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Internal Three-Dimensional
Strains in Human Intervertebral
Discs Under Axial Compression
Quantified Noninvasively by
Magnetic Resonance Imaging
and Image Registration
Study objectives were to develop, validate, and apply a method to measure three-
dimensional (3D) internal strains in intact human discs under axial compression. A
custom-built loading device applied compression and permitted load-relaxation outside
of the magnet while also maintaining compression and hydration during imaging. Strain
was measured through registration of 300 lm isotropic resolution images. Excellent
registration accuracy was achieved, with 94% and 65% overlap of disc volume and
lamellae compared to manual segmentation, and an average Hausdorff, a measure of dis-
tance error, of 0.03 and 0.12 mm for disc volume and lamellae boundaries, respectively.
Strain maps enabled qualitative visualization and quantitative regional annulus fibrosus
(AF) strain analysis. Axial and circumferential strains were highest in the lateral AF and
lowest in the anterior and posterior AF. Radial strains were lowest in the lateral AF, but
highly variable. Overall, this study provided new methods that will be valuable in the
design and evaluation surgical procedures and therapeutic interventions.
[DOI: 10.1115/1.4028250]
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Introduction

The intervertebral disc functions to permit motion, distribute
load, and dissipate energy in the spine. It performs these functions
through its highly heterogeneous structural organization and bio-
chemical composition consisting of several tissue substructures:
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the central gelatinous nucleus pulposus (NP), the surrounding
fiber-reinforced layered AF, and the cartilaginous endplates that
are positioned between the NP and vertebral endplates [1]. Dis-
ruption of any of the disc’s tissues through aging, degeneration, or
injury will not only alter the affected tissue mechanical properties
but also the mechanical behavior of adjacent tissues and, ulti-
mately, the overall disc segment function. Thus, there is a need to
measure disc tissue and segment mechanics in the intact disc seg-
ment so that interactions between tissue structures are not dis-
rupted. Such measurements would be valuable to study
mechanisms of disc function and of disc degeneration, to design
functional tissue engineered discs, and to develop and evaluate
surgical procedures and therapeutic implants.

Disc mechanical behavior has been quantified through a number
of measures including external displacements [2–5] and internal pres-
sure [6–9]; however, these do not fully establish internal tissue
mechanics. Internal disc mechanics have also been measured through
marker insertion or disc bisection [10–14]. These studies have pro-
vided important data about disc mechanical function and how it
changes with degeneration. Yet the disc is composed of soft hydrated,
pressurized, and fibrous tissues that may deform separately from the
inserted markers and may depressurize when bisected. Thus, it has
remained a challenge to quantify internal disc mechanics.

Magnetic resonance imaging (MRI) before and after an applied
load, combined with image registration, is a promising method to
quantify internal disc mechanics. Important advances have been
made using MRI to measure internal disc deformation in a 2D
plane [15–19]. Strains within several AF regions (e.g., anterior,
posterior, and lateral) were measured under applied axial com-
pression, and the effect of loading position, degeneration, and
nucleotomy was determined [16–18], demonstrating inhomogene-
ous strains across AF regions and differential effects of nucleotomy
that depend on the initial state of degeneration [16–18]. A nonrigid
image registration method was employed by [19] to calculate mid-
sagittal strain after creep loading. Displacement encoded MRI, an
image tagging method that enables direct displacement measure-
ments from MRI data, was used in Ref. [15] to calculate strain
across the entire disc under cyclic loading. While these are impor-
tant advances, the 2D nature of recent MRI-based studies do not
account for out-of-plane deformation nor provide the 3D strain
components that are key to evaluating disc mechanical function.

The objectives of this study were to develop, validate, and
apply a method to measure 3D internal deformations in intact
human discs subjected to axial compression. This was achieved
by using a custom-built loading device that permitted long relaxa-
tion times outside of the MRI scanner and maintained compres-
sion and hydration during imaging, by acquiring MR images at a

high resolution (300 lm isotropic), and by applying state-of-the-
art image registration methods.

Methods

Specimen Preparation. Human lumbar spines were procured,
thawed, and scanned intact in a 3T whole-body MRI scanner
(Trio, Siemens Medical Solutions) using the spine array RF coil.
To assess degenerative grade, a T2-weighted midsagittal image
was acquired [20] and to determine the NP T2 relaxation time, a
T2-mapping sequence was used [21–23]. To minimize anatomical
and degenerative variability, grade 3 [20] L4-L5 discs were
selected (n¼ 9), resulting in an average age of 57 6 12 yr, an aver-
age NP T2 relaxation time of 88.1 6 16.6 ms, and an even gender
distribution (5 females and 4 males). The L4-L5 lumbar spine was
then dissected into a bone–disc–bone segment, the posterior ele-
ments removed, and the vertebral bodies potted in polymethyl
methacrylate bone cement. Each sample was hydrated in a refri-
gerated phosphate-buffered saline (PBS) bath overnight and equi-
librated to room temperature prior to testing.

Mechanical Loading and Image Acquisition. A custom-built
nonmagnetic loading frame (Fig. 1(a)) was constructed to inter-
face with an Instron 8874 for load application. The loading frame
incorporated locking bolts to maintain axial compression applied
using the Instron, a sliding tank to maintain hydration and was
designed to integrate with a two-piece RF coil (Helmholtz trans-
mit, curved 4-channel receive array) [24] in a 7T whole-body
MRI scanner (Magnetom, Siemens Medical Solutions) (Fig. 1(b)).
The loading frame was fabricated using polyvinyl chloride and
Delrin plastics. A cylindrical sliding tank (diameter¼ 7.87 cm)
made of acrylic held the disc and grips and allowed easy replace-
ment of the PBS fluid (used while in the Instron) with 2% agarose
gel (used while in the MRI scanner). The agarose gel maintained
hydration during imaging and prevented image distortion at tissue
edges due to the tissue–air mismatch in magnetic susceptibility
[25]. The disc–agarose unit was covered in plastic wrap throughout
imaging to prevent dehydration. Sufficient space was maintained
between the sliding tank and the outer walls of the frame in order
for the RF coil array to be placed between them in the scanner and
ports for wires were made within the outer frame walls (Fig. 1(b)).

Mechanical loading followed by MR image acquisition was
performed under four conditions: reference (50 N preload), 5%,
10%, and 15% applied grip–grip compressive strain, as follows.
The sample was placed in a PBS bath within the loading frame
and installed in the Instron, which was used for load application.
For the reference condition, a 50 N preload was applied to ensure

Fig. 1 (a) Loading frame interfaced with Instron (red arrow), showing locking mechanism,
segment grips, disc, and sliding tank (white arrows). (b) Loading frame integrated with RF coil
(green arrows) in MRI. B0 5 direction of magnetic field.
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contact of the loading fixtures and held for 20 min, after which
locking bolts were tightened to secure the position. The sam-
pleþ frame then was removed from the Instron, and the PBS was
removed and replaced with agarose.

The sampleþ frame was then placed in the 7T MRI scanner
and the 4-channel RF coil array placed to wrap around the sample
(Fig. 1(b)). High-resolution (300 lm isotropic) MR images were
acquired with a T2-weighted 3D turbo spin echo sequence
(TR/TE¼ 3000/34 ms, matrix¼ 256� 256� 32, turbo factor¼ 7,
fat suppression). Scan time was 2.8 h per disc per load.

After acquisition of the preload images, the agarose was
replaced with PBS and the sampleþ frame was returned to the
Instron. The Instron crosshead was returned to the preload posi-
tion and the locking bolts were then loosened. A 5% grip–grip
compressive strain, based on midsagittal disc height, was applied
at a slow rate of 0.1 mm/s [2] and held for 2.5 h of load-relaxation
within the Instron. Average disc height was calculated by dividing
the midsagittal disc space area by the anterior–posterior width
from the preloaded reference image as previously described [26].
The position was again locked, PBS was replaced with agarose,
and the sampleþ frame was returned to the MRI scanner for
imaging under the loaded condition using the same imaging pa-
rameters as for the preload condition. These steps were repeated
for 10% and 15% applied strain, always returning the Instron to
the final displacement position of the previously applied load.

Image Processing and Registration. Image processing was
performed prior to image registration. First, bone–disc–bone seg-
mentations were generated for all images by masking out nones-
sential regions in the images, including agarose, surrounding
musculature, and most of the vertebral body. Because the imaging
sequence was not optimized for bone contrast, deformation and
strain analysis were not performed within the bone regions. This
segmentation for each image set was performed using the 3D
image edge-based snake tool in ITK-SNAP [27], followed by
manual correction of missed regions and sections that bled into
the disc space. Second, to aid the alignment of similar features
during registration, each image set was normalized to its maxi-
mum intensity value and the image sets were then histogram-
matched. A representative resultant image set for a disc in the
axial, coronal, and sagittal planes is shown in Fig. 2(a).

Registration between reference (preload) and deformed (5%,
10%, and 15% compression) disc image sets was performed with
advanced normalization tools (ANTs) [28–31]. The resultant
registration defines a warp field (Fig. 3), which prescribes how the
reference image transforms into the deformed image, and conse-
quently, the inverse warp field prescribes how the deformed image
transforms into the reference image. Applying the warp field to
the reference image creates a transformed–deformed image that
appears identical to the deformed image; this approach can be

applied in reverse using the inverse warp field. Lagrangian strain
components were derived directly from the computed transforma-
tions [32–34]. ANTs performance has been validated in human
brain MRI registration [35] and lung mapping [36], achieving top
ranking in open competitions.

The procedure for using ANTs was as follows. An initial affine
registration was applied which accounts for rigid body motion. A
nonrigid registration was then performed using a symmetric dif-
feomorphic transformation model [28]. This transformation model
was selected because it is invertible and is able to preserve topol-
ogy and local neighborhood relations. Mean squared difference
(MSQ) was employed as the similarity metric in the registration
because of monomodality and strong pixel intensity resemblance
between the reference and deformed images. This metric performs
the sum of the squared differences between corresponding inten-
sity values between the reference (I1) and deformed (I2) image
(Eq. (1)) such that u is the iteratively updated warp field. To
account for outliers, the MSQ equation was clipped by treating
the equation linearly for intensity differences between the refer-
ence and deformed image that were greater than 0.01

MSQ ¼ 1= n� 1ð ÞR I1 Xð Þ � I2 u Xð Þð Þð Þ2 (1)

A directly manipulated free-form deformation (DMFFD) regulari-
zation technique was utilized based on prior successful experience
with its use in MR images [29–31]. Preliminary experiments
yielded 6� 6� 6 as the ideal number of splines for DMFFD regu-
larization based on overlap statistics.

Registration Validation. Registration was validated with three
different assessments: disc volume, lamellar structure, and axial
strain. Disc volume and lamellar structure were evaluated using
standard statistical assessment methods [35]. Disc volume valida-
tion was performed to assess gross morphology, ensuring

Fig. 2 Images ((a)–(c)) are oriented to show coronal (left), axial (top-right), and
sagittal (bottom) planes. (a) Representative MRI data set. (b) The volume used for
strain analysis (pink). (c) AF regions of interest defined in the midaxial plane:
A 5 anterior (red), A–L 5 anterior–lateral (green), L 5 lateral (blue), P–L 5 posterior–
lateral (yellow), P 5 posterior (aqua).

Fig. 3 Pictorial representation of the image registration pro-
cess, resultant warp field, and displacement map. The reference
image is registered to the deformed image defining a warp field
that prescribes how structures within the reference image are
mapped to the deformed image. The deformation gradient ten-
sor is applied to calculate the Lagrangian strain tensor.
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registrations captured volumetric changes between the reference
and deformed images. Lamellar structure validation was per-
formed to verify registrations tracked internal AF displacements.
Finally, axial strain validation was performed to verify the strains
calculated from the registration were as expected.

Disc volume and lamellar structure registration validation was
performed by first identifying and labeling the matched features
that are present in both the reference and deformed images—these
labels are assumed to be the gold standard against which the regis-
tration is compared. Labeling these features entails manual seg-
mentation using ITK-SNAP [27]. Labeling is highly labor
intensive, therefore, for these assessments a subset of samples was
used for registration validation (n¼ 3). For disc volume, a label
image representing the entire disc was created by manually
removing all pixels containing bone from each image set. For la-
mellar structure, labels representing the boundaries between adja-
cent AF lamellae were identified in 3D. Sobel edge detection was
performed in 3D with a custom MATLAB script to first identify AF
boundaries (Fig. 4(a)). These boundaries were then used to guide
the identification of matched labels in the reference and deformed
image sets (Figs. 4(b) and 4(c)). Five lamellar labels were identi-
fied around the circumference of each disc.

Once the five lamellar labels were identified in the reference
and deformed images (5%, 10%, and 15% compression), the
inverse warp field was applied to the deformed image labels to
reconstruct the labels in the reference image. The reconstructed
reference labels were then overlaid on the original reference labels
to assess overlap statistics. Disc volume and lamellar structure
were statistically evaluated for target overlap and average Haus-
dorff [35]. Target overlap is the amount of overlap between the
two images, where 100% represents a perfect registration. Aver-
age Hausdorff is the average pixel distance between matching
label pixel boundaries, converted to length using 1 pixel¼ 300 lm
image resolution, where 0 lm average Hausdorff represents a
perfect registration. For disc volume, nine comparisons were
made, three compression levels (5%, 10%, and 15%) across
three samples. For lamellar structure, 45 comparisons were made,
five labels per disc at three compression levels across three
samples.

Finally, the axial strain was validated using all samples (n¼ 9).
Axial strain within the entire AF was averaged from the registra-
tion at each applied compression level. Manual segmentation of
change in disc height was used to determine the axial strain for
comparison to the axial strain from registration. The disc height
was manually segmented in the midsagittal and midcoronal planes
in the reference and deformed images. Axial strain was calculated
as the change in disc height between the reference and deformed
image divided by the reference image disc height. For each sam-
ple, the axial strain was the average of the midsagittal and mid-
coronal strain. Comparison between the axial strain from the
registration and manual segmentation was made using Pearson’s
correlation. Significance set at p� 0.05 and a trend defined by
0.05< p� 0.10.

The resultant applied strain measured from midaxial disc was
compared between groups, preload to 5%, 5–10%, and 10–15%
compression. Difference between incremental strain groups was
assessed by a one-way ANOVA with repeated measures and post-
hoc comparisons with Tukey’s test. Significance sets at p� 0.05
and a trend is defined by 0.05< p� 0.10.

Strain Analysis. Strain was calculated on a voxel-by-voxel ba-
sis from the warp field, u, as follows. The warp field prescribes
how features are mapped from the reference (X) to deformed (x)
configuration [32,34] in Eq. (2), where V is the displacement field

x ¼ u Xð Þ ¼ V Xð Þ þ X (2)

Next, the deformation gradient tensor (F) was calculated from the
warp field u(X) as

F ¼ ru Xð Þ ¼ rV Xð Þ þ I (3)

Finally, the Lagrangian strain tensor (E) was calculated from the
deformation gradient tensor. All of these analyses are performed
within the ANTs software package [32,34]. The Lagrangian strain
tensor is initially calculated in the Cartesian coordinate system.
These Cartesian strain components were then transformed into a
local disc coordinate system and regional segmentation of the disc
was performed, as described below.

To transform the Cartesian coordinate system, a local disc coor-
dinate system was established based on the disc’s outer contour
(Fig. 5). The outer contour was defined by tracing the projection
of the disc into the x–y plane and its origin defined as the disc’s
centroid. For each voxel, the contour was scaled to find a similar
contour that intersected the voxel’s (x, y) position. The local coor-
dinate system (B) was defined by the circumferential basis vector
(ehh) defined by the contour’s tangent, the local radial basis vector
(err) was defined by the contour’s normal, and the local axial basis
vector (ezz) remained unchanged from the primary spine axis. The
Cartesian strain tensor (E) at each voxel in the x–y plane was then
transformed into disc specific strain tensor (E0) having compo-
nents of circumferential strain (Ehh), radial strain (Err), and axial
strain (Ezz) using the transformation equation

E0 ¼ BTEB (4)

The disc was next segmented to establish volumes of interest
for averaging local strains. First, to eliminate artifacts that occur
in the registration at the bone–disc boundary [37], the disc area
was removed by two pixels depth (0.6 mm) at the superior and in-
ferior boundaries using the image erosion function in MATLAB

maintaining the bone–disc boundary contour. Next, to remove any
remaining strain outliers, the intersection of axial, circumferential,
and radial strain values that were 62 standard deviations from the
mean were eliminated, providing the final segmented disc for

Fig. 4 (a) Generation of lamellar structure labels using Sobel edge detection (red), shown in
three planes. A representative label is shown in green. (b) and (c) Five identified lamellar labels,
shown in midaxial view and as 3D projections, respectively. Labels identified by white arrows.

111008-4 / Vol. 136, NOVEMBER 2014 Transactions of the ASME



strain analysis (Fig. 2(b)). Finally, the AF was defined by exclud-
ing regions where Sobel 3D edge detection did not locate lamellar
edge boundaries. The AF segmentation outer boundary followed
the outer disc contour and the AF inner boundary was defined by
the inner most medially detected AF lamellar edge. To ensure no
NP material fell within this segmentation, the NP region was
defined to occupy 28% of the disc cross section, positioned at the
disc’s centroid with a 3% posterior translation, and mirrored the
outer contour [26]. To achieve relatively homogenous strain
regions, the midaxial height, defined as the middle third of the
disc height after segmentation, represented the AF region of inter-
est. The AF was then divided into anterior, anterior–lateral, lat-
eral, posterior–lateral, and posterior [10] regions (Fig. 2(c)). The
lateral region furthest from the RF coil was excluded because of
reduced image contrast. Mean axial, circumferential, and radial
disc strain values were calculated for each region at the midaxial
disc height. Variance between regions was assessed by a one-way
ANOVA and posthoc comparisons with Tukey’s test for 5%,
10%, and 15% compression. Significance was set at p� 0.05 and
a trend defined by 0.05< p� 0.10.

Results

In this study, 3D image registration of the human intervertebral
disc in axial compression loading was performed, the registration

was validated, and then strain analysis in compression was per-
formed. The high-resolution isotropic MR images provided excel-
lent visualization of the AF lamellar architecture (Figs. 2, 4, and
6), features essential for successful registration.

Registration Validation. Registration was validated with three
different assessments: disc volume, lamellar structure, and axial
strain. Disc volume and lamellar structure were statistically eval-
uated for target overlap and average Hausdorff. These are stand-
ard assessment methods and were compared against the previous
successful registration of human brain [29]. The disc volume was
registered with a target overlap of 94.4 6 0.92%. This target over-
lap is similar to the best registration achieved in human whole
brain of 95.8% [29]. The disc volume was registered with an aver-
age Hausdorff of 0.030 6 0.006 mm. Excellent overlap was
achieved internally between the original and reconstructed AF
labels (Fig. 6). The lamellar structure was registered with a target
overlap of 65.2 6 12.4%. This target overlap is similar to the
registration achieved in human brain subcortical structures of
66.9% [29]. The lamellar structure was registered with an average
Hausdorff of 0.12 6 0.06 mm.

The axial strain was validated by comparing the axial strain cal-
culated by ANTs, averaged across the entire AF, to axial strain
measured directly from the change in disc height on the MR
images. This validated not only the registration methods but also
the strain analysis calculations. There was a linear correlation
between the axial strain from the registration and the manually
measured strain (R2¼ 0.79, p< 0.001, Fig. 7). No statistical dif-
ference was found between each of the achieved strain

Fig. 6 Registration of a representative lamellar label (green),
shown in coronal (left), axial (top-right), and sagittal (bottom)
views. Difference between original and registered label is small
(red), demonstrating good registration. Scale bar 5 1 cm.

Fig. 7 Axial strains for all discs obtained by manual measure-
ment and by image registration, showing good agreement
(R2 5 0.79, p < 0.05).

Fig. 5 Transformation of Cartesian coordinates to local disc coordinates using
the disc’s outer contour, scaled to intersect each voxel: (a) circumferential basis
vectors defined by the contour’s tangent and (b) radial basis vectors defined by the
contour’s normal. Note the complex vector directions imposed by the lamellar
curvature.
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increments: preload to 5%, 5–10%, and 10–15% compression
(p¼ 0.34).

Strain Analysis. The three strain components under all applied
axial compressions were qualitatively evaluated; a representative
disc at 10% axial strain is shown in Fig. 8. Qualitative strain pat-
terns described below were generally similar for all levels of
applied strain across all discs. Axial strain (Ezz) had horizontal
banding throughout the disc, as shown in the coronal and sagittal
views (Fig. 8(a)). Negative Ezz strains predominated, although
bands of tensile Ezz strains occurred near the disc–endplate boun-
daries (Fig. 8(a)). Circumferential strain (Ehh) was near zero at the
endplates (not shown) and had high positive strain values occur-
ring in the posterior and lateral regions, as shown in the axial
view (Fig. 8(b)). Radial strain (Err) decreased from the inner AF
toward the periphery of the AF. The Err strains were positive in
the inner AF regions and near zero at the AF outer boundary, as
shown in the axial view (Fig. 8(c)).

The peak and equilibrium stress increased with each applied
strain increment (Table 1). The magnitude of the strain

Fig. 8 Strain maps for 10% axial compression in a representative disc: (a) axial strain in coro-
nal and sagittal views (left and right, respectively); (b) circumferential strain in axial view; and
(c) radial strain in axial view. Scale bar 5 5 cm.

Table 1 Mean 6 standard deviation of stress and strain for
each applied loading condition. Note that applied compression
represents grip-to-grip applied strains that are compressive
and that these compressive boundary conditions induce nega-
tive axial strain. AF 5 annulus fibrosus, Ezz 5 axial strain,
Ehh 5 circumferential strain, and Err 5 radial strain. Stress calcu-
lated as load divided by area from axial reference MR image.
Strains averaged over entire AF volume for each disc. N 5 9.

Applied compression

5% 10% 15%

Peak compression
stress (kPa)

192 6 29.1 307 6 141 352 6 222

Equilibrium
compression
stress (kPa)

40.0 6 18.3 110 6 15.0 174 6 27.1

AF Ezz �3.30 6 5.58% �7.59 6 6.31% �13.17 6 6.32%
AF Ehh 0.70 6 1.02% 1.23 6 1.29% 2.75 6 2.07%
AF Err 0.11 6 1.86% 0.96 6 2.44% 1.63 6 2.93%

Fig. 9 Mean and standard deviation of AF regional strain at midaxial height when loaded to 15% compression for (a) axial, (b)
circumferential, and (c) radial strain. A 5 anterior, A–L 5 anterior–lateral, L 5 lateral, P–L 5 posterior–lateral, P 5 posterior.
Region locations are shown in Fig. 2(c). A solid line represents significance at p < 0.05 and a dashed line trend at 0.05 < p < 0.10.
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components, averaged across the entire AF, also increased with
each applied increment (Table 1). The AF Ezz did not match the
applied grip–grip strain (Table 1); however, it did increase line-
arly with each strain increment (Fig. 7).

Because the strains were expected to be inhomogeneous across
the AF, separate AF regions were defined and strains averaged
within these regions. To avoid boundary effects at the bone attach-
ment, the middle third (Fig. 2(c)) of the disc was considered as
“midaxial” with five AF regions delineated as: anterior (A), ante-
rior–lateral (A–L), lateral (L), posterior-lateral (P–L), and poste-
rior (P). Differences in strain across AF regions were evaluated
for 15% applied axial compression (Fig. 9). Axial strain (Ezz) was
smallest in the anterior AF, significantly smaller compared to the
lateral, posterior–lateral, and posterior AF (p< 0.03, Fig. 9(a)).
Circumferential strain (Ehh) in the anterior–lateral AF was smaller
than the posterior–lateral AF (p¼ 0.02, respectively, Fig. 9(b)).
Radial strain (Err) was lowest in the lateral AF, significantly lower
than the posterior–lateral and posterior AF (p< 0.04, Fig. 9(c)). In
addition, the radial strain was highest in the posterior AF, higher
than the anterior–lateral (p< 0.07) and lateral AF (p< 0.003,
Fig. 9(c)).

Discussion

In this study, a method to measure 3D internal deformations
within intact human discs under axial compression was developed,
validated, and applied. Important technical advances included a
custom-built loading device that permitted long relaxation times
outside of the MR scanner and maintained compression and
hydration throughout imaging, a high-resolution 300 lm isotropic
MR imaging sequence, and state-of-the-art image registration
methods. There is a need to measure disc tissue and segment
mechanics in the intact disc segment so that interactions between
tissue structures are not disrupted. Such measurements established
in this study are valuable to study mechanisms of disc function
and of disc degeneration, to design functional tissue engineered
discs, and to develop and evaluate surgical procedures and thera-
peutic interventions. In addition, finite element models used to
study disc mechanics [38–41] have to date only performed model
validation with respect to overall deformation at outer boundaries.
The experimental internal strain data achieved in this study will
be valuable to validate the internal strains predicted by finite ele-
ment models.

The image registration was validated using both the disc vol-
ume and lamellar structure. Using standard statistical methods
[35], both the disc volume and lamellar structure had very good
accuracy, strongly supporting the validity of the registration and
the reported strain results. There are no directly comparable image
registrations, but work has been published on whole brain registra-
tions [29]. The disc volume validation can be compared to the pre-
vious whole brain registration, where the disc target overlap was
94% and brain was 96% [29]. Similarly, the lamellar structure val-
idation, representing internal registration of fine detail, can be
compared to brain cortical features, which are also internal. In this
case, lamellar structure target overlap was 65% while brain corti-
cal was 67% [29]. It is likely that the apparently reduced accuracy
inside the disc reflects the challenges and errors in visualizing and
marking these internal anatomic features to create the labels. The use
of 3D Sobel edge detection to locate the lamellar boundaries was
helpful in identifying lamellar features. Although the 300 lm/pixel
resolution achieved in this study is outstanding for disc MRI,
identification of lamellar labels for validation was quite difficult
given the 140–520 lm range of AF lamellar thickness [42]. None-
theless, qualitative evaluation of overlap of lamellar labels shows
excellent correspondence (Fig. 6) and quantitative validation
matches the current standard in the field. Moreover, the imple-
mentation of overlap statistics on manual segmentations provides
registration accuracy that is specific to the experimental condi-
tions, a distinct advantage over utilizing MR phantoms [15] or
computer generated deformations [19].

Qualitative observations of the strain patterns were made. Axial
strain horizontal banding was apparent (Fig. 8(a)), similar to those
observed in the 2D strain analysis by O’Connell et al. [16]. Large
tensile axial strains were observed at the boundary of the AF and
vertebral endplate (Fig. 8(a)), which was also consistent with the
previous work [16,18]. The mechanism for axial tensile strain to
occur when the disc is being compressed is not clear; however, we
hypothesize that it may be related to tension in the AF fibers at
their insertion to the vertebrae, and/or the curvature of the end-
plate. Notably, compressive axial strains that were greater than
the applied strain magnitude were observed in some regions, par-
ticularly in the midaxial height region (Fig. 8(a)), which makes
some intuitive sense, when there is axial tension at the endplates.
Integration of the axial strain across the disc in the z-direction at
any fixed radial and circumferential coordinate would yield the
total displacement in the z-direction, which ideally would be the
same throughout the disc if the endplates where flat. The mechani-
cal and biological effects these strain patterns have on local matrix
and cells are a subject of future interest.

Strain maps not only enable qualitative visualization of strain
patterns but also enable quantitative regional AF strain analysis.
In this study small regions of relatively homogenous tissue at the
midaxial height were evaluated (Fig. 2(c)) and the strains under
applied axial compression compared in regions around the disc
(Fig. 9). Axial strain was lowest in the anterior AF (�8.8 6 4.4%)
and highest in the lateral AF (�15.8 6 7.5%), Fig. 9(a). This is
likely related to the larger disc height in the anterior region. Since
strain can be estimated as change in height divided by the refer-
ence height, if the anterior region has a higher reference height, it
follows it would have a smaller strain for the same applied defor-
mation. Circumferential strain was lowest in the anterior and ante-
rior–lateral regions (2.2 6 1.4%) and highest in the lateral region
(4.1 6 2.7%). Geometrically, it is expected that circumferential
“hoop” strain would be highest at the largest radial distance from
the disc center, which is the lateral AF. Radial strain was lowest
and on average zero in the lateral AF and highest in the posterior
AF. The low average strain in the lateral AF also had a very high
standard deviation, suggesting a large degree of strain inhomoge-
neity that may be related to the steeper curve around the AF con-
tour at the lateral side. The higher radial strain in the posterior AF
may be physiologically important for delamination and tears in
the posterior regions of the disc and may have important implica-
tions in this area where AF failure and disc herniation often occur.

The axial stress associated with the applied compression strains
were calculated (Table 1) and can be related to in vivo lumbar
disc stresses measured in the NP with a pressure transducer [43].
The stress associated with the applied 5% compression is compa-
rable to lying down, the 10% compression is comparable to the
stress to lying prone with an extended back supported on elbows
and sitting slouched in a chair, and the 15% compression is com-
parable to a large number of activities, including sitting down and
relaxed standing [43]. Thus, the compressions applied in this
study have physiological relevance. While this study was not
designed to study disc stress-relaxation, we did observe a visco-
elastic response (Table 1) consistent with the previous studies
[44–46] which was expected, based on known nonlinear and
viscoelastic disc mechanics [45,47–49].

An advantage of this study is that 3D image registration was
performed. Prior 2D image correlation experiments [15–19] were
designed to minimize out-of-plane deformations that could cause
erroneous strains to be reported if the same tissue is not present in
both the reference and deformed images. To check this, the strains
in this study were compared to the previous 2D correlations [16].
Although different samples and slightly different protocols were
used (the present study applied 5% compression, the previous
study [16] applied 1000 N compression), both studies achieved
very similar applied axial disc strains, Ezz¼�4.27 6 1.48% and
Ezz¼�4.4 6 1.3% strain, respectively. Therefore, the AF strains
computed in 3D and midsagittal 2D can be compared with some
confidence. This finding was not unexpected since axial
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compression was applied in both studies. The average AF axial
strains were Ezz¼�3.6% and �4.7% and the average AF radial
strains were Err¼ 2.2% and 2.1% in the present 3D study and the
previous 2D study [16], respectively. This is excellent correspon-
dence given the differences in protocols, human sample variabili-
ty, imaging and registration methods, and strain inhomogeneity.
This observation provides confidence in both the present work and
the remaining validity of the previous 2D studies. The ability to
quantify out-of-plane motion will enable future 3D disc strain
analysis in other loading configurations, such as rotation and
bending, where less uniform deformations are expected.

The methods in this study are subject to some limitations. Long
imaging times limit analysis to studies in which the disc is at
steady state, and dynamic loading studies are not currently feasi-
ble with the described methods. Similar to other loading studies
[5], the applied grip–grip compression overestimated the actual
strain experienced by the disc: for applied 5, 10, and 15% grip–
grip compression the manual segmentation averaged in the midsa-
gittal and midcoronal images were �4.3 6 1.3%, �9.3 6 0.9%,
and �12.0 6 0.9%, respectively. This is due deformation within
the loading frame fixtures and possibly deformation during lock-
ing of the loaded position prior to imaging. The loading frame’s
driving rod’s thread pitch was comparable to the average applied
5% compression increment of 0.78 6 0.07 mm. Additionally, it is
likely that some deformation occurred within the vertebral bodies,
as they become less rigid with osteoporosis [50–53]. The differ-
ence between grip–grip compression and actual strain is not itself
problematic; however, it does increase variability when grouping
samples for statistical analyses.

This study was performed in cadaveric discs and is not cur-
rently available for in vivo applications. To achieve high-
resolution isotropic images used in this study, significant improve-
ments to current spine surface coils and MRI sequence develop-
ment will be needed. Nonetheless, MR-based biomechanical
studies have been performed in vivo, where disc volume changes
have been quantified following axial loading [54] and simulated
diurnal loading [55]. Thus, future imaging advances could be
translated to in vivo study.

In conclusion, key technical advances were made to develop
and validate a new method to measure 3D internal strains in intact
human discs. The 3D strain components were obtained for both
qualitative and quantitative analysis and compared across AF
regions. Three dimensional spatial variations in the three strain
components indicate complexities in the material mechanical
properties and disc stresses not heretofore appreciated. Some of
the variation in magnitude of axial and circumferential strain
might be explained by disc geometry. Overall, this study provided
new methods that will be valuable in future work. The observed
strain inhomogeneity may have implications for both tissue
mechanics and cell mechanotransduction, as nearby cells might
experience wildly different mechanical environments. These tech-
niques will be valuable in the design, the development, and the
evaluation of surgical procedures and therapeutic interventions.
Moreover, this work should advance analysis of internal mechan-
ics in other musculoskeletal joints to quantify strains in tendon,
ligament, and meniscus within an intact joint.
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