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1. Introduction: Short T2 Nature of Musculoskeletal Tissues

The tissues of the human body can be divided into those that are “visible” in the sense that
they provide detectable signal with clinical MR systems and those that are “invisible”
because their mean T2s or T2*s are too short to provide a detectable signal. All tissues have
multicomponent T2s. This means that they contain a mixture of short and long T2
components. The invisible tissues have a majority of short T2 components and a minority of
long T2 components. The latter components typically do not provide enough signal to be
detectable in relation to image noise levels. Within these tissues (mean T2 < 10ms) it is
possible to differentiate a first group including tendons, ligaments, and menisci with short
mean T2s of about 1-10 ms, a second group including cortical bone and dentine with
ultrashort mean T2s of 0.1-1 ms. There is also a third group including dental enamel,
protons in membranes, and molecules as well as crystalline bone with super short mean T2s
of less than 0.1 ms. From the standpoint of diagnosis and characterization of structural
alteration in short and ultrashort T2 tissues, it would clearly be beneficial to obtain signal
and manipulate contrast to achieve those goals. As knee injury, and the subsequent
development of osteoarthrosis, as well as low back pain are encountered in the general
population in epidemic proportions, we will focus on the characterization of short T2 tissues
in the knee (cartilage and meniscus) and in the spine (intervertebral disc).

2. UTE MR Techniques and Utility In MSK Tissues

As noted above, many short T2 MSK tissues remain “invisible” or give very low signal
intensity when imaged using conventional MRI. This is due to the inability of conventional
pulse sequences to acquire data in the short T2 range. For example, a spin echo sequence has
the minimum TE of ~10 ms, while a gradient echo sequence has a practical minimum TE of
~2 ms. MR signal from tissues with T2 value less than ~1 ms will have decayed away and
will appear dark in conventional MR images.

Ultrashort TE (UTE) pulse sequences allow signal to be detected much earlier after
excitation than with conventional sequences, and it is possible to detect short T2 relaxation
components in tissues before they have decayed to low or zero levels (1-5). As a result,
signal can be acquired from these tissues and can be visually assessed. In addition, the
ability to acquire higher signals from tissues can be used to improve or make possible
quantification of different tissue MR properties.
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A number of UTE techniques focusing on the method of image acquisition (6-10) have been
developed. These include are both two-dimensional (2D) and three-dimensional (3D) UTE
sequences. A typical 2D UTE sequence employs half excitation pulses with radial mapping
of k-space from the center out followed by another half excitation with the polarity of the
slice selection gradient reversed (2,3,11) Data from the two half excitations are added to
produce a single radial line of k-space. This process is repeated through 360 degrees. Raw
data is typically mapped onto a 512x512 grid and reconstructed by 2D inverse Fourier
Transformation (FT). 3D UTE sequences typically employs a short hard pulse excitation
followed by 3D radial ramp sampling (9,10,12). Raw data is typically mapped onto a 3D
Cartesian 256x256x256 grid and reconstructed by 3D inverse FT.

These 2D and 3D UTE sequences have been combined with techniques to modulate image
contrast using suppression of long T2 water (9,13,14) and/or fat (12,15) signals using
saturation or inversion nulling techniques. A dual adiabatic inversion recovery (DIR)
preparation scheme (15) for example uses two long adiabatic inversion pulses are employed
to invert and null long-T2 water and fat, respectively. Very short-T2 species (such as the
calcified cartilage) are largely unaffected due to their fast transverse relaxation during the
relatively slow adiabatic inversion process.

Quantitative techniques have been introduced to determine UTE T2*, UTE T1rho, and bi-
component (i.e., long and short T2* components) of MSK tissues. T2* can be measured
through exponential fitting of UTE images with a series of TE delays (16). T1rho can be
measured through exponential fitting of UTE-T1rho images acquired at a series of spin-lock
times (TSLs) (17). The UTE-T1rho sequence combines a regular spin-lock pulse cluster
followed by regular UTE acquisition, and has been shown to be able to evaluate T1rho of
both short and long T2 tissues (17). Regular UTE sequences can also be combined with
variable TE acquisitions and bi-component analysis to quantify T2* and the fractions of
short and long water components in MSK tissues (18).

3. MR Evaluation of the Knee: Articular Cartilage

3.1. Anatomy of Articular Cartilage

Avrticular cartilage (Figure 1, left) is a thin layer of connective tissue covering the ends of
long bones. Articular cartilage functions as a load bearing, lubricating, and wear-resisting
structure that facilitates joint motion. It is composed of sparsely distributed chondrocytes
within a fluid-filled extracellular matrix that consists mainly of collagen and proteoglycans.
The normal collagen network of cartilage is strong in tension (19), whereas the
proteoglycans, due to a high density of negatively charged groups, swell in physiologic
solutions and provide resistance to compression (20,21). Articular cartilage is anchored to
subchondral bone via a ~100 wm thick (22), metabolically active (23) layer of calcified
cartilage. This region of the osteochondral junction, including calcified cartilage and
subchondral bone, is important for solute transport between the vasculature and articular
cartilage (24).

Adult articular cartilage is inhomogeneous in structure and composition, varying mainly
with depth from the articular surface (Figure 1). Collagen fibril orientation varies from being
parallel to the articular surface to being perpendicular to it, from superficial layer to deep,
respectively (25,26). Other properties of the collagen fibrils also vary with depth: the fibrils
are generally fine and densely packed near the surface and thicker in the deep layers (27,28).
In addition, the collagen network near the articular surface sometimes exhibits a preferred
orientation that is generally in the same direction as the so-called splitline direction. These
variations in collagen orientation influence magnetic resonance image appearance (29) and
properties (30) when imaged in different orientations, due to the “magic angle effect.”
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Proteoglycan content shows greater depth-variation, being about a third of the peak value
near the surface and increasing to the peak high in the middle layer, as indicated by
measurement of fixed charge density in human cartilage from the femoral condyle (31).
Consistent with depth-varying structure and composition, MR properties such as T2
relaxation constant also varies with depth in articular cartilage (Figure 1, right).

Avrticular cartilage undergoes degeneration in osteoarthritis (OA), resulting in a number of
structural, compositional and functional changes. Articular surface develops wear-lines and
fissures with aging (32), which is a major contributor to biomechanical tensile weakening
(33). Loss of proteoglycans is also associated with aging, which reduces compressive
stiffness of the cartilage (34). Elevated levels of cytokines such as IL-1a in joints also
degrade collagen and reduce mechanical strength (35). The role of deep and calcificied layer
of cartilage in OA and cartilage degeneration has not been explored extensively. Calcified
cartilage attaches overlying cartilage to subchondral bone, and has been implicated in the
pathogenesis of cartilage degeneration (36). The calcified cartilage may thicken in
osteoarthritis (37) and with overloading (38), while it thins near focal subchondral
microcracks and lesions (39). Weakening of this layer, when subjected to injurious loading,
may result in chondral delamination (40-42). Thus, non-invasive evaluation of calcified
layer of cartilage is also of great interest along with evaluation of the overlying uncalcified
cartilage

3.2. Conventional MRI of Articular Cartilage

Avrticular cartilage is often evaluated using radiologic methods (43). Plain radiography
(44-46) of the anterior-posterior view are typically graded using decades-old Kellgren and
Lawrence method (47), which lacks sensitivity to subtle changes in articular cartilage.
Though computed tomography (CT) in conjunction with arthrography and ultrasonography
offer higher spatial resolution, these methods also do not offer the soft tissue contrast
provided by MR imaging, relegating their evaluation of cartilage to tissue loss with CT
arthrography, and the superficial layer assessment with ultrasonography.

MR is generally regarded as one of the best available methods for evaluating injury and
repair of the full-thickness, overlying uncalcified cartilage (48-50). It does so through
exploiting MR properties intrinsic to all tissues, including T1 (spin-lattice relaxation time
constant), T2 (spin-spin relaxation time constant) values, and T1rho (spin-lattice relaxation
time constant in rotating frame) values. For example, for normal articular cartilage including
the superficial and the middle layers, T1, T2, and T1rho values are in the order of ~1000 ms,
~40 ms, and ~60 ms, respectively (51). MR pulse sequences, by adjusting parameters of
time-to-repeat (TR), time-to-echo (TE) and time-to-spin-lock (TSL), as well as a number of
other parameters, are able to obtain images depicting many structures of the joint with
preferred contrast. For example, proton density-weighted (PDw; long TR and short TE) and
intermediate T2-weighted (T2w; long TR and intermediate TE) fast-suppressed spin echo or
fast spin echo sequences highlight the synovial fluid (SF) while the cartilage has relatively
low signal and contrast (52,53). T1-weighted (T1w; short TR and short TE) spin echo
sequences give cartilage higher signal intensity than joint fluid (53), but is seldom used to
assess intra-tissue signal variations. Example of PDw and T2w for a cadaveric patella is
shown in Figure 2AB. These conventional clinical MR sequences have proven effective in
the evaluation of cartilage lesions with surface irregularity and/or loss of thickness. These,
along with fat saturated 3-D spoiled gradient echo imaging, have reported sensitivities of
93-94% for the detection of cartilage lesions (48,50,54).

Conventional quantitative MRI of articular cartilage is also beginning to be used in vivo,
although it is not routinely used in clinical settings. In vitro studies have shown sensitivity of
T2 (55), T1rho (56,57) and T1 (with delayed Gadolinium enhanced MRI of cartilage;
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dGEMRIC) (58,59) to proteoglycan content of articular cartilage; higher T2 and T1rho
values, and lower dGEMRIC index have been associated with loss of proteoglycans. In
addition, biomechanical correspondence between T1rho (56,60) and dGEMRIC index (61)
has been suggested, consistent with composition-function relation between proteoglycans
and cartilage biomechanical properties (31,62). Examples of T2 and T1rho maps are shown
in Figure 2CD, showing intra-tissue variations in quantitative MR properties that facilitate
comparison against reference measures of function or composition. In vivo studies
comparing the knee cartilage of volunteers and OA patients have found small but significant
differences in T2 (63,64) T1rho (63) and dGEMRIC index (65). These quantitative
techniques, especially T2 mapping, have been used often for evaluation of cartilage repair
(66-70), where decreased T2 values and layer-stratification of T2 maps were generally
associated with better repair. Quantitative MR methods have been applied to the hip
cartilage as well (71-74).

3.3. UTE MRI of Articular Cartilage

Early application of UTE MRI to articular cartilage focused on direct visualization of deep
layers. These included several in vivo studies which evaluated UTE MR appearance of knee
articular cartilage without (1-3) or with (75) contrast agent. These studies described the
presence of distinct linear signal intensity in the deepest layer of articular cartilage (Figure
2E). A recent validation study (76) compared UTE MRI and histology of experimental
preparations, and determined that the presence of the deepest layer of uncalcified cartilage
and the calcified cartilage, but not subchondral bone, results in this linear signal intensity in
UTE MRI.

In order to modulate contrast of short T2 components, several techniques have been
developed. These utilized suppression of long T2 water (9,13,14) and/or fat (12,15) signals
using saturation or inversion nulling techniques. For example, a dual adiabatic inversion
recovery (DIR) preparation technique two long adiabatic inversion pulses are employed to
invert and null long-T2 water (such as that in the superficial layers of cartilage) and fat,
respectively, to create a even higher image contrast for the calcified cartilage.

Figure 3 shows DIR UTE imaging of a normal patellar tissue sample. The imaging FOV of 8
cm, slice thickness of 0.7 mm and readout length of 512 result in an acquired voxel size of
0.16x0.16x0.7 mm3, providing high resolution imaging of the patellar cartilage with a total
scan time of 6 minutes. As has been previously noted, the high signal line represents a
combination of signals from the deepest radial zone and the calcified cartilage. In
comparison, the PD-FSE, T1-FSE and GE sequences do not allow identification of the
calcified cartilage. The regular UTE sequence shows a high signal line, representing the
deep radial cartilage and the calcified cartilage, however, there is limited contrast between
the calcified cartilage and the superficial zones of articular cartilage. The DIR UTE
sequence selectively suppresses signals from both fat and superficial zones of articular
cartilage, providing a SNR of 15.6 + 3.8 for the calcified cartilage, a CNR of 10.7 + 3.2
between the calcified cartilage and superficial zones of articular cartilage, and 10.0 £ 2.5
between the calcified cartilage and fatty marrow. Compared to regular UTE imaging, DIR
UTE increases the contrast between the calcified cartilage and superficial zones of cartilage
by a factor of 5.8, and the contrast between the calcified cartilage and bone marrow fat by a
factor of 4.2.

Figure 4 shows 3D DIR UTE imaging of a patella sample with a FOV of 6 cm, readout of
384, 20000 projections, providing a voxel size of 0.16x0.16x0.16 mm?3 under 100 minutes
scan time. Regular 3D UTE without and with fat saturation were also performed for
comparison. The 3D DIR UTE sequence provides high image contrast for the calcified
cartilage with excellent suppression of the superficial layers of cartilage and fat. The high
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isotropic spatial resolution minimizes partial volume artifacts associated with 2D DIR UTE
imaging.

In addition to morphologic imaging, an increasing number of quantitative UTE MRI studies
on articular cartilage are being performed. Basic approach here is similar to conventional
T2* quantitative techniques; obtain multiple images at different echo time and perform a
single- or multi-exponential fitting of the data. Using a single-component approach, the
deepest layer of cartilage from six cadaveric femoral condyles was shown to have an
average T2* of 1.3 msec (16), markedly lower than ~40 ms found in the majority of the
overlying uncalcified cartilage, using conventional longer TE techniques (51).

Multiple T2* components in cartilage are also of great interest. Recently studies suggest the
presence of both short and long T2 components in many tissues (77,78), including
uncalcified, full-thickness articular cartilage (18,79,80). In one study of cartilage explants
(81), both UTE (7) and long TE (multi-echo spin echo) techniques yielded opposing relation
between the MR property and tissue degeneration, suggesting the short and long T2*
components may change independently in degeneration. In another in vitro study (82) in
which bovine nasal cartilage was degraded using trypsin to degrade collagen matrix and
deplete proteoglycans, only the longer T2* values were increased with the treatment while
the short T2 component did not change. In contrast, another study utilizing bi-component
analysis (Figure 5) (18) on human patellar cartilage showed a marked increase in short T2*
values with degeneration while no clear changes in long T2* values were observed. While it
remains to be elucidated what mechanisms result in changes in short or long MR properties,
and how to best determine these measures, continued research and development of short and
ultrashort TE MRI has implication for novel early diagnosis of cartilage degeneration and
patient care.

4. MR Evaluation of the Knee: Meniscus

4.1. Anatomy of Knee Meniscus

The meniscus of the knee is a predominantly fibrocartilaginous structure reinforced by
highly ordered collagen fibers with a complex orientation. An understanding of this structure
allows insight into basic biomechanics of the tissue, as it has been established that
orientation of collagen fibrils reflects direction in which a tissue withstands tensile stress,
thereby dictating mechanical stability (83). Approximately 98% of meniscal collagen is
Type |, similar to that predominating in tendon and ligament. These collagen fibrils are able
to withstand tension but have low compressive, flexural and torsional stiffness (83).

Fiber directions and types within the meniscus have been studied for many years, with more
recent emphasis on results obtained using polarized light microscopy, scanning electron
microscopy, confocal microscopy and immunohistochemistry (83-87). These techniques
have shown at least 6 well-defined fiber groups that include: surface meshwork fibers,
lamella layer, circumferential fibers, radial fibers, vertical (or superior-inferior (SI)) fibers,
and meshwork fibers around the circumferential fibers.

The surface meshwork fibers comprise a layer that is approximately 30 nm thick that covers
the meniscus. Beneath this layer lies the superficial lamella layer of types I and 11 collagen
fibers extending to a depth of 150-200 um. These fibers are variable in direction with a
predominantly radial orientation at the periphery, and a circumferential orientation more
centrally with variations from this pattern between the tibial and femoral surfaces as well as
within the anterior and posterior horns of the menisci. The majority of the meniscus is
composed of predominantly circumferential bundles of type I collagen fibers with a
continuation of many of these fibers into the root ligaments of the menisci. Radial fibers
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may be condensed to form larger collagen bundles (radial ties) and may also appear as
sheets. They mainly consist of type | collagen with areas of type 1l collagen within them.
They typically extend from the outer margin of the meniscus centrally in a generally
horizontal direction to end within the meniscus itself, or at the femoral or tibial surface of
the meniscus (Figure 6). The patterns may vary between the anterior horn with shorter
earlier branching fibers, and the posterior horn with thicker and longer fibers or sheets.
Vertical or Sl fibers are seen beneath the lamella layer centrally, deep to the outer margin of
the meniscus and at other locations. They may, at least in part, represent arborization of
radial fibers. The meshwork fibers surrounding the circumferential fibers contain collagen
types | and Il fibers in the white zone, and type | fibers only in the red zone.

The distribution of the meniscal fibrillar pattern varies from its inner margin to its periphery.
The inner region of the meniscus contains predominantly circumferentially oriented fibers in
the lamellar layer, some deeper circumferential fibers, and an attenuated fiber meshwork
around the circumferential fibers. There is debate about the extent of radial fibers in this
region. In addition, the more central region of the meniscus is more cartilaginous, while the
more peripheral region is more fibrous (Figure 7) (88). The more peripheral adult meniscus
(the red or vascular zone) has a blood supply in areas adjacent to perimeniscal tissue while
the more central region (the white zone) is avascular (Figure 8) (89). At its peripheral
margin, loose connective tissue and fat continuous with perimeniscal tissue enters the
meniscal substance.

4.2. Conventional MRI of Knee Meniscus

Initial clinical magnetic resonance (MR) studies of the meniscus were performed using
solenoidal magnets with the plane of the meniscus perpendicular to the static magnetic field
(Bo) and typically employed T1 weighted, mobile proton density (py) weighted and/or T2
weighted conventional spin echo (SE) sequences with echo times (TEs) of about 10-40 ms
(90-92). With these sequences, and the meniscus perpendicular to By, the normal meniscus
displayed little or no signal. It has a relatively short mean T2 and with conventional clinical
SE TEs, the MR signal from most, if not all of the meniscus decays to a low or zero level
before the MR signal can be detected and spatially encoded. This low signal level provided a
useful dark background against which higher signal abnormalities in the meniscus could be
recognized and validated surgically and/or histologically (93-96). Utilizing conventional 2D
MR sequences, accuracy in diagnosing meniscal tears ranges from 70-90% compared with
surgery (97,98). With more recently developed 3D sequences, no significant increase in the
accuracy of meniscal tear detection could be demonstrated (99). However, using
conventional MR techniques for detection of pathology results in late-stage diagnosis
(100,101). Early diagnosis of injury can be performed with quantitative techniques that
evaluate the composition of both cartilage and menisci, including collagen fibers,
proteoglycan, and water (102,103). Specifically, intrinsic MR properties of tissues include
T2, which is related to structural changes (collagen orientation) (5,104) and T1rho, which is
inversely related to biochemical changes (proteoglycan content) (105). Preliminary data
suggests that quantitative T1rho of cartilage can be useful in detecting changes in patients
with osteoarthrosis (106), as previously noted. More recently, both of these quantitative MR
measurements have been shown to detect and quantify severity of meniscal degeneration
and are correlated with worse clinical symptoms (64).

Particularly challenging in the evaluation of the knee on conventional clinical MR
sequences, has been the identification of meniscal calcification and potential imaging pitfalls
therein. Calcification, as meniscal tissue, has a relatively short intrinsic T2 relaxation time
creating suboptimal or aberrant contrast between the two that can result in ability to detect
signal, or misinterpretation of signal as meniscal tear (107,108). In addition, the lack of
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spatial resolution with standard clinical sequences provides an additional challenge for the
visualization of small, punctate calcifications (Figure 11).

4.3. UTE MRI of Knee Meniscus

UTE MRI affords a greater flexibility in morphologic evaluation of knee meniscus. We have
used 2D and 3D UTE techniques to study cadaveric meniscus at a high resolution. Using a
2D technique, effect of varying TEs from 0.012 ms to 12 ms illustrates (Figure 9) the
advantages of optimizing signal from the short T2 tissue of meniscus, as well as allowing for
contrast optimization. The meniscus consists of fibrillar structures as previously noted, with
short T2 values ~10 ms, as well as interfibrillar fibrocartilage, with much shorter T2 value,
that decays rapidly by TE~10 ms. Using the shortest TE less, with values less than 1 ms, the
entire meniscus can be seen with high signal intensity. Using short TE values of 3~6 ms,
structures are visible with arguably better contrast. At higher TE values on the order of 12
ms (short TE by clinical standard), regions of fibrocartilage exhibited very low signal, and
would unlikely depict subtle changes in regional T2 properties. A 3D UTE MRI technique
was developed and implemented by our group to evaluate meniscal tissue. Imaging
parameters were FOV=5 cm, TR=500 ms, TE=0.008, 7, and 14 ms, Matrix=3842. High
resolution isotropic voxels afford a detailed morphologic evaluation of meniscal tissue in
any arbitrary planes; Figure 10 shows a cadaveric sample in anatomic imaging planes.
Interfibrillar fibrocartilage has a high signal at ultrashort TE, while the fibrillar network is
more prominent at longer TEs.

In addition to normal morphology, 3D UTE MRI techniques enable direct visualization and
quantification of meniscal calcification, seen in radiographs. Subtraction of the 2"d echo
image from the first image selectively showed meniscal calcification with high signal and
contrast, as shown in Figure 11. There was residual signal from fat and meniscal fibers
oriented parallel to the By field. This signal showed significant decay between the first FID
and the second image, resulting in a relatively high signal on the subtraction image.

Quantitative UTE MR evaluation of menisci have also been performed (17). UTE-T1rho
(tailored for short T2) and MAPSS T1rho (tailored for long T2) (109) sequences have been
compared for /in vivoimaging of the menisci as well as the femoral-tibia cartilage. The UTE
T1rho sequence was first applied to image the meniscus in a healthy, asymptomatic
volunteer. The acquisition parameters were: FOV = 16 cm, TR = 400 ms, TSL
=0.2/1/5/25/40 ms, TE=0.008 ms, BW=%62.5 kHz, readout = 512, slice thickness = 3 mm,
301 half projections, NEX = 2, scan duration=4 minutes for each TSL. The MAPPS T1rho
sequence had a much longer minimal TE of 2.4 ms but showed otherwise similar results.
Figure 12 shows the corresponding images and the T1rho fitting for the meniscus. Clearly,
UTE T1p provides much higher signal for meniscus, and shorter T1rho values (~9 ms). The
MAPPS sequence provides signal from the longer T2 component of meniscus, resulting in
higher T1rho values (~13 ms).

4. MR Evaluation of the Spine: Intervertebral Disc

4.1. Anatomy of Intervertebral Disc

The human spine comprises 23 intervertebral discs (1VD) positioned between vertebrae that
facilitate back movement. The 1VDs are bounded peripherally by the anterior and posterior
longitudinal ligaments of the spine and axially by the superior and inferior cartilaginous
endplates (110). IVDs have a heterogeneous structure, with a central nucleus pulposus (NP)
surrounded by peripheral anulus fibrosus (AF). In adults, healthy nucleus pulposi are well-
hydrated and rich in glycosaminoglycans which resist compression, while the anulus fibrosi
have markedly less water content, consisting of concentric bundles of fibrous lamellae
bundles surrounded by extracellular matrices.
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The structure and composition of the 1VD in adults varies with location within the disc. The
AF of an adult lumbar disc consists of over twenty lamellar sheets of parallel collagen
fibers. The lamellae within a disc alternate in orientation, ~+25° relative to the endplates
(111,112). Such structure allows for resisting large tensile forces in the AF induce during
spine movement, including bending, rotation, axial compression. The lamellar structure of
the AF is disrupted in disc herniation (113) but is not routinely visualized with clinical MR
imaging. Inner or central portions of AF, close to NP, contain more proteoglycans between
layers of collagen fibrils (114), when compared to the outer AF. In the central region of the
disc, NP contains less collagen and the collagen fibrils have random orientation. There is an
abundant amount of proteoglycans in the interfibrillar matrix of NP. Since proteoglycans
attract water while the collagen network resists swelling, water content is the lowest in the
outer AF and the highest in the NP. Cellularity is also different between NP and AF; in the
adult NP, the cell density is ~4 million cells/ml while in AF, it is ~9 million cells/ml (115).
This makes 1VD one of the most sparsely cellular tissues in the body (116).

Cartilaginous endplates (CEP), also known as vertebral endplates (110), form an interface
between the disc proper and vertebral body. The normal CEP in mature adults consists of
layers of uncalcified and calcified cartilage (117), and is ~ 1 mm thick (118). CEP is slightly
thinner in the central region compared with the periphery (118,119). Collagen fibers of the
inner lamellae of the AF enter the CEP at an angle and swing centrally to become parallel
with the CEP (110). The vertebral body provides a bed of capillaries that adhere directly
onto the CEP, penetrating the calcified layer and abutting directly onto the uncalcified
cartilage (120). Due to the avascular nature of the VD in adults, the homeostasis of the disc
cells and matrices is dependent on the diffusion of metabolites into and out of the disc
(121-123). A number of studies over the years have focused on the evaluation of the
endplate region of the disc, and the relationship between changes in this region and disc
degeneration (122,124-126).

Spine-related pain is a major cause of disability in the United States and involves a large
proportion of the population (127). The pain can be caused by degeneration or injury in
various components of the lumbar spine, including and frequently the IVD (127),
paravertebral muscles and zygapophyseal joints. Specifically, VD degeneration is believed
to be a source of chronic pain (128) and associated conditions such as disc herniation are a
known cause of radicular pain (129). Internal disc disruption, focal and distinct change in
annular morphology of the disc, has also been correlated strongly with pain on disc
stimulation (130,131). On the other hand, it is clinically recognized that disc degeneration is
also observed in patients without low back pain (132,133). The relationship between IVD
degeneration and pain is complex.

While the exact pathogenesis is unknown, age-dependent degenerative disc disease may be
related to changes in the CEP. With increasing age after maturity and in certain diseases
such as scoliosis, there are structural and compositional changes in the CEP that may
contribute to disc degeneration. Gradual thinning of the CEP along with occlusion of
vascular canals by ectopic calcification has been suggested (134), which has been
hypothesized to be due to progressive resorption and advance of the subchondral bone plate.
Similarly, in scoliosis, calcification occurs, ranging from isolated deposits of calcium salts to
ossification throughout the thickness of the CEP (125). In an in vitro study of the CEP of
cadaveric samples, complete occlusion of vascular canals in histology occurred more
frequently in samples from aged donors (which tended to have more degenerate discs as
well) (135). Aging is also associated with an increase in immunostaining for type x collagen
(136), a calcium-binding collagen, in the region of the CEP, suggesting increased propensity
of the CEP to undergo calcification with aging, and possible etiology for subsequent disc
degeneration (137). A non-invasive and sensitive method to detect such changes in the CEP
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would be of considerable value for early diagnosis, and improve understanding of the
pathogenesis of disc degeneration.

4.2. Conventional MRI of Intervertebral Disc

With the advent of non-invasive MR, it has become possible to observe morphologic and
signal changes in intervertebral discs, specifically the NP, with high sensitivity and
specificity. In contrast to plain radiography and computed tomography, MRI allows direct
evaluation of the NP without interference from bony changes. MRI has been used to detect
disc herniation and nerve root compression based on morphology, with a high degree of
accuracy (138,139). For evaluation of the internal structure of discs, morphologic grading
systems have been devised including intradiscal signal intensity and morphology, usually
based on T2-weighted spin echo or fast spin echo images in the sagittal plane (140,141).
These have been used in a number of studies to determine biological-treatment efficacy on
the MR appearance of discs (142,143) and to classify patients into groups based on MRI
(144,145).

With advances in quantitative MRI techniques, numerous studies have shown a correlation
between the biochemical content of the disc and its MR properties. During the early phase of
disc degeneration, loss of proteoglycans and collagen type Il occurs (146). These changes
are associated with decreased water content (147) and changes in MR properties (148). Both
T1 (spin-lattice relaxation time) and T2 (spin-spin relaxation time) of the disc correlate
strongly with water content (149,150), both values increasing when water content increases.
This is also consistent with diurnal changes in the T2 of discs (151,152). A correlation
between T2 values and proteoglycan content has also been found (147,153). More recently,
T1rho (spin-lattice relaxation in rotating frame) which in theory is sensitive to slow
movement (relative to water) of macro-molecules such as proteoglycans has been studied
(105). Examples of a young normal (27 years old male) and a middle-aged degenerate (57
years old male) cadaveric lumbar spines, and their T2 and T1rho maps obtained at 3T, are
shown in Figure 13. Spine segments, ~10 inches in length, were imaged using two
sequences: a 2D spiral chopped magnetization preparation sequence (154) (time-to-spin
lock, or TSL, of 0, 10, 40 and 80 ms) was used to quantify T1rho values of the disc (Figure
13AB; axial plane, field of view=12 cm, slice thickness=3 mm) and a multi-echo (time-to-
echo, or TE, of 10 to 80 ms in 8 increments) spin-echo sequence was used to quantify T2
values (Figure 13CD; sagittal plane, field of view=20 cm, slice thickness=3 mm), on a per-
voxel basis. Normal discs had high T1rho (Figure 13A) and T2 (Figure 13C) values and
pristine-white and gelatinous NP grossly (Figure 13E), in contrast to degenerate discs with
low MR values (Figure 13BD) and desiccated gross morphology (Figure 13F). Collapse in
disc height was also evident in sagittal MRI of the disc with the lowest T1rho values (Figure
13B). There are additional pulse sequences, including diffusion-weighted imaging
(150,152,155), that are sensitive to self-diffusivity of water within the disc, and MR
spectroscopy (156,157) which can be used to monitor concentrations of certain tissue
metabolites including lactate which may be relevant to discogenic pain (158).

4.2. UTE and Short TE MRI of Intervertebral Disc

Despite the availability of a variety of MR imaging sequences for evaluation of
intervertebral discs, certain regions of AF and the CEP has not been evaluated extensively
using conventional MRI techniques. This is mainly due to low signal intensity of these
tissues exhibits in images obtained using conventional MR sequences, due to short T2
values (~1 ms or less) that are orders of magnitude less than those of the NP of the disc
(~100 ms, Figure 13C).

Top Magn Reson Imaging. Author manuscript; available in PMC 2013 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bae et al.

Page 10

The gradient echo techniques have the ability to measure T2 values in the 1 to 2 ms range,
though they do so at the expense of spatial resolution, increased slice thickness and
bandwidth. Short TE gradient echo techniques may be useful for MR imaging of the AF,
with a consideration for the magic angle effects (29,30,159). Many fibrous structures in
body, including the AF, exhibit signal intensity and T2 values that are dependent of its
orientation relative to the main magnetic field (29). A recently introduced technique (160),
utilizing a 3D spoiled gradient echo sequence along with multiple sample-orientations, was
applied to human 1D to reveal detailed AF structure (161). A human lumbar bone-disc-
bone segment was imaged at 3T at six different orientations: TR=38 ms, TE=6.4 ms,
FA=20°, FOV=6 cm, axial slice=0.2 mm, matrix=384x384. Images were spatially-registered
and the minimum and the coefficient of variation was determined on per-voxel basis. On the
axial minimum intensity projection images, low signal lamellae (Figure 14A, arrows) were
demonstrated throughout the disc, being the thickest near the periphery and thinner
centrally. On a mid-sagittal image, an inverted radial bulge of the lamellae (Figure 13B,
arrows) was identified, possibly due to dehydration of the NP and a partial collapse of the
disc. A thin fibrous layer was observed between the nucleus pulposus and the cartilaginous
end plate. The lamellar regions of the AF had high coefficients of variation (Figure 13C,
arrows), suggesting that the region had greater changes in signal intensity as the orientation
of the sample was varied, as expected for fiber structures experiencing the magic angle
effect. Regions of the extracellular matrix and nucleus showed little variation.

The ultrashort time-to-echo (UTE) technique have been used recently to image spine tissues
with even shorter T2 than the AF (4,5,162,163). Many previously “MR-invisible” tissues of
the spine including longitudinal ligaments (Figure 15BD, curved arrows), ligamentum
flavum, and the CEP (164) have been imaged directly. The CEP of the disc normally
appears as dark linear region in MR images from conventional MRI sequences such as T2-
weight spin echo (Figure 15AC). Using UTE MR technique, the CEP region is now visible
(Figure 15BD). In the majority of spine segments with normal disc and vertebral bodies, this
UTE MR signal from the CEP region characteristically appears as a high intensity line
(Figure 15BD, arrows), consistent with the known CEP anatomy (110). In a minority of
spines, while the conventional MRI shows normal disc and the subchondral bone (Figure
15C), there can be abnormal changes seen in the UTE MR signal in the CEP region, such as
thinning or loss of the characteristic signal intensity focally (Figure 15D, triangle).
Preliminary studies suggest that abnormality of the CEP in UTE MRI is significantly
associated with disc degeneration (163), as well as increased endplate roughness, suggesting
calcification (162). Direct evaluation of the CEP using UTE MRI, along with functional
evaluation of the CEP using methods such as time-resolved contrast-enhanced MRI (145),
will be useful for better understanding of nutritional health of the IVD, as well as
stratification of patients that could respond well to biological treatments (165).
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Figure 1.
(Ieft) Paraffin histology of articular cartilage from femoral condyle stained with Safranin-O
and fast green; magnified sections from superficial, middle, deep and calcified layers are
also shown. (right) depth-variations in glycosaminoglycan content, compressive stiffness,
collagen fibril orientation, chondrocyte density and T2 values.
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Figure2.

Conventional and UTE MRI of a human patella slice. Conventional spin echo (A) proton
density-weighted fat suppressed and (B) intermediate T2-weighted images are often used for
clinical evaluation. Conventional quantitative (C) T2 and (D) T1rho mapping techniques are
clinically-applicable and yield continuous data that can be compared to metrics more
efficiently. Unlike the conventional techniques, UTE MRI echo subtraction image (E)
reveals the deepest layer of articular cartilage with linear high signal intensity.
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Figure 3.

Axial imaging of a patella slice with clinical gradient echo (A), GE with fat saturation (B),
PD FSE (C), PD FSE with FS (D), T1 FSE (E), T1 FSE with FS (F), conventional UTE
with a TE of 8 us (G) and 6.6 ms (H), subtraction of the second echo from the first echo (1),
fat saturated UTE with a TE of 8 s (J) and 6.6 ms (K) with the corresponding later echo
subtraction (L), and DIR UTE (M). Clinical gradient echo or spin echo sequences show no
signal from the calcified cartilage, which appears bright with UTE sequences but there is
limited contrast between the deep layers of cartilage and superficial layers of cartilage as
well as with bone marrow fat. The DIR UTE image shows the calcified cartilage with
excellent contrast (pink arrows) with good suppression of the superficial layers of cartilage
and fat. There is some signal from the superficial layer of cartilage due to variation in T1.
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Figure 4.

Axial imaging of a patellar slice using regular 3D UTE (A), 3D UTE with fat saturation (B),
and 3D DIR UTE in the axial (C) and sagittal (D) reprojections. Regular 3D UTE without or
with fat saturation pulse provides high signal but limited contrast for the calcified cartilage.
The 3D DIR UTE sequence selectively suppresses signals from the superficial layers of
cartilage and bone marrow fat, creating excellent contrast for the calcified cartilage (arrows)
with an isotropic resolution of 0.16x0.16x0.16 mm3.
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Figureb5.
UTE MR imaging of cadaveric patellar cartilage and bi-component analysis. The following
parameters were used: TR = 500 ms, FOV = 10 cm, slice thickness = 2 mm, reconstruction
matrix = 512 x 512, 17 TEs ranging from 8 ps to 20 ms (every other TE shown in A to H).
(1) A bi-component analysis of the patellar cartilage yielded short and long T2* values as

well as their fractions.
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Figure®6.

Short TE MR image of a sagittal section of meniscal tissue demonstrates the identification
of the posterior red zone (curved arrow) and its well-defined delineation (straight arrows)
from the more central white zone (arrowhead).
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Figure?7.

Axial UTE MR image through human meniscal tissue shows its inner cartilaginous
component with intermediate signal intensity, whereas the peripheral more fibrous
composition (curved arrows) of the tissue results in higher signal.
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Figure8.
Sagittal short TE MR image through human meniscal tissue shows a dominant radial fiber

(arrow) extending from the peripheral margin into the white zone.
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TE=0.012ms

Figure9.

Sagittal fat saturated UTE MR images of cadaveric menisci with varying TEs (0.012 to 12
ms). Fibrocartilage is best depicted at lowest TEs, while the fibrillar network is better shown
at TE ~5ms.
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Figure 10.
Cadaveric meniscus imaged using isotropic 3D UTE technique. Three anatomic planes are
shown at varying TEs.

Top Magn Reson Imaging. Author manuscript; available in PMC 2013 February 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Bae et al.

Page 29

Figure 11.

Dual echo 3D UTE imaging of meniscal calcification in the coronal (A, B) and axial plane
(D, E). Meniscal calcification is depicted with high contrast and isotropic spatial resolution
(short arrows) in the corresponding subtraction images (C, F), which correlate well with x-
ray image (G). There is some residual signal from fat (thick arrows) and meniscal regions
(long arrows) which experienced significant signal decay between the first and second
echoes, and appeared as high signal on the subtraction image.
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Figure12.

T1p imaging using MAPSS (A-D) and UTE T1rho (E-H), as well as single component
T1rho fitting based on MAPSS and UTE T1rho imaging (). UTE T1rho imaging provides
significantly shorter T1rho value of 8.56 + 1.01 ms, as compared to 12.51 + 1.18 ms fitted
from MAPSS imaging.
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Figure13.
Conventional MRI targeting tissues with long T2s. (A,C,E) normal and (B,D,F) degenerate
lumbar discs. (A,B) T1rho maps, (C,D) T2 maps and (E,F) gross photos.
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Figure 14.

Shgort TE gradient echo MR images of the sample in multiple orientation were processed to
create a minimum intensity projection images in the (A) axial and (B) mid-sagittal planes,
showing the AF lamellae as dark bands with a high contrast against surrounding matrices.
(C) The AF lamellae exhibited high coefficients of variations, as expected for structures
experiencing the magic angle effect.
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Figure 15.

UTE MRI appearance of normal human spine segments. (A,B) T2-weighted spin echo MRI
shows relatively normal discs and vertebral body. Region of cartilaginous endplate (CEP)
appears dark. (B) Normal appearance of CEP in UTE MRI. Note characteristic high-
intensity linear signal (arrows). (D) Abnormal appearance of CEP in UTE MRI. Note
focally-diminished signal on the caudal CEP (triangles). In UTE MR images (B,D),
longitudinal ligaments (curved arrows) are visible. Bar=1 cm.
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