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Objectives:

Diffusion tensor imaging (DTI) is an MRI modality for characterizing the

property, microstructural organization and function in tissues such as the brain and spinal
cord. Prior to this investigation, DTI had not been adapted for studies of the
temporomandibular joint (TMJ) disc.

Objectives were to test the feasibility of DTI to evaluate the porcine TMJ disc and to use DTI
to observe differences in magnitude of anisotropy of water diffusion between TMJ disc
regions.

Methods: Five adult pig TMJs were scanned on a 9.4 Tesla horizontal bore MRI scanner
using an inductively coupled surface coil. High-resolution gradient-echo and diffusion-
weighted spin-echo based images were obtained. The mean diffusivity and fractional
anisotropy (FA) were computed in different regions of the disc. Two observers were
calibrated to review the two-dimensional and three-dimensional images. Polarized light
microscopy was used as the gold standard for collagen fibre orientation.

Results: In the sagittal plane, the mean diffusivity was higher in the posterior
(1.2840.10x 1073 mm~2 s~ !) and anterior (1.2740.08 x 1073 mm~2 s~ ') bands compared
with the intermediate zone (0.964+0.01 x 1073 mm~2 s~ 1), and the FA index was also lowest
in the intermediate zone. In the coronal plane, the mean diffusivity was higher in the medial
(1.4240.01 x 1073 mm~2 s7!) and lateral (1.2140.12x 1073 mm~2 s~ ') aspects than in the

centre (1.0940.08 x 1073 mm~2 s~ 1), and the FA index was also lowest in the centre.

Conclusions:

DTI is a useful method for non-invasively characterizing the structure/
property relationships of the porcine TMJ disc.
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Introduction

The temporomandibular joint (TMJ) disc is a dense
fibrocartilaginous microheterogeneous tissue located
between the two bony components of the TMJ. The
disc, which serves as the principal mechanism for stress
distribution and lubrication, presents distinct regional
variations in its biochemistry, microstructure and
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biomechanics.!# This variation is related in part to
regional variation in the collagen fibre orientation.*”’
Specifically, in the posterior and anterior bands of the
disc, the collagen fibres run in a mediolateral direction,
whereas the fibres in the intermediate zone are oriented
anterior to posterior. This regular pattern of organiza-
tion is disrupted as a consequence of disease or
displacement of the disc.%®

Our current efforts are focused on investigating the
structure, properties and function of the porcine TMJ
disc at both macroscopic and microscopic scales. As
part of our studies we have tested the potential of



applying complex information-rich MRI modalities to
probe the disc. MRI is currently considered to be the
best anatomical imaging technique for non-invasively
evaluating the soft tissues of the TMJ.%!3 The porcine
disc has found common acceptance in TMD research
because it mimics the anatomy and function seen in
humans.'* The porcine TMJ has been examined earlier
using high-resolution MRI; however, these previous
studies are limited in number and only provide
morphological information restricted to the appearance
of the condylar cartilage on anatomical MRI.!>-16

Diffusion tensor imaging (DTI) is an MRI modality
that has the potential for detecting, measuring and
quantifying microstructural changes in organized and
semi-organized tissues as well as for providing three-
dimensional (3D) information about the microstruc-
tural organization of fibres and structures in a non-
invasive manner. DTI has been applied in several
studies to infer the microstructural characteristics of the
brain, the heart and the spinal cord.!”2° In the brain
and spinal cord it has been used for nerve fibre
tracking, which has proven to be clinically successful
for the detection of early pathology on these tissues.

In addition, DTI has been introduced in the clinical
diagnosis of disease conditions such as cerebral
ischaemia, acute stroke and multiple sclerosis.?!~23
Unlike conventional diffusion-weighted imaging
(DWI), where diffusion-weighted (DW) images are
used to calculate the scalar apparent diffusion coeffi-
cient (ADC), DTI characterizes diffusive transport of
water by an effective diffusion tensor D.** The
eigenvalues of D are the three principal diffusivities
and the eigenvectors define the local fibre tract
direction field.2> Moreover, one can derive from D
rotationally invariant scalar quantities that describe the
intrinsic diffusion properties of the tissue. The most
commonly used are the trace of the tensor, which
measures mean diffusivity, fractional anisotropy (FA)
and lattice index (LI), which characterize the aniso-
tropy of the fibre structure, meaning how much higher
the diffusivity is along some directions compared with
others.?5-28

The usefulness of DTI for the detection of micro-
structural changes that are indicative of differences in
the micromechanical properties of the TMJ disc had
not been explored prior to this project. In this article,
we present the results from the first adaptation of DTI
to an investigation of the TMJ disc. DTI is a relatively
recent MRI modality for relating image intensities to
relative mobility of endogenous tissue water molecules
and was used to study the degree of anisotropy in which
the water molecules move across the tissue, which
would be indicative of the orientation and organization
of the collagen fibres. As described above, it is a well
accepted imaging modality in clinical and experimental
radiology to evaluate the orientation, distribution, size
and integrity of myelinated axonal neuronal fibres. DTI
was used in this study to map the orientation of the
collagen fibres and to characterize the diffusion proper-
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ties of the TMJ disc. We hypothesize that DTI can
provide information on the intact TMJ disc that is
currently unavailable with other non-invasive imaging
techniques. Here, we test this hypothesis with experi-
mental studies on the porcine TMJ disc and determine
the wvalidity of DTI to characterize the structure/
property relationships of the intact TMJ disc.

Materials and methods

Five excised frozen heads from female Yorkshire x
Landrace cross adult pigs, ages 12-16 months, were
obtained from the Swine Resource Center at the
University of Missouri—-Columbia. The animals were
utilized in cardiovascular studies previously approved
by the appropriate Animal Use Committee. The
acquisition of pig heads for this work was considered
incidental to other work and thus the protocol was
exempt. Using an autopsy saw, ten joints were
harvested. One joint per animal was randomly selected
for a total of five joints to be evaluated using DTI. The
other five joints were designated for another project.
The temporal bone was carefully removed by separat-
ing the joint capsule from the articular surface of the
bone while leaving the intact discs attached to the
condyle. The discs appeared normal and healthy upon
gross examination. The samples were tightly wrapped
in plastic to prevent dehydration.

The TMJ samples were scanned at room temperature
on a 9.4 Tesla horizontal bore scanner (Varian Inc., Palo
Alto, CA), using an inductively coupled surface coil
positioned in contact with the superior aspect of the disc
along an axis parallel to the mediolateral direction.?® The
specimen—coil assembly was placed on a Plexiglas®
cradle and introduced into the magnet for imaging.
After confirming the assembly position in the magnet’s
isocentre, high-resolution multislice interleaved images
were acquired in axial, sagittal and coronal planes using
a 3D gradient-echo (GE) sequence with the following
parameters: repetition time (TR)/echo time (TE) =45/
4.46 ms, flip angle =45°, applied over a volume of
31 x 20 x 14 mm?>, where the former represents the read-
out direction, image matrix = 256x 128 x 128 and
number of excitations =2. With these settings, the
spatial resolution was 70-100 pum. Diffusion-weighted
images were obtained with a spin-echo-based sequence.
The diffusion gradient pulses were set at strength of
8 G cm™!, duration (width, ) of 6.5 ms and a time
interval (separation, A between the onset of the pulses) of
11 ms to produce a b-value of 346 s mm~2. After a
baseline acquisition with no diffusion-sensitizing gradi-
ent (0, 0, 0), six more measurements were obtained by
applying diffusion gradients in six isotropically distrib-
uted directions (110, 101, 011, —110, —101, 0-11). The
other parameters were TR/TE= 2000/24 ms, FOV
=10 x 10 mm?, image matrix = 128 x 128 (correspond-
ing to spatial resolution of 78 x 78 um?), slice thickness
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= 1 mm and number of excitations = 2. The acquisition
time was ~1 h per specimen.

Data processing

The acquired raw data were processed and displayed
using  VNMRIJ.1ID scanner software. The overall
organization of the collagen fibres in the disc was
visualized using spin-echo or GE data in two and three
dimensions using ANALYZE software (AnalyzeDirect
Inc., Lenexa, KS). The diffusion-weighted images were
processed using DTT analysis package developed under
MATLAB® platform (Matworks Inc., Natick, MA). A
MATLAB code was developed to analyse the data on a
pixel-by-pixel basis. The code starts by applying a
Gaussian filter to reduce the noise in all seven images of
the slice being analysed. After prompting the user for
the b-value used in the experiment, the code computes
the measured ADC that correspond to each of the six
directions where the magnetic field gradients were
applied. For example, the ADC corresponding to
gradients applied in the x and y directions simulta-
neously are computed as:

1 | Image,;,

b n<Image000)
where Image o is the image obtained by applying
magnetic field gradients in the x and y directions
simultaneously, and Imageyy, is the image obtained
without applying magnetic field gradients. After
computing all six ADCs, namely ADC;;9, ADCgy,
ADCOH, ADC_H(), ADC_101 and ADCO-]], the code
computes the diffusion tensor elements (D) by utilizing
the following relations

ADCq9=

ADCj1g=Dyy + D,y +2:Dy,
ADCyo1 =Dy +D..+2:D,.
ADCyjy =Dy, + D..+2:D,.
ADC_19=Dy, + D,y —2-D,,
ADC_ 191 =Dyx+D.. —2-Dy;
ADCy_y) =D,y +D..—2-D,.

This may be expressed in the matrix form

ADC}o 110 2 0 07/Dy
ADCy, 1o1 0 2 ol|b,
ADCoy |0 110 0 2D
ADC o 110 —2 0 0 D,,
ADC_ 101 0 -2 0 D,
ADCy-1 01 1 0 0 —2]\Dy

The code then inverts the relation of Equation (1) to
obtain the diffusion tensor elements, namely D.., D,,,
D.., D.,, D,. and D, for each pixel in the slice being
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analysed. From the diffusion tensor the code simply
calculates the eigenvalues (4, /1, 43) and its corre-
sponding eigenvectors for each tensor belonging to each
pixel. The code also calculates FA values at each pixel
by the relation:

FA_\F¢<m—z>2+<zz—z>2+<z3—z>2
2 NI ESTRYE

where A is the trace of the tensor. The elements of the
diffusion tensor were calculated from the diffusion-
weighted images using a least-square fitting routine,
and the tensor was diagonalized to estimate the
eigenvalues (41, 4, 43) describing the principal diffusiv-
ities along its three orthogonal eigenvectors with
unitary modulus for each image pixel. These measure-
ments were invariant, meaning independent of the
scanner coordinates, and represented the three principal
directions of diffusion and their magnitudes within the
disc tissue. From the eigenvalues, trace (the mean of the
three eigenvalues) and FA values were computed. The
FA is a scalar rotationally invariant quantity that
describes the degree of anisotropy of diffusion in a
tissue. All parameters were calculated pixelwise to map
the whole cross-sectional area of the disc. The mean
diffusivity of consecutive regions of interest (ROIs)
with the same dimensions was plotted against the
distance from reference points within the disc and the
fractional anisotropy was displayed using both grey-
and colour-scaled maps. The orientation of the collagen
fibres was visualized on the anatomical images from the
same slice using a cylinder-shaped surface symbol
oriented along the principal eigenvectors (i.e. the
eigenvector corresponding to the largest eigenvalue).

Data analysis

Two observers, an oral and maxillofacial radiologist
and high-field MRI expert, were calibrated to review
the high-resolution two-dimensional (2D) and 3D
images, the orientation of the collagen fibres using the
symbols superimposed on the anatomical images, and
the grey- and colour-scaled fractional anisotropy maps.
The images in each set were displayed on the computer
screen and their spatial alignment was confirmed
visually. The observers were asked to describe the main
orientation of the collagen fibres at each of the selected
ROI. They viewed the images twice with a 2-3 week
interval between viewing sessions. In case of disagree-
ment, the two observers viewed the images together and
reached a consensus. In order to validate the usefulness
of DTI to evaluate the structural organization of the
TMJ disc, the orientation of the collagen fibres was
confirmed via polarized light microscopy on a series of
histological slides from the same disc specimens
analysed using DTI. For this purpose, tissue slices
from each of the three disc bands were cryosectioned at
14 pm thickness, mounted on regular glass slides and



analysed (unstained) under the microscope at 4 x, 10 x
and 20x magnifications (Nikon E8000; Nikon
Instruments Inc., Melville, NY). The images were
captured using a charge-coupled device (CCD) camera.

The diffusion properties of the TMJ disc were
analysed statistically using ANOVA by comparing the
means and standard deviation of the main eigenvalues
and fractional anisotropy values on the five samples
across the three regions of the disc (Table 1). P-values
were chosen at 0.05.

Results

The 2D axial and coronal GE images of the porcine disc
after removal of the temporal bone depict the
differences in the fibre orientation between the poster-
ior band (Figure 1c) and intermediate zone (Figure 1b).
In the transition area between the posterior band and
the intermediate zone, a combination of long axes and
cross-sections of fibres are visualized (Figure 1d). The
findings from the axial and coronal gradient echo
images were confirmed using polarized light micro-
scopy (Figure le-g).

The 3D views of the porcine disc attached to the
condyle were obtained by applying a wedge function to
segment out a portion of the image volume allowing the
simultaneous visualization of the internal structure of
the TMJ disc in the coronal, sagittal and axial planes
(Figure 2a—d). In these images, the fibres in the anterior
and posterior bands of the disc are orientated
mediolaterally (white arrows in Figure 2a,c) whereas
those from the intermediate zone run in an anterior-
posterior direction (black arrows in Figure 2b,d).

As an example of the DTI data obtained as part of
this study, a coronal anatomical image of the intact disc
is presented (Figure 3a) for which its corresponding FA
(Figure 3b) and trace maps (Figure 3c) were computed

Table 1 Mean diffusivities along the (a) sagittal and (b) coronal
planes. The mean diffusivity is lower in the intermediate zone in the
sagittal plane and in the central area in the coronal plane. (c)
Statistical result (mean + standard deviation) of the measurements
and estimates of the diffusion eigenvalues (41, 45, 43 x 1073 mm?s~1!)
and the fractional anisotropy (FA) index for the three regions of
interest (outlined in Figure 3a) across the disc of the normal porcine
temporomandibular joint, n =5

a b Mean diffusivity-coronal plane
= Mean diffusivity-sagittal plane 15
%2 t X e
s ey vy E 1 .
& - N
2z
$e fos
£ o 5 10 15 0 £ 0
e Distance from post {mm) a
] 5 10 15 20
Distance from medial aspect {mm)
¢ Disc (n=5) A i A FA
Medial aspect 215+ 064 1.31+046 056042 055+0.47
Center 2.70+0.36 1.85+0.32 1.27£036 036012
Lateral aspect 280+ 0861 1.77+041 097042 047+£0.15
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from the DTI data acquired from the same slice. The
measurements of the diffusion properties on the
selected ROIs marked on the anatomical image in
Figure 3a were analysed statistically using ANOVA
and the results are presented in Table 1c. The collagen
fibre orientation in 3D is displayed by representing the
principal eigenvectors as small red lines overlaid on
each voxel of the anatomical image (Figure 3d). The
regional variations in the eigenvector directions are in
agreement with the expected fibre orientation confirm-
ing the ability of DTI measurements to sensitively
detect the fibres’ microstructural organization. All five
samples showed comparable behaviour of the mean
diffusivity, FA index and the eigenvector corresponding
to the largest eigenvalues (Table 1c).

In the sagittal plane, the mean diffusivity was higher
in the posterior (1.284+0.10 x 1073 mm? s~ !) and ante-
rior (1.27+0.08 x 1073 mm? s~ ') bands of the disc
compared with the intermediate zone (0.96+0.01 x
1073 mm? s~!) (Table la). These values corresponded
to the fractional anisotropy index, which was lower in
the intermediate zone compared with the anterior and
posterior bands (data not shown).

In the coronal plane, the mean diffusivity was higher
in the medial (1.4240.01 x 1073 mm? s~!) and lateral
(1.2140.12x 1073 mm? s~!) aspects of the posterior
band than at the centre (1.09+0.08 x 1073 mm? s~ 1)
(Table 1b). In this plane, the fractional anisotropy
index was lower in the central aspect of the disc
followed by the medial and the lateral regions
(Figure 3c).

The eigenvector projection map showed regional
variations depending on the location and the plane.
These variations support the specialization of the tissue
according to the function and the properties of each
region. For example, in the sagittal plane the vectors in
the posterior and anterior bands presented an out-of-
plane orientation whereas those in the intermediate
zone had an in-plane alignment. In contrast, Figure 3d
illustrates the in-plane orientation of the majority of the
eigenvectors in a coronal view at the level of the
posterior band.

Discussion

There are a wide variety of techniques available for
imaging the TMJ. The reason for such a large number
of techniques include the great biological variation of
the bony structures, the fact that techniques that
reproduce bone structures well are frequently poorly
suited for imaging soft tissues and vice versa. In
addition, the 3D alignment of the condyle often leads
to distortion of the condyle-fossa relationship unless
the angle of radiation is individualized. Another
limitation associated with the most common imaging
modalities, e.g. panoramic radiography, tomography
and CT, is the use of ionizing radiation. Moreover,
imaging procedures are almost never useful as primary
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Figure 1 Gradient-echo MRISs of the porcine disc attached to the condyle in the (a) axial and (b—d) coronal planes. (a) The grey lines indicate the
level of the corresponding coronal images. Note the difference in fibre orientation between (c) the posterior band, (b) the transition zone between
the posterior band and the intermediate zone and (d) intermediate zone (arrows). (c) In the posterior band, the long axis of the fibres can be
visualized running along the mediolateral direction (white arrow). In contrast, the fibres in the intermediate zone run in the anteroposterior
direction; therefore, (b) the MRI in the coronal plane shows a cross-section of them (arrow). (e-g) Polarized light microscopy images of the
temporomandibular disc showing the fibre orientation at the (e) anterior, (f) intermediate and (g) posterior regions. The tissue slides were
sectioned parallel to the coronal plane of the joint. The striped pattern indicates the crimping and banding of the fibres. In the anterior and
posterior bands the fibres run parallel from left to right, indicating mediolateral orientation of their long axis, whereas in the intermediate zone

only the cross-section of the fibre bundles is visualized

tools for diagnosing functional disturbance. In general,
the imaging modalities provide information about the
form and position of structures. The occurrence of
symptoms in TMD depends primarily on function and
the capacity for adaptation. In this regard, one must
give special attention to the functional adaptability of
the non-bony structural components of the joint. With
the exception of MRI, imaging procedures cannot
reveal evidence of adaptation in the bilaminar zone, the
fibrocartilaginous articular surfaces or the disc.3°
Emerging MRI technologies are now allowing
investigators to move beyond the current capabilities
of anatomic definition and determine hydration,
collagen and proteoglycan content of tissues. DTI is
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one of these emerging tools, that was developed
originally to provide information about axonal integ-
rity and the course of white matter fibre tracts in the
central nervous system.3! Briefly, this technique
exploits the perpetual and random motion of water
molecules in tissues and provides an additional degree
of contrast that could help with pathological character-
ization of the tissue. In the absence of boundaries,
water diffusion is isotropic and characterized by a
single parameter, generally referred to as ADC.
However, in organized or semi-organized structures,
such as axons or collagen fibres of the TMJ disc, water
diffuses in preferential directions. Water molecules tend
to diffuse faster along the fibres compared with
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Figure 2 Three-dimensional visualization of the porcine disc attached to the condyle. The gradient-echo images are shown in a wedged format to
simultaneously display the coronal, sagittal and axial cross-sectional cuts from the disc. (a—c) Depict the inherent organization of the fibres in an
anterior view by segmenting out the anterolateral portion of the volume data. (d) Represents a posterior view of the disc in which the
posterolateral portion of the volume data has been suppressed. In (a,c) the black arrows show the long axis of the fibres in the intermediate zone,
whereas the white arrows display the fibres in the posterior band. The thick white arrow in (c) is showing the anteroposterior direction of the
intermediate zone fibres viewed in the axial plane. In (b,d) the black arrows represent the long axis of the fibres in the anterior and posterior
bands, respectively, whereas the white arrows show the cross-section of the fibres in the intermediate zone in an (b) anterior and (d) posterior view

transverse directions. This directionality is known as
diffusion anisotropy. The degree of anisotropy reflects
fibre integrity that is not evident on conventional MRI.

In this study, we tested for the first time the feasibility
of performing DTI measurements to quantitatively
evaluate the microstructural organization of these
fibres and the disc’s water diffusion properties. The
data collectively indicate that the TMJ disc presents
distinct regional variations in fibre organization. These
results were confirmed by using polarized light micro-
scopy as the gold standard. As expected, the diffusion
of water is anisotropic, but the posterior and anterior
bands exhibit greater anisotropy and principal diffu-
sivity than the intermediate zone.

One of the commonly used scalar invariant quantities
to characterize diffusion in tissues is FA.3%33 FA
receives a value closer to 0 for fully isotropic diffusion
as in liquid, and to 1 for complete anisotropy.
Variations of the mean diffusivity and FA were
observed along the sagittal and coronal planes con-
firming the heterogeneous nature of this fibrocartilagi-
nous TMI disc tissue. FA maps appear to be the most
promising information for characterizing the diffusion
properties of the TMJ disc.

The MRI and DTI results confirm the well estab-
lished evidence about regional variations and speciali-
zations observed within the TMJ disc. The DTI results
offer the unique advantage of providing not only
qualitative but also quantitative microstructural and
property information in a non-invasive manner. This
first study to adapt DTI to the evaluation of the TMJ
disc demonstrates the capabilities of this technique for
determining the diffusion properties of the TMJ disc
and microstructural analysis of the collagen fibre
distribution and orientation.

We applied high-resolution MRI modalities and
demonstrated their merits in characterizing the mor-
phology, the microstructure and the diffusion proper-
ties of the TMJ disc. We showed that the GE-based
anatomical imaging is capable of producing sensitive
and specific data to depict the morphology and
orientation of the disc fibres which was further
supported by our polarized light microscopy observa-
tions.

To summarize the significance of this study, it is
important to keep in mind that previous authors have
reported that the regular pattern of extracellular matrix
organization is disrupted as a consequence of disease or
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Figure 3 (a) Anatomical image and (b) corresponding fractional anisotropy map of the intact joint in the coronal plane. Note the parallel
orientation of collagen fibres in the disc (red arrow). (c) Colour-scaled trace map displays differences in the degree of anisotropy across the tissue
from low (0, blue) to high (1, red). (d) Vector projection maps of eigenvalues (4 |, 4 », 4 3) representing the principal diffusivities of water in the
three regions of interest (ROIs) outlined in red in (a). The vectors were estimated from diffusion tensor imaging measurements

disc displacement.®® For example, an early and key
event in degenerative joint disease is loss of the integrity
of the collagenous matrix of articulating structures.
These early degenerative changes characteristically
occur long before any disruption is detected using
current imaging modalities. Given that the mechanical
properties of the TMJ disc are largely dependent on the
collagen fibre organization, proteoglycan composition
and the interaction of these components with the tissue
fluid, and that the initial effect of collagen degradation
in articular tissues is an increase in their water content,
it is reasonable to believe that early degenerative
changes within the disc would be reflected in the
measurement of its diffusion properties.3*3¢ Our
quantitative results encourage the use of DTI for
comparison of similar measurements obtained from
the TMJ discs of experimentally induced disease or
inflammation in animal models such as the miniature
pig model that correlates degenerative joint disease
following intraoral splint wear described by Sindelar
and coworkers.?7-38

In regards to the use of DTI, a much higher magnetic
field strength than is currently approved for clinical
studies was used. The use of this high field strength
provided increased signal-to-noise ratio and resolution
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necessary in the case of this study; however, it leaves the
question open as to whether this technique would be
feasible for human use. Although the results from the
present investigation suggest that DTI could be a
critical tool in the detection of early pathologies of the
TMI disc, additional work needs to be performed to
optimize DTI protocols and start testing this modality
at lower field strengths that more closely resemble the
current clinical imaging situation.
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