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Abstract

Intervertebral disc degeneration is the most recognized cause of low back pain, character-
ized by the decline in tissue structure and mechanics. Image-based mechanical parameters
(e.g., strain, stiffness) may provide an ideal assessment of disc function that is lost with
degeneration, but unfortunately, these remain underdeveloped. Moreover, it is unknown
whether strain or stiffness of the disc may be predicted by MRI relaxometry (e.g., T1 or T2),
an increasingly accepted quantitative measure of disc structure. In this study, we quantified
T1 and T2 relaxation times and compared to in-plane strains measured with displacement-
encoded MRI within human cadaveric discs under physiological levels of compression
and bending. Using a novel inverse approach, we then estimated shear modulus in or-
thogonal image planes and regionally compared these values to relaxation times and 2D
strains. Intratissue strain depended on the loading mode, and shear modulus in the nucleus
pulposus was typically an order of magnitude lower than the annulus fibrosus. Relative
shear moduli estimated from strain data derived under compression generally did not
correspond with those from bending experiments. Only one anatomical region showed a
significant correlation between relative shear modulus and relaxometry (T1 vs. µrel, coronal
plane under bending). Together, these results suggest that future inverse analyses may
be improved by incorporating multiple loading conditions into the same model and that
image-based elastography and relaxometry should be viewed as complementary measures
of disc structure and function to assess degeneration in future studies.

Keywords: quantitative MRI (qMRI); relaxometry; elastography; displacement-encoded
imaging; intervertebral disc

1. Introduction
Low back pain is the leading cause of chronic disability in industrialized Western

societies [1]. Although the causes for low back pain are likely multifactorial, lumbar
intervertebral disc degeneration is widely recognized as the most prevalent factor [2].
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However, the link between degeneration and pain remains controversial because structural
indications of degeneration—typically assessed via radiography, computed tomography,
and magnetic resonance imaging (MRI)—are also found in asymptomatic individuals [3].
Efforts to resolve this discrepancy are hindered in part by the inherent subjectivity and
qualitative nature of these clinical assessments. Furthermore, clinical imaging approaches
lack sensitivity to tissue-level changes to the composition and mechanical behavior of a
degenerated disc. Therefore, the noninvasive quantification of early disc degeneration
remains a significant challenge.

Disc degeneration, even its earliest form, is characterized by a breakdown of the
extracellular matrix (ECM) and a loss of water and proteoglycan content [4]. Because
quantitative MRI (qMRI) can relate changes in relaxation time (e.g., T1, T2) with alterations
to the water, proteoglycan, and collagen content [5,6], relaxometry biomarkers can be used
to evaluate the extent of disc degeneration, as well as other musculoskeletal tissues and
conditions, as well reviewed by others [7–10]. T1 and T2 have been correlated to the degen-
eration grade [11,12] and tissue macromolecule composition, including proteoglycan [13]
and collagen [14]. Furthermore, relaxation times indicate a spatial distribution of biochem-
ical content, enabling the localization of tissue degeneration [15]. However, because the
relaxation time also depends on factors such as collagen orientation [16], age [12], and
mechanical loading history [17], the interpretation of relaxometry is complex and may
not directly correlate to the mechanical behavior of a disc under load. Assessments of
mechanical function, from benchtop mechanical testing [18] to noninvasive measurement of
intratissue strains [19], may provide independent and complimentary imaging biomarkers
for the evaluation of disc degeneration.

Image-based biomechanics approaches, including MRI-based strain mapping, have
emerged as powerful tools for quantifying intervertebral disc mechanics under load. MRI
has been used for full-field strain measurement of the disc during mechanical loading,
enabling the spatially resolved assessment of tissue deformation. MRI-based approaches to
calculate tissue deformation and strain in a disc include warp field image registration [20],
digital image correlation [21–24], and displacements measured under applied loading
by MRI (dualMRI) [25,26]. dualMRI uses a combination of displacement encoding with
stimulated echoes (DENSE) synchronized with a loading device to acquire phase data
that are directly proportional to tissue displacement. dualMRI has been used previously
to characterize strain behavior in intervertebral discs and can be readily adapted for the
measurement of in vivo tissue deformations [25,26].

Full-field displacements and strains, such as those derived from dualMRI, further
enable elastography—the estimation of material property maps (e.g., shear modulus) using
inverse modeling. Ex vivo and in vivo MRI elastography (MRE) have produced multi-
dimensional shear modulus maps of discs [27–30]; this method is generally limited to
high frequency (~1000 Hz) shear waves that may not reflect the properties of the vis-
coelastic disc under normal (low frequency; ~1 Hz) activities like walking or bending.
In contrast, dualMRI synchronizes mechanical loading at more physiologically relevant
loading frequencies (i.e., 1–2 orders of magnitude lower than MRE) to cyclic phase-contrast
image acquisition.

Whereas the tissue content and material properties dictate but are not altered by
loading, the mechanical behavior of the disc is inextricably linked to the applied loading
and other boundary conditions. Inverse modeling can be used to estimate mechanical
parameters using image-based full-field strain [31]. These inverse modeling approaches
have been successful in estimating stress tensors [32], the stiffness ratio [33], and shear
moduli [33]. Recent developments have improved the accuracy of calculating the shear
modulus of soft tissue-like materials [34]. Therefore, our objectives in this study were
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twofold: (1) to implement and evaluate the performance of inverse modeling for the
estimation of relative shear moduli from dualMRI of human cadaveric discs and (2) to
investigate the correlation of mechanical parameters (strain, relative shear modulus) with
MRI-based biomarkers associated with tissue composition (T1 and T2) as functions of the
region within the disc.

2. Materials and Methods
2.1. Specimen Preparation

Human lumbar L4–L5 motion segments from three healthy donors (1 female and
2 male, 35 ± 13 yrs, range: 22–48 yrs, height: 172 ± 12 cm, weight: 92 ± 17 kg, Pfirrmann
grade: 2.3 ± 0.2) were procured (Upstate New York Transplant Services (UNYTS), Inc.,
Buffalo, NY, USA). Excess tissues, including the pedicles, laminae, superior and inferior
articular processes, and the transverse and spinous processes, were removed while pre-
serving the anterior and posterior longitudinal ligaments and the intervertebral disc. The
samples were visually inspected during dissection to check for features indicative of disc
degeneration (i.e., concise margins between the vertebral bodies and the discs, ample disc
space, lack of osteophytes).

L4 and L5 vertebral bodies were secured using fiberglass resin into a sample holder,
which was connected to an electro-pneumatic loading system compatible with a 9.4-Tesla
horizontal bore MRI system (Bruker GMBH, Ettlingen, Germany; Figure 1A) [35]. The
design of the sample rig allowed for a quick interchange of loading modes from axial
compression to bending mode by the removal of a support pin (Figure 1B). To prevent
desiccation, the tissues were wrapped with PBS-soaked gauze throughout the cyclic loading
and MR imaging experiment, and PBS was replenished as needed.

 

Figure 1. Experimental setup for MRI-based elastography measurements throughout the interior of
the intervertebral disc in compression and bending. (A) MRI-compatible electro-pneumatic loading
system designed for a 9.4-Tesla MRI system. An x-y coordinate system is defined to enable orientation
of the images. (B) Support pin configuration permits toggle of loading modes from centric to eccentric
axial compression, the latter of which generates bending loads in the intervertebral disc (IVD)
between the fourth lumbar (L4) and fifth lumbar (L5) vertebrae. (C) Loading profile synchronized
with displacement encoding with stimulated echoes for displacements measured under applied
loading by MRI (dualMRI). (D) Example smoothed displacement maps measured in orthogonal
imaging planes.
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2.2. T1 and T2 Mapping

Prior to biomechanical loading, T1 and T2 mapping of the disc was performed in
both the sagittal and coronal planes, approximately through centroid of the disc. The scan
parameters were field of view = 64 × 64 mm2, spatial resolution = 250 × 250 µm2, and slice
thickness = 2 mm. For T1 relaxation time mapping, a fast spin echo acquisition was used
with multiple repetition times (TR = 100, 300, 500, 1000, 2000, 4000 ms) and an echo time
(TE) of 10 ms. For T2 relaxation time mapping, the fast spin echo acquisition parameters
were TE = 20, 60, 100, 141, 181, 221, 261, 301 ms and TR = 4000 ms. Image analysis software
(Paravision 5.1, Bruker GMBH, Ettlington, Germany) was used to estimate T1 and T2 at
each pixel of interest with exponential fitting. Only pixels with R2 > 0.7 were considered
for analysis.

2.3. dualMRI and Strain Mapping

Using dualMRI, 2D Green–Lagrange strains (Exx, Eyy, Exy) were measured within
coronal and sagittal imaging planes under cyclic compression and bending [35]. In the
axial compression mode, 445 N was applied along the superior–inferior axis to simulate
the force experienced during normal gait [36,37]. In the bending mode, the posterior
support pins were removed to create a 1.33 cm offset to the applied compression (225 N,
Figure 1B). This created a 3.0 N·m bending moment in the anterior direction, which is
a typical magnitude within the lumbar spine under non-strenuous movements [37,38].
Loading was held for 2 s to permit MRI imaging and followed by a 3 s unloaded recovery
(Figure 1C). Preconditioning cycles were applied for 30 min to achieve a steady-state
response and minimize motion artifacts before the start of load-synchronized imaging.
Given these loading conditions, we chose two orthogonal planes (sagittal and coronal)
that would contain the largest expected in-plane displacements under axial loading and
bending. Since axial compression occurred in the in anterior-to-posterior direction, the
largest displacements within the disc are expected at the anterior endplate, which would
be captured by both the sagittal and coronal planes. For bending, the largest displacements
would be expected in the plane of the bending moment.

Following the methods for dualMRI at 9.4 T [35], displacements were encoded at
0.32 rad/mm, and phase cycling was used to eliminate artifacts [39]. The acquisition of
images, using the same resolution and field of view as T1 and T2 mapping, was accom-
plished with balanced steady-state free precession (bSSFP, TE/TR = 1.607 ms/3.215 ms, flip
angle = 25◦). Custom scripts in MATLAB (R2012a, MathWorks, Natick, MA, USA) were
used to calculate displacements, which were directly proportional to the phase difference
between reference and displacement-encoded scans. Displacements were smoothed using
10 iterations of a 5 × 5 Gaussian kernel applied within the whole disc region of interest.
Strains were estimated with respect to the imaging coordinate system (Exx, Eyy, Exy), and the
in-plane principal strains (E1, E2) and maximum shear strain (γmax) were also determined.

2.4. Inverse Modeling

We estimated the relative shear modulus (µrel) of each disc utilizing an iterative inverse
approach, minimizing the gap between the measured and computed displacement fields
throughout the region of interest in L2 norm [40], such that the lowest tissue modulus has
a value of 1, with stiffer tissues having µrel > 1. We solved the inverse problem using
the adjoint-based inverse method and utilized in-house code [41]. Although this inverse
approach has been evaluated in phantoms [42], it has not been applied to deformations mea-
sured nondestructively from MRI. Briefly, the computed displacement field was obtained
by solving the forward problem using the finite element method. In the forward model,
we assumed that the disc satisfies an incompressible isotropic linear elastic constitutive
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behavior, an assumption based on the high water content of disc tissues. In the inverse
problem, displacement boundary conditions were prescribed on the top and bottom edges
of the disc, based on the dualMRI data. In the incompressible and linear elastic model, only
the shear modulus needs to be determined (Equation (1)).

σ = 2µε+ pI (1)

The stress tensor σ can be expressed in terms of the strain tensor ε, shear modulus µ,
identity tensor I, and hydrostatic pressure p for an incompressible linear elastic material.
Since the tissue displacement was measured only within single 2-mm thick image planes
through the disc, we also assumed that the disc was in a 2D plane strain state. In the finite
element forward simulation, we use stabilized finite elements to address volumetric locking
related to incompressibility [42]. In the inverse modeling, we introduced a regularization
term in the cost function to smooth the reconstructed elastic property distribution and avoid
overfitting. The optimization problem was solved by the quasi-Newton method where
the derivative of the objective function with respect to every shear modulus in the domain
of interest is required [42]. To reduce the computation cost, an adjoint-based method
was employed to solve the inverse problem. In this framework, the shear modulus was
defined at the nodal level and treated as the optimization variable. At each minimization
iteration, the nodal shear moduli were updated using the L-BFGS algorithm. This iterative
process terminated when the difference of the objective function values or the associated
gradients between two neighboring iterations were lower than a threshold (10−16). No
assumptions of material homogeneity were made, and material properties were allowed
to vary spatially. These procedures [42] were used to estimate the relative shear modulus
from the image-based strains that resulted from cyclic compression and bending. Since
only the displacement condition was used in the model, the shear modulus can only be
mapped to a multiplicative factor [42]. The relative shear modulus was calculated within
a manually segmented region of interest representing each disc, independently for each
loading condition and image plane.

2.5. Monte Carlo Simulations

To establish the error and identify any bias of the inverse approach, we generated a
smoothed displacement map based on experimental data to establish a ground truth data
set and used this to perform Monte Carlo simulations of the estimation of the relative shear
modulus using MATLAB. Added random noise was based on the previously measured
precision of dualMRI derived displacements (mean = 0 µm, standard deviation = 20 µm)
performed on a high-field MRI system [43], and we applied the ground truth displacement
map to generate 100 different noisy displacement maps that were then smoothed. The
relative shear modulus was estimated as described above for the ground truth displacement
map and the 100 displacement map simulations. The root mean squared error (RMSE) was
calculated at every pixel in the region of interest, using the ground truth displacement map
as the reference; precision was calculated as a pooled standard deviation.

2.6. Image and Statistical Analysis

Displacement maps from dualMRI were used to register T1 and T2, which were
measured in the undeformed disc, onto the deformed disc geometry, the image space
within which strains were calculated and moduli estimated. Relaxation times (T1, T2) and
mechanical parameters (µ, 2D strains) were evaluated for all discs using MATLAB. Data
are reported as the mean ± standard deviation across the entire region of interest. Paired
t-tests were used to compare the average relative shear moduli estimated from compression
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or bending. Distributions of these parameters were also visualized for each disc using
histograms for qualitative comparison.

To investigate the spatial correlations and relationships among different relaxation
time and mechanical parameters, regional analyses were performed. Correlations between
the relative shear modulus as estimated from compression (µrel(c)) and the relative shear
modulus as estimated from bending experiments (µrel(b)) were calculated. Correlations
between relaxation-time maps (T1, T2) and relative shear moduli (µrel(c), µrel(b)) were sep-
arately evaluated. Spatial analysis was accomplished by dividing each disc into three
anatomical regions: the nucleus pulposus (NP), inner annulus fibrosus (IAF), and outer
annulus fibrosus (OAF). These divisions followed the contours of the disc region of interest.
Within each of these regions, the values were averaged within each disc. Pearson’s correla-
tion was used to evaluate the relationship between each pair of parameters with n = 3 per
analysis performed. Statistical significance was defined at α = 0.05 for all tests.

3. Results
3.1. T1 and T2 Relaxation Time Mapping

Regions of elevated T1 and T2 values were observed in the central region of the disc
in both the coronal and sagittal planes (Figure 2), suggesting the location and margins of
the NP and AF. The average T1 relaxation times from the coronal and sagittal planes were
1300 ± 265 and 1308 ± 270 ms, and T2 were 71 ± 29 and 71 ± 28 ms, respectively, taken
across the full disc.

 

Figure 2. Morphological images of intervertebral discs correspond to quantitative T1/T2 relaxation
time maps in coronal and sagittal imaging planes. Morphometric (proton density-weighted) images
indicate a bright fluid-rich nucleus pulposus surrounded by the annulus fibrosus. Elevated values for
T1 and T2 were observed in the nucleus pulposus compared to the annulus fibrosus, corresponding
the fluid levels in individual tissue compartments. Relaxation time maps suggested potential imaging-
based biomarkers that could also serve as surrogates for biomechanical function.
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3.2. dualMRI and Strain Mapping

The strain fields, measured under compression and bending using dualMRI, were
heterogeneous in both the coronal and sagittal planes (Figures 3 and 4). The mean strains
Exx, Eyy and Exy were 0.018 ± 0.006, −0.031 ± 0.006 and 0.002 ± 0.002, respectively, taken
across all discs (Table 1). The average in-plane principal strain measures (E1, E2, γmax) were
0.0166 ± 0.0075, −0.0510 ± 0.0045, and 0.0338 ± 0.0023, respectively, across all discs. Under
compression, the location of the maximum Exx and Eyy within the disc showed no apparent
pattern in either the coronal or sagittal plane among the discs; however, under bending, the
locations of the strain maxima appeared to be more consistent. In the coronal plane, the
maxima were located at the midline of the disc and, in the sagittal plane, at the posterior
aspect. A significant difference between compression and bending was found in the first
principal strain (p = 0.029) and maximum shear stress (p = 0.013) calculated in the coronal
plane but not for other mechanical parameters and not in the sagittal plane.

 
Figure 3. Compression of the intervertebral disc reveals complex intratissue strain patterns and
regions of low stiffness in the nucleus pulposus. Green–Lagrange strains show regions of high
compressive strain in the loading direction (Eyy) and lateral tissue expansion (Exx), in addition to
shear (Exy). Strains in coronal and sagittal image planes were calculated from displacement maps
derived from displacement-encoded MRI under cyclic axial compression. Relative shear modulus
was calculated separately using strain data from each image plane. Strains and moduli are shown for
a representative specimen.
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Figure 4. Bending of the intervertebral disc reveals region-specific intratissue strain patterns with
corresponding stiffening. Intervertebral disc strain patterns with respect to the image plane (Exx, Exy,
Eyy), especially compressive strain in the sagittal plane show bending motion, leading to apparent
softening. In the coronal plane, through which bending is applied, a more uniform compressive
strain and stiffness is observed. Strains in coronal and sagittal image planes were calculated from
displacement maps derived from displacement-encoded MRI under cyclic bending. Relative shear
modulus was calculated separately using strain data from each image plane. Strains and moduli are
shown for a representative specimen.

3.3. Shear Modulus

Estimates of the relative shear modulus from compression-only testing (Table 1)
demonstrated stiff AFs and compliant NPs (Figure 3, lower panels). However, the discs
showed an apparent stiffening in both the AFs and anterior aspects of the NP under bend-
ing (Figure 4, lower panels). The relative shear moduli estimated from strain maps taken
under bending (Table 1) were significantly higher than moduli estimated with compression
in the sagittal (p = 0.031) but not coronal (p = 0.133) planes.
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Table 1. Average mechanical parameters across all discs. In-plane strain calculated from displacement-
encoded MRI and relative shear moduli (µrel) were averaged over the entire disc regions of interest
in the indicated image planes, such that stiffer tissues have a higher µrel . Strains were calculated
with respect to the image plane (Exx, Eyy, Exy) as well as in in-plane principal directions (E1, E2) and
maximum shear strain (γmax). Data represent mean ± standard deviation (n = 3 biological replicates).
Significant differences in a mechanical parameter estimated from compression vs. estimated from
bending experiments are indicated in bolded p values.

Mechanical
Parameter Image Plane Compression Bending Paired t Test (p)

Exx
Coronal 0.017 ± 0.003 0.010 ± 0.001 0.061
Sagittal 0.023 ± 0.002 0.023 ± 0.004 0.835

Eyy
Coronal −0.035 ± 0.005 −0.034 ± 0.008 0.924
Sagittal −0.026 ± 0.005 −0.0311 ± 0.006 0.189

Exy
Coronal 0.001 ± 0.002 0.001 ± 0.002 0.505
Sagittal 0.003 ± 0.001 0.002 ± 0.001 0.039

E1
Coronal 0.017 ± 0.007 −0.001 ± 0.005 0.029
Sagittal 0.029 ± 0.005 0.022 ± 0.004 0.127

E2
Coronal −0.051 ± 0.004 −0.048 ± 0.005 0.700
Sagittal −0.035 ± 0.010 −0.037 ± 0.008 0.814

γmax
Coronal 0.034 ± 0.002 0.024 ± 0.003 0.013
Sagittal 0.031 ± 0.004 0.030 ± 0.006 0.923

µrel
Coronal 18.3 ± 5.8 38.9 ± 16.8 0.133
Sagittal 8.4 ± 1.6 50.4 ± 13.0 0.031

3.4. Comparison of Relaxometry and Mechanical Parameters

The relationships between the relative shear modulus and relaxation times were
evaluated by region in the coronal (Figure 5) and sagittal images (Figure 6). Each disc
in the coronal and sagittal planes was divided into three anatomical regions for analy-
sis (Figures 5A and 6A). The distribution of relaxation times and relative shear moduli
was evaluated across all discs (Figures 5B,C and 6B,C). Interestingly, the relative shear
modulus estimates derived from the compression and bending experiments were better
correlated—primarily in the regions that correspond to the anterior inner AF and outer
NP—in the coronal plane than the sagittal plane (Figures 5D and 6D). Although half of the
correlations resulted in an absolute Pearson r coefficient of higher than 0.9, the only region
that showed a statistically significant correlation between relaxometry and relative shear
modulus was the nucleus pulposus (T1 vs. µ, coronal plane under bending) (Figure 5E).
No other imaging plane and loading combination showed statistical significance with the
relative shear modulus (Figures 5E and 6E). Under compression and bending, in both
the sagittal plane and coronal plane, few statistically significant correlations were found
(Supplemental Figures S1 and S2).

3.5. Monte Carlo Simulations

Inverse analysis of a smoothed displacement map was performed, and the map of the
estimated relative shear modulus was used as the reference for Monte Carlo simulations of
noise-added displacements. The RMSE and precision were calculated across 100 simula-
tions for each pixel within the region of interest (Supplemental Figure S3). Furthermore,
an analysis across 100 points, randomly selected within the region of interest, from all
simulations resulted in an RMSE of 1.32 (6.86%) and an average standard deviation of 0.071.
Higher errors were present in the annulus region compared to the nucleus (Supplemental
Figure S3). All values were unitless as they were relative shear values.
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Figure 5. Relaxation time and relative shear moduli were correlated within the coronal slices only in
the nucleus pulposus and under bending conditions. (A) Each disc was segmented into 3 regions
for analysis of parameters in the coronal image plane: outer annulus fibrosis (OAF), inner annulus
fibrosis (IAF), and nucleus pulposus (NP). Histograms (with each disc indicated with white, aqua, or
black bars) of the relaxation times (T1, T2) and relative shear moduli estimated in (B) compression
and (C) bending (µ(c), µ(b)) showed no qualitative differences among discs. No correlations were
found (D) between the relative shear moduli under bending and compression nor (E) among relative
shear modulus and relaxation time pairs, except in the NP for µ(b) and T1 (dashed line, p < 0.05).

 

Figure 6. Relaxation time and relative shear moduli correlations were not observed in the sagittal
images for either loading mode. (A) Each disc was segmented into 3 anatomic regions for analysis of
parameters in the sagittal image plane: outer annulus fibrosis (OAF), inner annulus fibrosis (IAF),
and nucleus pulposus (NP). Histograms (with each disc indicated with white, aqua, or black bars) of
the relaxation times (T1, T2) and relative shear moduli estimated in (B) compression and (C) bending
(µ(c), µ(b)) showed no qualitative differences among discs. (D) Correlations between the relative shear
moduli under bending and compression and (E) correlations between µ(c) and µ(b) and between
relaxation times and shear moduli within each region were not statistically significant.
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4. Discussion
In this study, we used displacement-encoded MRI in orthogonal (coronal and sagittal)

imaging planes to evaluate the in-plane strains resulting from cyclic compression and
axial bending in human lumbar intervertebral discs. To further investigate the utility of
MRI relaxometry as a surrogate measure of tissue mechanical function under load, we
examined correlations among relaxation times (T1, T2), relative shear modulus (µrel), and
in-plane principal strains (E1, E2, γmax). Because average strain measures do not capture the
complexity and heterogeneity of strain patterns throughout the tissue, spatial mapping of
mechanical behavior is needed. Although fully three-dimensional dualMRI would require
impracticably long imaging times, doubling the acquisition time to measure strains in
orthogonal directions may provide valuable insight into how the tissue volume responds
to different loading conditions. The goals of this study were (1) to evaluate MRI relaxation
times and dualMRI-derived mechanical parameters such as strain and estimated modulus
in orthogonal anatomic planes under two common disc-loading modes and (2) to determine
whether MRI relaxation times and mechanical parameters can serve as mutual surrogates
for characterizing disc heterogeneity.

The mechanical function of the disc is closely associated with the structure and content
of the disc ECM [44]. Although relaxometry offers a straightforward measurement of disc
composition, it remains unclear whether the relaxation time can act as a sole indicator
of disc material properties or mechanical behavior. An indirect link is plausible, because
qMRI reflects biochemical content and structure, which influence the tissue’s mechanical
behavior. Thus, qMRI may complement deformation patterns measured under load, as
previously demonstrated in articular cartilage using qMRI and dualMRI [44]. However,
prior work comparing principal strains with T1ρ and T2 relaxation times in vivo found no
statistically significant correlations [45], suggesting that the direct measurement of disc
mechanical behavior under load may provide a more comprehensive assessment of disc
health, including potential pain-generating mechanisms, than structural or compositional
biomarkers alone.

Previous studies have estimated disc deformation in vivo by measuring nominal disc
height changes using MRI [46], video fluoroscopy [47], ultrasound [47], and dynamic
radiographic imaging [48]. These methods rely on nominal measures (e.g., distances
between endplate surfaces) but do not capture the internal mechanical behavior needed
to detect the focal heterogeneous changes associated with degeneration [49]. Deformable
image registration techniques (e.g., warp field, digital image correlation) have been applied
to measure the strain in the AF by tracking intrinsic textural features in morphological
images [50]. In contrast, the phase-encoded data in dualMRI allow measurement of tissue
displacements with high precision and resolution, independent of image texture [26]—an
advantage for disc imaging because the NP often lacks trackable structural features.

We measured the in-plane displacement in two orthogonal planes (coronal and sagittal,
through the disc midpoint) using displacement-encoded MRI and calculated the result-
ing full-field strains, whose magnitudes were consistent with the previously reported
values [21]. We observed similar displacement magnitudes and patterns in the loading
(y) direction under compression within the sagittal and coronal planes. As expected, the
displacement and strain patterns differed between loading modes in the sagittal plane,
where high-strain regions shifted anteriorly during bending. Unlike the idealized de-
formations of a prismatic homogeneous specimen, transverse (x) displacements under
compression were unevenly distributed across the specimen width in both planes, indi-
cating that complex geometry and heterogeneous material properties drive mechanical
behavior. Because the discs were at least Pfirrmann grade 2, these deformation patterns
likely reflect early to moderate degeneration. These results highlight the complementary
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value of measuring full-field strains in orthogonal anatomic planes, under different loading
conditions, to better characterize the complex mechanics of heterogeneous tissues such as
the disc. Likewise, image-based computational models incorporating complex geometries
and regional variations in material properties will likely better replicate in situ and in vivo
deformation patterns.

Regional correlation analysis revealed limited evidence of relationships between
mechanical behaviors measured with dualMRI and relaxation times T1 and T2. Among
correlations with relative shear modulus, only one region showed statistically significance
between T1 and µrel(b) (NP in the coronal plane, p = 0.040). Previous studies have shown
associations between relaxometry and deformation under compressive loading [23], as
well as bending stiffness [15], and that these values remain stable during moderate cyclic
loading [35]. The absence of correlations between T2 and the relative shear modulus
contrasts with earlier findings in the NP [28], wherein MRE was applied to 16 cadaveric
discs; however, that study examined only the NP. Other studies have reported inconsistent
correlations between T1ρ and radial or axial AF strains [23]. Taken together, the lack of
significant correlations across multiple disc regions suggests that MRI relaxometry outputs
may not currently serve as direct proxies for localized mechanical parameters or vice versa.
The limited correspondence between the estimated material properties and the relaxometry
could also be due to the boundary conditions, inputs upon which the inverse model relies.
Displacements were measured as the difference between the loaded and unloaded portion
of the cyclic loading cycle; thus, the magnitudes were dependent on the loading modes and
the fixed connection to the loading device of the inferior vertebral body. However, T1 and
T2 distributions would not change with the loading mode, while displacements, and thus
the inferred moduli, would change spatially with loading. This discrepancy also implies
that relaxometry and mechanical parameters should be assessed independently, consistent
with previous cervical spine research showing weak strain–relaxation correlations [26].
These ambiguous relationships may indicate a disconnect between material properties
and mechanical behavior in in vitro studies such as this and others [51], where discs were
removed from their physiological environment and loaded along simplified degrees of
freedom. A separate study examining discs with higher Pfirrmann degeneration grades
(III to V) found significant correlations between proteoglycan and collagen content and
mechanical properties, such as storage and loss modulus [52]. Together with our findings,
this suggests that some mechanical properties may correlate better with biochemical content
than others. These results further underscore the need to measure or model mechanics
and composition within the native mechanical environment of the intact spine and under
physiologic loading conditions that reflect daily activities contributing to back pain.

We also estimated the relative shear modulus using an iterative inverse approach that
minimizes differences between measured and computed displacement fields. Substantial
variance in the estimated relative shear modulus across samples was observed within
the same regions. For example, in the central region, the average relative shear modulus
was 27.45 ± 23.15 across three samples, as estimated in the sagittal plane under bending.
Several factors may contribute to this high variability, including inter-donor differences
and image noise, which increases the error in displacement maps and thus in the inverse
model. Modulus estimates derived from compression experiments indicated some AF
regions appearing ~50 times stiffer than the NP, while estimates made from bending
experiments reached relative values up to 120. Interestingly, the high relative values under
bending occurred only in the coronal, but not sagittal, plane. In the bending mode, the
coronal slice showed higher shear strains in the AF than NP, potentially overweighting
the estimated modulus in that region. Furthermore, prior MR elastography reported the
AF shear modulus to be approximately 10 times higher than the NP [28]. Although the
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AF-NP modulus ratio varies with degeneration [53], the magnitude of the estimated values
here was unexpectedly large. This discrepancy could be due to the differences in response
to load–displacement frequency in a viscoelastic tissue. The previous MR elastography
study used displacement oscillations measured under 1250 Hz [28], while the discs in
this study were loaded cyclically at 0.2 Hz, suggesting that the frequency of the loading
could have an effect on the predicted moduli, as was shown under torsional loading and
MR elastography [54]. Monte Carlo simulations were also used to evaluate the model
error, using the relative shear modulus estimated using coronal plane deformations under
compression. The 100 simulations yielded a normalized RSME of 0.0686 (6.86%) and a
mean standard deviation of 0.071. A previous study on articular cartilage using a similar
approach found bias and precision values of 0.092 and 0.062, respectively, on a 0–1 relative
shear modulus scale [50], comparable to our normalized results.

When comparing the relative shear moduli derived from compression versus bending
experiments, correlations were observed in the coronal, but not the sagittal, plane. Because
sagittal strains differed substantially between loading modes, the absence of correlations
in this plane is not surprising. The differing load boundary conditions between loading
modes inherently alter the model inputs. In the coronal plane, where in-plane strains were
expected to be more similar between loading modes, correlations emerged in only some re-
gions. Overall, the limited agreement in relative shear moduli between loading regimes and
between relative shear moduli and relaxation times highlights the limitations of treating
loading conditions as independent. Continued development of inverse methods may im-
prove the accuracy by constraining multiple deformation datasets, acquired in orthogonal
planes or throughout the full tissue volume, to a unified nonhomogeneous model.

Several limitations to our MRI-informed inverse approach may explain the wide
range of modulus estimates and suggest directions for future refinement. As noted above,
differences in modulus prediction between this study and prior MR elastography studies
could be due to the assumptions made within our model. Both the NP and AF were
assumed to be isotropic and linearly elastic, which does not consider the fiber direction
of the AF. Future work could potentially incorporate diffusion tensor imaging or other
MRI techniques that are sensitive to collagen fiber alignment [55], enabling the inclusion
of fiber orientation in the AF in this MRI-based approach. Furthermore, the constitutive
model assumes tissue incompressibility based on high water content. However, reported
Poisson’s ratios range from ~0.12 [56] to 0.62 ± 0.15 [57] for NP and vary even more
widely in AF, depending on the loading direction and other factors [58]. Thus, future
work could also benefit from the incorporation of water content [59] and diffusivity [60]
using MRI-based measures. Additionally, although this model previously succeeded
in recovering shear modulus distributions under uniform compression [42], the strain
patterns in this study were nonuniform, even during compression, which likely amplified
the errors. Nonuniform displacement fields during bending may further explain the larger
modulus estimates in this loading mode, especially the higher estimations for the AF in
the coronal plane noted above. The inverse method also assumed plane-strain conditions
for each imaged slice. Moreover, the 9.4 T magnetic field used here exceeds the strength of
most clinical scanners (typically ≤3 T). Prior work has shown comparable displacement
measurements between 9.4 T and 3 T [35], suggesting the modulus estimates should
also be comparable. Another limitation is the small sample size of three cadaveric discs,
with minimal medical background available. Lastly, although displacement fields were
smoothed, local variations from image noise may still affect modulus estimation. Given
these constraints in this initial application of the iterative inverse approach to displacement-
encoded MRI, further methodological advancements will be essential for achieving higher
accuracy in elastography at physiologic loading frequencies.
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5. Conclusions
In summary, we applied noninvasive displacement-encoded MRI to measure disc

deformation under cyclic axial compression and anterior bending. Full-field deformations,
shear modulus, and relaxation times (T1, T2) were quantified in the coronal and sagittal
planes. This work demonstrated that acquiring displacement-encoded MRI in orthogonal
planes can yield richer deformation information without the time burden of full-volume
imaging. Inverse modeling enabled the estimation of the relative shear modulus and
an exploration of its relationship with relaxation times, although the correlations were
inconsistent and dependent on the loading mode. Thus, image-based elastography and
relaxometry appear to provide complementary, but not interchangeable, measures of disc
structure and function, with potential applications in longitudinal disc assessment. Future
development of reliable methods for measuring in vivo deformation during physiologically
relevant motions (e.g., bending, twisting) and estimating disc material properties will be
essential for understanding how mechanical behavior relates to the onset and progression
of low back pain in patient-specific analyses.
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Carlo results in a single disc under compression in the coronal plane.

Author Contributions: The authors contributed through conception and design (Z.R.D., P.C.G.,
E.A.N., S.A., C.P.N., D.D.C.), acquisition of data (Z.R.D., P.C.G., R.L.W., W.K., Y.M., K.D.B., D.D.C.),
analysis and interpretation of data (Z.R.D., P.C.G., R.L.W., W.K., Y.M., K.D.B., N.C.E., S.A., C.P.N.,
D.D.C.), drafting the article (Z.R.D., P.C.G., R.L.W., W.K., Y.M., S.A., C.P.N., D.D.C.) and revising the
article (Z.R.D., P.C.G., Y.M., K.D.B., N.C.E., E.A.N., S.A., C.P.N., D.D.C.). All gave final approval of
the article and agree to be accountable for all aspects of the work. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by NSF grants 1100554 (Neu), 2212121 (Neu), and 2149946
(Chan) and NIH grants R01 AR063712 (Neu), R21 AR064178 (Neu), R25 EB013029-02 (Run-
dell/Irazoqui, Purdue University), and S10 RR019920-01 (Wyrwicz, Northshore University Health-
system Research Institute).

Data Availability Statement: The original data presented in this study are openly available in the
Purdue University Research Repository at https://doi.org/10.4231/49GD-ES15.

Acknowledgments: The authors gratefully acknowledge the financial support received from NSF
grants 1100554 (Neu), 1944394 (Chan), and 2149946 (Chan) and NIH grants R01 AR063712 (Neu),
R21 AR064178 (Neu), R25 EB013029-02 (Rundell/Irazoqui, Purdue University), and S10 RR019920-01
(Wyrwicz, Northshore University Healthsystem Research Institute).

Conflicts of Interest: The authors have no relevant financial or non-financial interests to disclose.

References
1. Murray, C.J.; Atkinson, C.; Bhalla, K.; Birbeck, G.; Burstein, R.; Chou, D.; Dellavalle, R.; Danaei, G.; Ezzati, M.; Fahimi, A.; et al.

The state of US health, 1990–2010: Burden of diseases, injuries, and risk factors. JAMA 2013, 310, 591–608. [CrossRef]
2. Endean, A.; Palmer, K.T.; Coggon, D. Potential of magnetic resonance imaging findings to refine case definition for mechanical

low back pain in epidemiological studies: A systematic review. Spine 2011, 36, 160–169. [CrossRef] [PubMed]
3. Borenstein, D.G.; O’Mara, J.W., Jr.; Boden, S.D.; Lauerman, W.C.; Jacobson, A.; Platenberg, C.; Schellinger, D.; Wiesel, S.W. The

value of magnetic resonance imaging of the lumbar spine to predict low-back pain in asymptomatic subjects: A seven-year
follow-up study. J. Bone Jt. Surg. 2001, 83, 1306–1311. [CrossRef] [PubMed]

https://doi.org/10.3390/bioengineering13040437

https://www.mdpi.com/article/10.3390/bioengineering13040437/s1
https://www.mdpi.com/article/10.3390/bioengineering13040437/s1
https://doi.org/10.4231/49GD-ES15
https://doi.org/10.1001/jama.2013.13805
https://doi.org/10.1097/BRS.0b013e3181cd9adb
https://www.ncbi.nlm.nih.gov/pubmed/20739918
https://doi.org/10.2106/00004623-200109000-00002
https://www.ncbi.nlm.nih.gov/pubmed/11568190
https://doi.org/10.3390/bioengineering13040437


Bioengineering 2026, 13, 437 15 of 17

4. Antoniou, J.; Steffen, T.; Nelson, F.; Winterbottom, N.; Hollander, A.P.; Poole, R.A.; Aebi, M.; Alini, M. The human lumbar
intervertebral disc: Evidence for changes in the biosynthesis and denaturation of the extracellular matrix with growth, maturation,
ageing, and degeneration. J. Clin. Investig. 1996, 98, 996–1003. [CrossRef]

5. Chatani, K.; Kusaka, Y.; Mifune, T.; Nishikawa, H. Topographic differences of 1H-NMR relaxation times (T1, T2) in the normal
intervertebral disc and its relationship to water content. Spine 1993, 18, 2271–2275. [CrossRef] [PubMed]

6. Weidenbaum, M.; Foster, R.J.; Best, B.A.; Saed-Nejad, F.; Nickoloff, E.; Newhouse, J.; Ratcliffe, A.; Mow, V.C. Correlating magnetic
resonance imaging with the biochemical content of the normal human intervertebral disc. J. Orthop. Res. 1992, 10, 552–561.
[CrossRef]

7. Wei, Z.; Athertya, J.S.; Chung, C.B.; Bydder, G.M.; Chang, E.Y.; Du, J.; Wenhui, Y.; Ma, Y. Qualitative and Quantitative MR
Imaging of the Cartilaginous Endplate: A Review. J. Magn. Reson. Imaging 2025, 61, 1552–1571. [CrossRef]

8. Eck, B.L.; Yang, M.; Elias, J.J.; Winalski, C.S.; Altahawi, F.; Subhas, N.; Li, X. Quantitative MRI for Evaluation of Musculoskeletal
Disease: Cartilage and Muscle Composition, Joint Inflammation, and Biomechanics in Osteoarthritis. Investig. Radiol. 2023, 58, 60–75.
[CrossRef]

9. Hwang, D.; Kim, S.; Abeydeera, N.A.; Statum, S.; Masuda, K.; Chung, C.B.; Siriwanarangsun, P.; Bae, W.C. Quantitative magnetic
resonance imaging of the lumbar intervertebral discs. Quant. Imaging Med. Surg. 2016, 6, 744–755. [CrossRef]

10. Russo, F.; Ambrosio, L.; Giannarelli, E.; Vorini, F.; Mallio, C.A.; Quattrocchi, C.C.; Vadala, G.; Papalia, R.; Denaro, V. Innovative
quantitative magnetic resonance tools to detect early intervertebral disc degeneration changes: A systematic review. Spine J.
2023, 23, 1435–1450. [CrossRef]

11. Antoniou, J.; Pike, G.B.; Steffen, T.; Baramki, H.; Poole, A.R.; Aebi, M.; Alini, M. Quantitative magnetic resonance imaging in the
assessment of degenerative disc disease. Magn. Reson. Med. 1998, 40, 900–907. [CrossRef]

12. Marinelli, N.L.; Haughton, V.M.; Anderson, P.A. T2 relaxation times correlated with stage of lumbar intervertebral disk degenera-
tion and patient age. AJNR Am. J. Neuroradiol. 2010, 31, 1278–1282. [CrossRef] [PubMed]

13. Marinelli, N.L.; Haughton, V.M.; Munoz, A.; Anderson, P.A. T2 relaxation times of intervertebral disc tissue correlated with water
content and proteoglycan content. Spine 2009, 34, 520–524. [CrossRef]

14. Antoniou, J.; Mwale, F.; Demers, C.N.; Beaudoin, G.; Goswami, T.; Aebi, M.; Alini, M. Quantitative magnetic resonance imaging
of enzymatically induced degradation of the nucleus pulposus of intervertebral discs. Spine 2006, 31, 1547–1554. [CrossRef]
[PubMed]

15. Ellingson, A.M.; Mehta, H.; Polly, D.W.; Ellermann, J.; Nuckley, D.J. Disc degeneration assessed by quantitative T2* (T2 star)
correlated with functional lumbar mechanics. Spine 2013, 38, E1533–1540. [CrossRef] [PubMed]

16. Xia, Y.; Farquhar, T.; Burton-Wurster, N.; Lust, G. Origin of cartilage laminae in MRI. J. Magn. Reson. Imaging 1997, 7, 887–894.
[CrossRef]

17. Chiu, E.J.; Newitt, D.C.; Segal, M.R.; Hu, S.S.; Lotz, J.C.; Majumdar, S. Magnetic resonance imaging measurement of relaxation
and water diffusion in the human lumbar intervertebral disc under compression in vitro. Spine 2001, 26, E437–444. [CrossRef]

18. Gullbrand, S.E.; Ashinsky, B.G.; Martin, J.T.; Pickup, S.; Smith, L.J.; Mauck, R.L.; Smith, H.E. Correlations between quantitative T2
and T1rho MRI, mechanical properties and biochemical composition in a rabbit lumbar intervertebral disc degeneration model. J.
Orthop. Res. 2016, 34, 1382–1388. [CrossRef]

19. Chan, D.D.; Khan, S.N.; Ye, X.; Curtiss, S.B.; Gupta, M.C.; Klineberg, E.O.; Neu, C.P. Mechanical deformation and glycosaminogly-
can content changes in a rabbit annular puncture disc degeneration model. Spine 2011, 36, 1438–1445. [CrossRef]

20. Yoder, J.H.; Peloquin, J.M.; Song, G.; Tustison, N.J.; Moon, S.M.; Wright, A.C.; Vresilovic, E.J.; Gee, J.C.; Elliott, D.M. Internal
three-dimensional strains in human intervertebral discs under axial compression quantified noninvasively by magnetic resonance
imaging and image registration. J. Biomech. Eng. 2014, 136, 111008. [CrossRef]

21. O’Connell, G.D.; Johannessen, W.; Vresilovic, E.J.; Elliott, D.M. Human internal disc strains in axial compression measured
noninvasively using magnetic resonance imaging. Spine 2007, 32, 2860–2868. [CrossRef]

22. O’Connell, G.D.; Malhotra, N.R.; Vresilovic, E.J.; Elliott, D.M. The effect of nucleotomy and the dependence of degeneration of
human intervertebral disc strain in axial compression. Spine 2011, 36, 1765–1771. [CrossRef]

23. O’Connell, G.D.; Vresilovic, E.J.; Elliott, D.M. Human intervertebral disc internal strain in compression: The effect of disc region,
loading position, and degeneration. J. Orthop. Res. 2011, 29, 547–555. [CrossRef] [PubMed]

24. Tavana, S.; Masouros, S.D.; Baxan, N.; Freedman, B.A.; Hansen, U.N.; Newell, N. The Effect of Degeneration on Internal Strains
and the Mechanism of Failure in Human Intervertebral Discs Analyzed Using Digital Volume Correlation (DVC) and Ultra-High
Field MRI. Front. Bioeng. Biotechnol. 2020, 8, 610907. [CrossRef] [PubMed]

25. Chan, D.D.; Cai, L.; Butz, K.D.; Trippel, S.B.; Nauman, E.A.; Neu, C.P. In vivo articular cartilage deformation: Noninvasive
quantification of intratissue strain during joint contact in the human knee. Sci. Rep. 2016, 6, 19220. [CrossRef] [PubMed]

26. Wilson, R.L.; Bowen, L.; Kim, W.; Cai, L.; Schneider, S.E.; Nauman, E.A.; Neu, C.P. In vivo intervertebral disc deformation:
Intratissue strain patterns within adjacent discs during flexion-extension. Sci. Rep. 2021, 11, 729. [CrossRef]

https://doi.org/10.3390/bioengineering13040437

https://doi.org/10.1172/JCI118884
https://doi.org/10.1097/00007632-199311000-00022
https://www.ncbi.nlm.nih.gov/pubmed/8278845
https://doi.org/10.1002/jor.1100100410
https://doi.org/10.1002/jmri.29562
https://doi.org/10.1097/RLI.0000000000000909
https://doi.org/10.21037/qims.2016.12.09
https://doi.org/10.1016/j.spinee.2023.05.011
https://doi.org/10.1002/mrm.1910400616
https://doi.org/10.3174/ajnr.A2080
https://www.ncbi.nlm.nih.gov/pubmed/20360340
https://doi.org/10.1097/BRS.0b013e318195dd44
https://doi.org/10.1097/01.brs.0000221995.77177.9d
https://www.ncbi.nlm.nih.gov/pubmed/16778686
https://doi.org/10.1097/BRS.0b013e3182a59453
https://www.ncbi.nlm.nih.gov/pubmed/23921323
https://doi.org/10.1002/jmri.1880070518
https://doi.org/10.1097/00007632-200110010-00017
https://doi.org/10.1002/jor.23269
https://doi.org/10.1097/BRS.0b013e3181f8be52
https://doi.org/10.1115/1.4028250
https://doi.org/10.1097/BRS.0b013e31815b75fb
https://doi.org/10.1097/BRS.0b013e318216752f
https://doi.org/10.1002/jor.21232
https://www.ncbi.nlm.nih.gov/pubmed/21337394
https://doi.org/10.3389/fbioe.2020.610907
https://www.ncbi.nlm.nih.gov/pubmed/33553116
https://doi.org/10.1038/srep19220
https://www.ncbi.nlm.nih.gov/pubmed/26752228
https://doi.org/10.1038/s41598-020-77577-y
https://doi.org/10.3390/bioengineering13040437


Bioengineering 2026, 13, 437 16 of 17

27. Muthupillai, R.; Lomas, D.J.; Rossman, P.J.; Greenleaf, J.F.; Manduca, A.; Ehman, R.L. Magnetic resonance elastography by direct
visualization of propagating acoustic strain waves. Science 1995, 269, 1854–1857. [CrossRef]

28. Cortes, D.H.; Magland, J.F.; Wright, A.C.; Elliott, D.M. The shear modulus of the nucleus pulposus measured using magnetic
resonance elastography: A potential biomarker for intervertebral disc degeneration. Magn. Reson. Med. 2014, 72, 211–219.
[CrossRef]

29. Streitberger, K.J.; Diederichs, G.; Guo, J.; Fehlner, A.; Hamm, B.; Braun, J.; Sack, I. In vivo multifrequency magnetic resonance
elastography of the human intervertebral disk. Magn. Reson. Med. 2015, 74, 1380–1387. [CrossRef]

30. Walter, B.A.; Mageswaran, P.; Mo, X.; Boulter, D.J.; Mashaly, H.; Nguyen, X.V.; Prevedello, L.M.; Thoman, W.; Raterman, B.D.;
Kalra, P.; et al. MR Elastography-derived Stiffness: A Biomarker for Intervertebral Disc Degeneration. Radiology 2017, 285, 167–175.
[CrossRef]

31. Avril, S.; Bonnet, M.; Bretelle, A.; Grédiac, M.; Hild, F.; Ienny, P.; Latourte, F.; Lemosse, D.; Pagano, S.; Pagnacco, E.; et al. Overview
of Identification Methods of Mechanical Parameters Based on Full-field Measurements. Exp. Mech. 2008, 48, 381–402. [CrossRef]

32. Kim, J.H.; Avril, S.; Duprey, A.; Favre, J.P. Experimental characterization of rupture in human aortic aneurysms using a full-field
measurement technique. Biomech. Model. Mechanobiol. 2012, 11, 841–853. [CrossRef] [PubMed]

33. Avril, S.; Huntley, J.M.; Pierron, F.; Steele, D.D. 3D Heterogeneous Stiffness Reconstruction Using MRI and the Virtual Fields
Method. Exp. Mech. 2008, 48, 479–494. [CrossRef]

34. Mei, Y.; Avril, S. On improving the accuracy of nonhomogeneous shear modulus identification in incompressible elasticity using
the virtual fields method. Int. J. Solids Struct. 2019, 178–179, 136–144. [CrossRef]

35. Chan, D.D.; Gossett, P.C.; Butz, K.D.; Nauman, E.A.; Neu, C.P. Comparison of intervertebral disc displacements measured under
applied loading with MRI at 3.0 T and 9.4 T. J. Biomech. 2014, 47, 2801–2806. [CrossRef]

36. Cappozzo, A. Compressive loads in the lumbar vertebral column during normal level walking. J. Orthop. Res. 1984, 1, 292–301.
[CrossRef]

37. Rohlmann, A.; Pohl, D.; Bender, A.; Graichen, F.; Dymke, J.; Schmidt, H.; Bergmann, G. Activities of everyday life with high
spinal loads. PLoS ONE 2014, 9, e98510. [CrossRef]

38. Adams, M.A.; Dolan, P. A technique for quantifying the bending moment acting on the lumbar spine in vivo. J. Biomech.
1991, 24, 117–126. [CrossRef]

39. Epstein, F.H.; Gilson, W.D. Displacement-encoded cardiac MRI using cosine and sine modulation to eliminate (CANSEL)
artifact-generating echoes. Magn. Reson. Med. 2004, 52, 774–781. [CrossRef]

40. Oberai, A.A.; Gokhale, N.H.; Feijóo, G.R. Solution of inverse problems in elasticity imaging using the adjoint method. Inverse
Probl. 2003, 19, 297–313. [CrossRef]

41. Mei, Y.; Stover, B.; Afsar Kazerooni, N.; Srinivasa, A.; Hajhashemkhani, M.; Hematiyan, M.R.; Goenezen, S. A comparative study
of two constitutive models within an inverse approach to determine the spatial stiffness distribution in soft materials. Int. J. Mech.
Sci. 2018, 140, 446–454. [CrossRef]

42. Mei, Y.; Kuznetsov, S.; Goenezen, S. Reduced Boundary Sensitivity and Improved Contrast of the Regularized Inverse Problem
Solution in Elasticity. J. Appl. Mech. 2016, 83, 031001. [CrossRef]

43. Chan, D.D.; Toribio, D.; Neu, C.P. Displacement smoothing for the precise MRI-based measurement of strain in soft biological
tissues. Comput. Methods Biomech. Biomed. Engin. 2013, 16, 852–860. [CrossRef]

44. Inoue, N.; Espinoza Orias, A.A. Biomechanics of intervertebral disk degeneration. Orthop. Clin. N. Am. 2011, 42, 487–499, vii.
[CrossRef] [PubMed]

45. Dimitriadis, A.; Smith, F.; Mavrogenis, A.F.; Pope, M.H.; Papagelopoulos, P.J.; Karantanas, A.; Hadjipavlou, A.; Katonis, P.
Effect of two sitting postures on lumbar sagittal alignment and intervertebral discs in runners. Radiol. Med. 2012, 117, 654–668.
[CrossRef]

46. Nagel, T.M.; Zitnay, J.L.; Barocas, V.H.; Nuckley, D.J. Quantification of continuous in vivo flexion-extension kinematics and
intervertebral strains. Eur. Spine J. 2014, 23, 754–761. [CrossRef]

47. Zheng, M.; Masoudi, A.; Buckland, D.; Stemper, B.; Yoganandan, N.; Szabo, T.; Snyder, B. Dynamic ultrasound imaging of
cervical spine intervertebral discs. In Proceedings of the 2014 IEEE International Ultrasonics Symposium, Chicago, IL, USA, 3–6
September 2014; pp. 448–451.

48. Byrne, R.M.; Aiyangar, A.K.; Zhang, X. A Dynamic Radiographic Imaging Study of Lumbar Intervertebral Disc Morphometry
and Deformation In Vivo. Sci. Rep. 2019, 9, 15490. [CrossRef]

49. Boos, N.; Weissbach, S.; Rohrbach, H.; Weiler, C.; Spratt, K.F.; Nerlich, A.G. Classification of age-related changes in lumbar
intervertebral discs: 2002 Volvo Award in basic science. Spine 2002, 27, 2631–2644. [CrossRef]

50. Cai, L.; Nauman, E.A.; Pedersen, C.B.W.; Neu, C.P. Finite deformation elastography of articular cartilage and biomaterials based
on imaging and topology optimization. Sci. Rep. 2020, 10, 7980. [CrossRef]

51. Amin, D.B.; Moawad, C.M.; Costi, J.J. New Findings Confirm Regional Internal Disc Strain Changes During Simulation of
Repetitive Lifting Motions. Ann. Biomed. Eng. 2019, 47, 1378–1390. [CrossRef]

https://doi.org/10.3390/bioengineering13040437

https://doi.org/10.1126/science.7569924
https://doi.org/10.1002/mrm.24895
https://doi.org/10.1002/mrm.25505
https://doi.org/10.1148/radiol.2017162287
https://doi.org/10.1007/s11340-008-9148-y
https://doi.org/10.1007/s10237-011-0356-5
https://www.ncbi.nlm.nih.gov/pubmed/22048330
https://doi.org/10.1007/s11340-008-9128-2
https://doi.org/10.1016/j.ijsolstr.2019.06.025
https://doi.org/10.1016/j.jbiomech.2014.05.026
https://doi.org/10.1002/jor.1100010309
https://doi.org/10.1371/journal.pone.0098510
https://doi.org/10.1016/0021-9290(91)90356-R
https://doi.org/10.1002/mrm.20232
https://doi.org/10.1088/0266-5611/19/2/304
https://doi.org/10.1016/j.ijmecsci.2018.03.004
https://doi.org/10.1115/1.4031937
https://doi.org/10.1080/10255842.2011.641178
https://doi.org/10.1016/j.ocl.2011.07.001
https://www.ncbi.nlm.nih.gov/pubmed/21944586
https://doi.org/10.1007/s11547-011-0748-8
https://doi.org/10.1007/s00586-014-3195-0
https://doi.org/10.1038/s41598-019-51871-w
https://doi.org/10.1097/00007632-200212010-00002
https://doi.org/10.1038/s41598-020-64723-9
https://doi.org/10.1007/s10439-019-02250-z
https://doi.org/10.3390/bioengineering13040437


Bioengineering 2026, 13, 437 17 of 17

52. Azril; Huang, K.Y.; Hobley, J.; Rouhani, M.; Liu, W.L.; Jeng, Y.R. Correlation of the degenerative stage of a disc with magnetic
resonance imaging, chemical content, and biomechanical properties of the nucleus pulposus. J. Biomed. Mater. Res. Part A
2023, 111, 1054–1066. [CrossRef]

53. Wang, Y.; Chen, H.B.; Zhang, L.; Zhang, L.Y.; Liu, J.C.; Wang, Z.G. Influence of degenerative changes of intervertebral disc on its
material properties and pathology. Chin. J. Traumatol. 2012, 15, 67–76. [PubMed]

54. Co, M.; Raterman, B.; Klamer, B.; Kolipaka, A.; Walter, B. Nucleus pulposus structure and function assessed in shear using
magnetic resonance elastography, quantitative MRI, and rheometry. JOR Spine 2024, 7, e1335. [CrossRef] [PubMed]

55. Barnes, N.A.; Dkhar, W.; Kadavigere, R.; Sukumar, S.; Vaishali, K.; Pradhan, A.; Priya, P.S.; Prabhu, A.; Raj, N. Quantitative
assessment of early intervertebral disc degeneration with MR diffusion kurtosis imaging: A radiologic correlation with Pfirrmann
grade. Magn. Reson. Imaging 2026, 127, 110592. [CrossRef] [PubMed]

56. Farrell, M.D.; Riches, P.E. On the poisson’s ratio of the nucleus pulposus. J. Biomech. Eng. 2013, 135, 104501. [CrossRef]
57. Cloyd, J.M.; Malhotra, N.R.; Weng, L.; Chen, W.; Mauck, R.L.; Elliott, D.M. Material properties in unconfined compression of human

nucleus pulposus, injectable hyaluronic acid-based hydrogels and tissue engineering scaffolds. Eur. Spine J. 2007, 16, 1892–1898.
[CrossRef]

58. Derrouiche, A.; Karoui, A.; Zaïri, F.; Ismail, J.; Qu, Z.; Chaabane, M.; Zaïri, F. The two Poisson’s ratios in annulus fibrosus: Relation
with the osmo-inelastic features. Mech. Soft Mater. 2020, 2, 1. [CrossRef]

59. Yang, B.; Wendland, M.F.; O’Connell, G.D. Direct Quantification of Intervertebral Disc Water Content Using MRI. J. Magn. Reson.
Imaging 2020, 52, 1152–1162. [CrossRef]

60. Zhang, W.; Ma, X.; Wang, Y.; Zhao, J.; Zhang, X.; Gao, Y.; Li, S. Assessment of apparent diffusion coefficient in lumbar intervertebral
disc degeneration. Eur. Spine J. 2014, 23, 1830–1836. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/bioengineering13040437

https://doi.org/10.1002/jbm.a.37490
https://www.ncbi.nlm.nih.gov/pubmed/22480668
https://doi.org/10.1002/jsp2.1335
https://www.ncbi.nlm.nih.gov/pubmed/38741919
https://doi.org/10.1016/j.mri.2025.110592
https://www.ncbi.nlm.nih.gov/pubmed/41389904
https://doi.org/10.1115/1.4025180
https://doi.org/10.1007/s00586-007-0443-6
https://doi.org/10.1007/s42558-019-0016-y
https://doi.org/10.1002/jmri.27171
https://doi.org/10.1007/s00586-014-3285-z
https://doi.org/10.3390/bioengineering13040437

	Introduction 
	Materials and Methods 
	Specimen Preparation 
	T1 and T2 Mapping 
	dualMRI and Strain Mapping 
	Inverse Modeling 
	Monte Carlo Simulations 
	Image and Statistical Analysis 

	Results 
	T1 and T2 Relaxation Time Mapping 
	dualMRI and Strain Mapping 
	Shear Modulus 
	Comparison of Relaxometry and Mechanical Parameters 
	Monte Carlo Simulations 

	Discussion 
	Conclusions 
	References

