
collagen) and matrix integrity (percent collagen denaturation) (14). Targeted enzyme matrix
denaturation allowed us to determine the effect of altered matrix integrity on qMRI while
maintaining the matrix content constant (15). Our work has also led us to demonstrate that
qMRI is highly influenced by the application of a mechanical load upon IVDs (14). We have
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recently shown that qMRI can be used to describe regional alterations in material properties,
specifically the hydraulic permeability and compressive modulus, of the discs (12, 14). The
purpose of the present study was to examine changes in human IVD qMRI parameters and
mechanical properties in relation to increasing grades of degeneration. The overall goal is to
establish a noninvasive technique with the ability to predict relevant and specific
compositional and functional changes in the IVD with degeneration.

Materials and methods
Experimental Groups

Ten whole lumbar spine specimens with 5 discs per spine (discs L1-L2 through L5-S1),
were obtained through organ donations via Héma-Québec within 24 hours after death
ranging in age from 32 to 77 years following approval from our Institutional Review Board
(IRB). The 5-disc spines were vacuum sealed in plastic bags for qMRI assessment.

Quantitative MRI Analysis
The MRI examinations were carried out in a 1.5T whole-body Siemens’ Avanto system
using the standard circularly polarized head coil. The samples were placed in a sagittal
orientation and T1, T2, MTR, and ADC were measured for NP and AF as described
previously (16) with the phase-encoding in an anteroposterior direction to account for the
effect of the collagen fibril orientation on MRI determinations (17).

T1, T2, and MT images were obtained with a field-of-view (FOV) of 200 ×100 mm, a slice
thickness of 3 mm and an acquisition image of 256 × 256 pixels. Briefly, T1 and T2 were
determined using the standard Siemens quantification packages based on multiple inversion
recovery images for T1 (repetition time (TR)/echo time (TE) = 2100/11 msec, 16 inversion
time (TI) from 25 to 1900 msec) and multiple echo trains for T2 (TR = 2000ms, 16 TE every
15 msec). MTR data were obtained using a gradient echo sequence (TR/TE = 300/10 msec)
with dual acquisition (pulse off/pulse on at 1.5 kHz away from the central water frequency)
using the standard Siemens’ MT pulse. Diffusion images were determined along the
anterior/posterior axis using a segmented stimulated echo sequence (acquisition matrix of
128 ×128 pixel, TE/TR = 70/2000 msec and four b-value coefficients of 0, 200, 400, and
600 s/mm2). The ADC values were determined in all three orthogonal directions, with the
slice select ADC in the lateral axis (ADCx), the phase encode ADC in the posteroanterior
axis (ADCy), and the readout ADC in cranio-caudal axis (ADCz).

Numerical analysis of qMRI was performed using a custom code written in MATLAB
(Mathworks, Natick, MA) allowing the selection of the regions of interest and the
calculation of average signal intensities from all images. Two regions of interest (ROI) were
manually traced as polygonal shapes to represent both NP and AF regions omitting endplate
tissue. These ROIs were reproduced identically on all qMRI images from the 50 specimens
(Fig.1) All qMRI parameters (T1, T2, MTR, and ADCs) were calculated as described before
(14, 16). The inter assay coefficient of variability of the MRI techniques determined from
the standard solutions of 0.1 mM and 0.2 mM MnCl2 was 4.59% for T1, 1.76% for T2,
0.19% for MTR, and 5.64% for diffusion, while the intra assay coefficient of variability
determined from all standard solutions was 6.61% for T1, 7.06% for T2, 6.94% for MTR,
and 3.35% for diffusion. After MRI scanning all discs (n=50) were graded from T2-
weighted images according to the classification system described by Pfirrmann (18).
Because of the great variability and limited accessibility to the human IVDs our study group
consisted of 11 IVDs grade 2, 24 IVDs grade 3, 9 IVDs grade 4 and 6 IVDs grade 5 (Table
1).
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Histological examination of IVDs with different Pfirrmann grades of degeneration
We opted for a multichromatic staining procedure (Alcian blue, Safranin-O and Fast green
as a counterstain) developed by Leung et al. which has proven useful in assessing changes in
proteoglycan content within disc compartments following degeneration (19). Highly
negatively charged glycosaminoglycans (GAGs) are first stained by Alcian blue, subsequent
staining with Safranin-O reveals the remaining proteoglycans. Alterations in Alcian blue/
Safranin-O staining correspond with changes in the IVD matrix. Two IVDs of each
Pfirrmann grade of degeneration were evaluated. All tissues were fixed in Accustain
(Sigma-Aldrich, St Louis, MO), paraffin embedded and sectioned into 4-μm-thick sagittal
sections. After dewaxing in xylene and stepwise rehydration in ethanol: 100%, 95%, 70%,
50%, distilled water, the sections were first stained with 1% Alcian blue 8GX (pH 1.0) for
2.5 min and then 0.1% Safranin-O for 3 min, followed by color differentiation in 50%
ethanol for 1 min. The sections were finally counterstained in 0.001% fast green for 5 min.
A brief rinse in distilled water was applied after each of the above staining steps. Sections
were dehydrated and mounted in Permount (Fisher Scientific, USA). Images were captured
on an upright light microscope Leica DM LB2 microscope (Leica Microsystems GmbH,
Wetzlar, Germany).

Mechanical Testing Procedure
Mechanical tests were performed to evaluate the effects of degeneration on material
properties of the human IVD. Specimens were prepared by roughly dissecting a portion of
the disc consisting of anterior AF and NP (Fig. 2, red line); the anterior region was used to
minimize the influence of existing AF tears which are known to be more prevalent in
posterior and posterolateral regions. The tissue was trimmed transversely with a cryostat to a
thickness of 1.6±0.45mm. A 5 mm diameter biopsy punch was used to remove two plugs
from the AF, though the NP was only large enough to yield a single plug (Fig. 2, green
circles). The AF was tested in confined compression and shear, while tested the single NP
specimen in shear because of the known sensitivity of NP shear behaviors to degenerative
levels (4, 20). Mechanical testing on grade 5 IVDs was not performed due to an insufficient
sampling number, as grade 5 NPs were largely absent or indistinguishable from AF (Table
1).

Confined compression—AF specimens were tested in confined compression using a
custom built axial testing machine. The specimen was placed in an impermeable, cylindrical
chamber, and a porous upper platen was lowered until contact was established (0.15N).
Specimen thickness was calculated from the difference between the point of contact and the
bottom of the chamber. The test protocol then consisted of a thirty minute equilibration
dwell in phosphate buffered saline at initial height followed by a single ramp to 5% strain at
0.01%/s and a four thousand second dwell. A linear biphasic model was fit to the data from
the ramp and final dwell to determine aggregate modulus, HA, and permeability, k (21).

Dynamic shear—Shear dynamic mechanical tests were carried out on AF and NP
specimens using a rheometer (AR2000, TA Instruments) equipped with flat platens covered
with 100 grit sand paper and a humidified chamber, with a protocol adapted from Bron et al.
(22). Specimens were compressed between the platens with 0.1N axial force in order to
ensure full contact and allowed to equilibrate for 20 minutes. A dynamic frequency sweep
was performed at 10% shear strain and logarithmically spaced frequencies from 0.03 to
30Hz. Dynamic modulus magnitude, |G*|, and phase angle, δ, with inertial compensation for
the mass of the upper platen, were calculated by the TA software at each point of the sweep.
Shear mechanical properties for AF and NP specimens closely followed power law
relationships and were characterized by fitting the relationships [1] using a least squares
routine in MATLAB (23).
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[1]

Frequency sweep results are presented as the magnitude of the dynamic modulus at 1Hz (|
G*|1Hz) and its exponential dependence on frequency (α|G*|). Phase angle was likewise
characterized by its value at 1 Hz (δ1Hz) and its power law exponent (αδ).

Statistical analysis
All statistical analyses were performed using Graphpad Prism software (GraphPad Software,
La Jolla, CA, USA). Our study group included 11 NPs and AFs grade 2, 24 NPs and AFs
grade 3 and 9 NPs and AFs grade 4 (Table 1). All MRI and mechanical values were
recorded in a spreadsheet program according to grade of degeneration, and disc region. The
significance of degeneration on qMRI and biomechanical parameters were determined with
one-way analysis of variance. All significant results (p < 0.05) were further analyzed by
grades of degeneration using Tukey’s multiple comparisons test. Correlations coefficients
between qMRI and mechanical parameters in the same region of the disc were calculated
using Pearson tests. Multiple linear regressions were performed between dependent
mechanical properties and independent qMRI parameters. The relative importance (> 10%)
of each independent variable on the dependent variables was evaluated using standardized b
coefficients and the corresponding p-values.

Results
Histological assessment of IVDs with different grades of degeneration

The histological evaluation confirms the gradual alteration of the NP and AF matrix with the
progression of Pfirrmann grades of degeneration (Fig. 3). At the early stages of degeneration
(Pfirrmann grade 2), the IVD matrix is uniformly positive for Alcian blue (Fig. 3A and C)
and a clear separation between NP and the inner annulus fibrosus (IAF) regions can be
observed (Fig. 3B). With increasing degeneration, this boundary between NP and AF
deteriorates progressively until it disappears (Fig. 3F and J). At Pfirrmann grade 3, the NP
matrix is more fibrous similar to the IAF (Fig. 3E and 3I) while the Alcian blue reactivity is
significantly reduced in the AF (Fig. 3G). At Pfirrmann grade 4, the AF matrix becomes
predominantly positive for Safranin-O with slight Alcian blue reactivity (Fig. 3K),
suggesting the degeneration is associated with an alteration in proteoglycan content. A
decrease in cellularity with an apparent reduction of Alcian blue reactivity in pericellular
regions of the remnant cells (Fig. 3H and L), indicating a decline in IVD cell metabolism is
observed.

Changes in qMRI parameters
T1 and T2 relaxation times are useful imaging techniques for observing morphological
changes of the IVD (6, 24). Both relaxation times decreased in both NP and AF tissues with
degeneration (Fig. 4, Table 2). However, T1 changes were significant just between grade 2
and 4 in both NP (p =0.0222) and AF (p =0.0312) while the T2 decreased significantly for
all groups (p < 0.01, Fig. 4b, Table 2).

Collagen fibrils allow the IVD to entrap proteoglycan aggregates and provide tensile
strength to the tissue. MTR it is predominantly dependent upon collagen concentration while
diffusion imaging (ADC) can detect molecular mobility and therefore the microscopic
changes in tissue organization (25, 26). The MTR did not change significantly between
grade 2 and 3 in the NP and AF (Fig. 5a). However, there was a marked increase in the
MTR with grade 4 (p = 0.0006 for NP and p = 0.0011 for AF). Contrary to the MTR, the
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diffusion (Fig. 5b) had a tendency to decrease with degeneration. This decrease was
statistically significant in grade 4 NPs (p =0.0485; Fig. 5b), while in the AF the decrease
was less evident and significant.

Changes in mechanical properties
Aggregate modulus (HA) and permeability (k), as measured in the axial direction, give an
indication of how much compressive load is being borne by the AF and how readily water
may transport through the AF. IVD degeneration caused a non-significant decrease in both
of these parameters from grades 2 to grade 4 (Fig. 6). Shear modulus magnitude (|G*|1Hz),
which gives a measure of fiber integrity, decreased in the AF and increased in the NP (Fig.
7a). Phase angle (δ), which describes a relative measure of viscous versus elastic behavior
increased significantly with degeneration in the AF, and to a lesser extent with more
variability in the NP (Fig. 7b). The power law exponents (α|G*| and αδ) describe the
nonlinear frequency sensitivity of both elastic and viscous behaviors (Fig. 8). The nonlinear
frequency sensitivity of shear modulus, which is dependent on collagen fiber recruitment,
decreased significantly with degeneration in the AF but was not altered in the NP. Phase
angle remained similarly sensitive to shearing frequency in the AF but exhibited a decrease
in decreasing trend in αδ in the NP with degenerative grade.

Correlations between qMRI parameters and the mechanical properties
The plots of the most significant correlations between qMRI and mechanical properties are
shown in Fig. 9. When the tissues were analyzed separately, for the NP tissue significant
correlations were found between T2 and shear modulus |G*|1Hz (r square = 21.66%, p =
0.022), and between diffusion ADC and αδ (r square = 12.68%, p = 0.048). For the AF
tissue significant correlation were found between T1 and αδ (r square = 13.81%, p = 0.047)
and between T1 and permeability, k (r square = 12.77%, p = 0.043). Furthermore, the
analysis for the entire disc showed significant correlations between T1 and α|G*|, T1 and αδ,
T1 and k and T2 and hydraulic modulus HA. Nocorrelations were found between MTR and
any mechanical parameters for both AF and NP tissues.

Multiple linear regression analysis
Multiple linear regression analysis between mechanical properties and qMRI parameters
was aimed to identify a specific set of qMRI predictor variables which might provide a
useful estimate score on each mechanical criterion variable. The possible predictors of each
mechanical parameter of IVDs tissues are shown in Table 3.

Overall, the regression analysis exhibits weak relationships among qMRI variables and
mechanical parameters of AF and NP tissues. The univariate regression analyses indicate
that shear modulus of the NP was significantly associated with T2 (r square = 21.66%, p =
0.0219) while T1 was the main predictor of hydraulic permeability (k) of the AF (r square =
12.44%, p = 0.0431). Weak and not significant (r square < 10%, p > 0.05) predictions were
detected for the phase angle (δ) of both AF and NP tissues and for the aggregate modulus
(HA) and shear modulus of the AF (Table 3). Multiple linear regression analyses displayed
ADC and MTR as combined determinants for phase angle (δ) and T2 and MTR as
determinants for aggregate modulus (HA) of AF. The best predictor relations were identified
for AF where T1, MTR and ADC explain 22.5% of the variance of permeability [2] and for
NP where T2, T1 and ADC explain 33% of the variance of share modulus [3]:

[2]
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[3]

DISCUSSION
Human IVD degeneration involves processes accumulated from development, remodeling,
injury, and attempted repair. Quantifying and interpreting such complex processes requires
several MRI and functional biomechanical parameters. The goal of the present work was to
establish relationships between qMRI parameters (T1, T2, MTR, ADC) and biomechanical
parameters (aggregate modulus, hydraulic permeability, dynamic shear modulus and phase
angle) to help inform and interpret alterations of human discs with different grades of
degeneration. In this report we demonstrate that quantitative MRI and functional tissue
biomechanical changes are specific and can be explained based on the sensitivity of these
measurements to three stages of degenerative changes. First, early stage degeneration
involves loss of water, proteoglycans, IVD height and increased tissue compaction. Second,
middle stage degeneration involves adaptation with reduced anisotropy and reduced
heterogeneity between AF and NP. Lastly, late stage degeneration involves structural
disruption including loss of integrity as observed with fissures and other structural defects.

The ultimate goal of this work is to develop a noninvasive technique to describe and predict
compositional and functional changes in the IVD that may be associated with painful
conditions. We identified sensitivity of qMRI parameters to functional and compositional
changes of the IVD found with degeneration. This sensitivity can immediately be used to
help interpret MRI analyses and may eventually identify with greater specificity the
structural or compositional changes that may be associated with painful conditions in the
spine.

T1 has been predominantly correlated to water content, while T2 is influenced by tissue
anisotropy (orientation of collagen fibers), collagen concentration, and water content in
tissues (27). T2 has also been correlated with proteoglycan content in tissues, an important
feature of disc degeneration, but reports vary between studies (28, 29). The similarities
found between qMRI parameters for AF and NP suggest that they are affected uniformly
across the disc with degeneration, and may represent early and middle stages of
degeneration with loss of water and reduced anisotropy, respectively.

Magnetization transfer (MT) imaging is a phenomenon in which the proton spins of free-
and macromolecule-bound water exchange their magnetization via cross-relaxation and
chemical exchange processes (30). One of the main applications of MT is the computation
of the MTR, which is predominantly dependent upon collagen concentration in the tissue,
but the structural integrity of the matrix also plays a role (21). In this study we show that MT
increases with degeneration in the disc, and the greater increase in MTR with advancing
degeneration to grade 4 is likely associated with greater increase in structural disruptions
found with later stages of degeneration.

MRI can measure molecular diffusion resulting from random thermal or so-called Brownian,
translational motion of molecules (16, 31). Since freedom of motion is restricted by
interactions with other molecules, diffusion imaging can reflect molecular mobility and
hence, microscopic changes in tissue organization (25, 26). Diffusion, measured as the
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 (25, 26). Moreover, the ADCs correlate
in a direction-dependent manner with disc water, proteoglycan content, and disc matrix
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integrity (25, 26). ADC is the only qMRI parameter with degenerative changes that were not
uniform between AF and NP, and can be explained by the well known and large loss of
GAG in the NP and subsequent water retention capacity found in early and middle stages of
degeneration (24).

A shear stress is defined as a stress which is applied parallel or tangential to a face of a
material, as opposed to a normal stress which is applied perpendicularly. It is believed that
annular tears (circumferential and radial tears) which are present by early adulthood and are
associated with long-term development of disc degeneration, may originate in response to
variations in regional intra-discal shear strains (32). The trends of decreased shear modulus
of AF with advancing degeneration are consistent with diminished collagen organization
that develops due to remodeling changes in middle stages of degeneration and development
of structural defects in late stages. The increase in shear modulus in the NP is also
suggestive of collagen remodeling with increased fiber content in the degenerated NP, and
consistent with previous studies (20). It is interesting to note that the reduced heterogeneity
that develops in the inter-related AF and NP behaviors were detectable biomechanically and
with qMRI. Specifically, in the grade 2 state, the shear modulus of AF tissue was nearly 7
times greater than that of the NP, however, only 2 times greater in grade 4 IVDs suggesting
that in middle stages of degeneration remodeling occurs so that the NP bears a larger portion
of shear loading in the IVD. The strong biomechanical findings representing diminished
water content and anisotropy are highly consistent with the reduced T1 and T2, respectively,
and are changes representative of early and middle stages of degeneration. Hence, disc
degeneration affects the structural integrity of the disc, as measured biomechanically, which
in turn, correlates to qMRI parameters.

Structural disruption in later stages of degeneration was also detectable biomechanically.
The trend of increased phase angle was largest in both NP and AF regions for grade 4
samples and may reflect microstructural defects present in later stage degeneration. For
example, there trend of an increased phase angle found in the NP with degeneration in this
study contrasts the significant decrease in phase angle of NP previously reported from
Thompson grade I to more advanced levels of degeneration (20). We infer that a reduced
phase angle which was reported to occur in early stages of degeneration is associated with
loss of water content while the increased phase angle at grade 4 in this study is more
associated with structural disruption at late stages of degeneration.

When considering the different stages of degeneration in the samples tested in this and prior
studies, we may explain apparent differences in mechanical results (Table 4). There was a
non significant decrease in HA with degeneration grade in this study which could be
associated with remodeling or structural disruption found in middle or later stages of
degeneration. This contrasts a previous study indicating HA of the AF increased
significantly from early degenerative changes from healthy (i.e., grades 1–2) to degenerated
(i.e., grades 3–5) states which is associated with loss of water content and tissue compaction
(41) in early degeneration. The trend of decreased permeability found in this study contrasts
a prior study using similar methods (41), and is similarly explained when accounting for
structural disruption in advanced degeneration. Together, these biomechanical results
suggest functional alterations occurring distinctly in AF and NP regions, as well as distinct
patterns of tissue degradation that are likely to occur at early, middle, and late stages of
degeneration.

The effects of degeneration on the biomechanical properties and qMRI parameters indicate
sensitivity to distinct changes at varying levels of degeneration. The greater significance of
the qMRI parameters than biomechanical parameters are likely associated with differences
in ‘sampling’ with larger regions of interest taken for qMRI than for biomechanical testing.
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Furthermore the qMRI parameters included assessment of posterior regions of the IVD
which are known to have greater structural failure (44, 45). This larger sampling area with
qMRI was designed to provide average values for each IVD region in order to augment
traditional MR imaging which is well known to be sensitive to local structural defects.

In conclusion, this study examined changes in human IVD qMRI and mechanical properties
in relation to increasing grades of degeneration. The effect of degeneration on the
biomechanical properties and qMRI parameters show that these parameters are related and
can together provide a comprehensive picture of the changes that occur in early, middle and
late stages of degeneration. Therefore, we can conclude that qMRI can be used as a non-
invasive diagnostic tool in the detection and quantification of composition, structure and
biomechanical alterations to the human IVD and can therefore become a very important
diagnostic and treatment assessment tool in determining the functional state of the disc.
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Figure 1.
Representative T2 images of the 5-disc human lumbar spines and the four standard solutions
used to determine the variability of the MRI technique (0.2 mmol/L MnCl2, 0.1 mmol/L
MnCl2, 2% agarose with 2% gelatin, and 4% agarose with 2% gelatin). The regions of
interest (ROI) were traced manually as red polygonal shapes with no contact with the
endplate tissues and were reproduced identically on all T1, T2, MTR ratio, and diffusion
images on all specimens: (A) ROI traced separately for AF and NP; (B) ROI traced for the
entire disc.
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Figure 2.
Sample procurement for mechanical testing showing rough dissection (red line) and
locations of final specimens (green circles). Specimens were prepared by roughly dissecting
(red line) a portion of the disc consisting of anterior AF and NP. A 5 mm diameter biopsy
punch was used to remove two plugs from the AF while the NP was only large enough to
yield a single plug (green circles).
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Figure 3.
Histological assessment of human IVDs with different Pfirrmann grades of degeneration.
Disc degeneration grading was assessed using MRI sagittal T2-weighted images according
to the Pfirrmann scale and histological evaluation was performed using Alcian blue,
Safranin-O and fast green staining: (A–D) histological evaluation of IVDs Pfirrmann grade
2, (E–H) histological evaluation of IVDs Pfirrmann grade 3 and (I–L) histological
evaluation of IVDs Pfirrmann grade 4; (A, E, I) nucleus pulposus region (objective, 10×);
(B, F, J) transition region between nucleus pulposus and annulus fibrosus (objective, 10×);
(C, G, K) annulus fibrosus region (objective, 10×) and (D, H, L) higher magnification of the
annulus fibrosus region (objective, 20×). Outlined areas on MRI figures indicate IVD
degeneration grade 2, 3 and 4 according to the Pfirrmann grading scale. AF = annulus
fibrosus, IAF = inner annulus fibrosus (transition region), NP = nucleus pulposus.
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Figure 4.
Effect of IVD degeneration (classification system described by Pfirrmann) on the qMRI
parameters (a) T1 and (b) T2 relaxation times (ms) of the NP and AF tissues. The results are
presented as mean ± standard error of the mean. Significant differences between
experimental groups are indicated by * p < 0.05, § p < 0.01 or # p < 0.001. In both tissues
NP and AF, T1 of grade 2 is *significantly different (p < 0.05) from grade 4, while T2 of
grade 2 is § significantly different (p < 0.01) from grade 3 and # significantly different (p <
0.001) from grade 4.
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Figure 5.
Effect of IVD degeneration (classification system described by Pfirrmann) on the qMRI
parameters (a) magnetization ratio (MTR) and (b) apparent diffusion coefficient (ADC) of
the NP and AF tissues. The results are presented as mean ± standard error of the mean.
Significant differences between experimental groups are indicated by * p < 0.05, § p < 0.01
or # p < 0.001. In NP tissue the MTR of grade 3 is #significantly different (p < 0.001) from
grade 4, while in AF tissue the MTR of grade 3 is § significantly different (p < 0.01) from
grade 4. MTR did not change significantly between grade 2 and 3 in the both tissues. The
ADC of grade 2 for NP tissue is *significantly different (p < 0.05) from grade 4. In AF,
ADC changes were less evident.
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Figure 6.
Effect of IVD degeneration (classification system described by Pfirrmann) on the
compressive modulus (HA) and hydraulic permeability (k) of the AF tissue. The results are
presented as mean ± standard deviation. No significant differences were observed between
experimental groups.
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Figure 7.
Effect of IVD degeneration (classification system described by Pfirrmann) on (a) shear
modulus (|G*|) and (b) phase angle (δ) of the AF and NP tissues. The results are presented as
mean ± standard deviation. Significant differences (* p < 0.05) were observed for phase
angle (δ 1Hz) between grades 2 and 4 and grades 3 and 4 in AF tissues.
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Figure 8.
Effect of IVD degeneration (classification system described by Pfirrmann) on power law
exponents of (a) shear modulus (α|G*|) and (b) phase angle (αδ) of the AF and NP tissues.
The results are presented as mean ± standard deviation. Significant differences (* p < 0.05)
were observed for α|G*| between grade 2 and 3 in AF tissues.
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Figure 9.
Correlations plots between qMRI and mechanical parameters of AF and NP tissues. For the
AF tissue significant correlation were found between T1 and αδ (r2 = 13.81%, p = 0.047)
and between T1 and permeability k (r2 = 12.77%, p =0.043), with the variables related by
the regression equations: αδ AF = −0.5092 + 0.001039 * T1 AF and k AF = 1.051 –
0.0009136* T1 AF. For the NP tissue significant correlations were found between T2 and
shear modulus |G*| (r2 = 21.66%, p = 0.022), and between diffusion ADC and αδ (r2 =
12.68%, p = 0.048), with the variables related by the regression equations: |G*|1Hz NP =
46859 − 193.54 * T2 NP and αδ NP = −0.2486 + 0.7251* ADC NP. No correlations were
found between MTR and any mechanical parameters for both AF and NP tissues.
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pa

in
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pi
ne

s 
=
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an
 c

ad
av

er
ic
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pi

ne
s,
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R
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pa

ra
m

et
er
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2 
an

d 
T

2*
=

 s
pi

n-
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in
or

 tr
an

sv
er

se
 r

el
ax

at
io

n 
tim

es
, T

1ρ
 =

 s
pi

n-
la

tti
ce

 r
el

ax
at

io
n 

tim
e 

in
 th

e 
ro

ta
tin

g 
fr
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e,

 T
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=
 s

pi
n-

la
tti

ce
 o

r 
lo

ng
itu

di
na

l r
el

ax
at

io
n 

tim
e,
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D

C
 =

 d
if

fu
si

on
 c

oe
ff

ic
ie

nt
, M

T
R

 =
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ag
ne

tic
 tr

an
sf

er
 r

at
io
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M

ec
ha

ni
ca

l p
ar

am
et

er
s:

 E
 =

 te
ns

ile
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od
ul

us
, S

E
D

 =
 s

tr
ai

n 
en

er
gy

 d
en

si
ty

, ε
 =

 f
ai

lu
re

 s
tr

ai
n,

 σ
of

fs
et

 =
 s

tr
es

s 
of
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et
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A

 =
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gg
re

ga
te
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ul
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 =
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fe
ni
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 c

oe
ff

ic
ie

nt
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 =
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er
m

ea
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y,
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 =

 s
tr

ai
n-
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pe

nd
en

t p
er

m
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lit

y 
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ef
fi
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en

t, 
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 =
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w

el
lin

g 
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es
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re
, k
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=
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en

t p
er
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ea

bi
lit

y,
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=

 d
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ul

us
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 =
 p

ha
se
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ng
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=
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od
y 

m
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s 
in
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 T
he

 c
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re
la

tio
n 

w
as

 c
on

si
de

re
d 

st
ro

ng
w

he
n 

th
e 

r 
va

lu
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w
as

 >
0.

7,
 m

od
er

at
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if
 it

 w
as

 0
.5

 <
 r

 ≤
 0
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, a

nd
 w

ea
k 

if
 it

 w
as

 r
 ≤

 0
.5

.
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