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Abstract

Objective—To evaluate ultrashort time to echo (UTE) magnetic resonance (MR) morphology
of the cartilaginous endplates (CEP) in cadaveric lumbar spines with bony vertebral endplate
(VEP) lesions, to determine inter-reader agreement as well as associations between the CEP
morphology and VEP lesions as well as other abnormalities.

Materials and Methods—MR imaging of cadaveric lumbar spines from 10 donors was
performed at 3T using a UTE MR sequence. Two musculoskeletal radiologists identified the
location of vertebral endplate lesions in consensus. The morphology of the CEP overlying the
lesions and in the adjacent normal regions was assessed individually. A total of 55 vertebral
lesions and 55 normal regions were assessed. The presence of osteophytosis, morphological
changes of the anterior and posterior longitudinal ligament, and intervertebral disc signal and
morphology was also assessed. Agreement between observers was determined using Cohen's
kappa analysis, and association between CEP and vertebral endplate lesions was determined using
chi square test.

Results—55 vertebral endplate lesions were identified and the morphology of CEP evaluated
by two readers was in substantial agreement with Cohen's kappa of 0.78. The presence of vertebral
endplate abnormality was associated with the presence of osteophytes (39 out of 55 levels), altered
morphology and signal of the anterior longitudinal ligament (23 out of 55 levels) and
intervertebral discs (30 out of 55 levels).

Conclusion—UTE MRI enables evaluation of the CEP with substantial inter-reader
agreement. Abnormal changes of the CEP may facilitate formation of lesions of vertebral endplate
over time and are associated with degenerative changes of the lumbar spine.

3Corresponding Author: Won C. Bae, Ph.D., TEL: (858) 822-1204, FAX: (858) 822-1331, whae@ucsd.edu.
Disclosure: The authors declare that they have no conflict of interest
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INTRODUCTION

Chronic low back pain is a common problem and is the second most common cause of
disability in US adults, accounting for 17% of all patients with disabilities, and resulting in
lost workdays (1,2). Chronic low back pain can be challenging to diagnose and treat. The
etiology for back pain may arise from sensitized nociceptors in the annulus fibrosus of
degenerated discs (annulogenic pain) or at the richly innervated vertebral endplate
(vertebrogenic pain) (3,4). Therefore, differentiating between these pain generators may help
determine the choice of therapy, those focused on altering cell function versus biological
implants.

The anatomical regions of the intervertebral disc include the central nucleus pulposus, the
peripheral fibrocartilaginous annulus fibrosus, and the superior and inferior cartilaginous
endplates (CEP). The CEP is a thin layer of hyaline cartilage located between the avascular
intervertebral disc and the bony vertebral endplate. It plays an important role in the function
and homeostasis of the disc by serving as a mechanical stabilizer as well as a pathway for
nutrient transport (5). Vascular canals, found in calcified portions of the CEP, help supply
nutrients to the disc (6). Structural and compositional age-related changes occur in the CEP
and include thinning of the CEP and calcification of the cartilage, which may inhibit the
passage of nutrients to the disc and lead to subsequent disc degeneration (7). Bony vertebral
endplates (VEP) also undergo changes with aging and injury. Various forms of endplate
lesions including Schmorl nodes, fractures, avulsions/erosions, and calcifications have been
described. Schmorl nodes are focal indentations of the VEP containing herniated nucleus
pulposus (8-11), with an unclear etiology. Congenital Schmorl nodes, arising from cartilage
defects created after notochord regression, may be asymptomatic, while traumatic or
degenerative Schmorl nodes from failure of the VEP, are more likely to be symptomatic
(12). Peng et al. suggested that Schmorl nodes may share an pathoetiology with
osteonecrosis with fibrosis within the marrow cavities beneath the CEP and the
disappearance of adipocytes and osteocytes (13). Schmorl nodes are found with ~10%
frequency in MR examination of normal subjects, but with a significantly higher (~20%)
frequency in those with back pain (14). Stébler et al. showed that vascularized Schmorl
nodes with adjacent degenerative bone marrow edema were more likely to be larger and
correlate with back pain (15). In a post-mortem study, endplate lesions of Schmorl node and
calcification were found to be significantly associated with a history of back pain (16). Bony
endplate innervation may also be increased in areas of bone damage, likely accounting for
clinical symptoms of back pain (17). While of unclear etiology, it is speculated that VEP
lesions may be related to structural or biomechanical changes of the adjacent CEP. These
may include focal thinning (18) and/or biomechanical weakening (19) of the CEP, which
may lead to focal vulnerability of the VEP. These changes, alone or in combination with
weakening or a loss of bone mineral density of the VEP (20), may result in a VEP lesion.
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The relationship between CEP and VEP is not known, due in part to the lack of suitable
imaging technique to evaluate the CEP in the past. While VEP changes can be non-
invasively imaged using a number of methods, including radiography (8,10), computed
tomography (21), and conventional MRI (11), the CEP is not evaluated routinely using these
imaging modalities. In the past, T1-weighted (T1W) and T2-weighted (T2W) MRI has been
used to identify the vertebral endplate and characterize endplate defects and associated
marrow changes (15,22). Standard clinical MR sequences, with minimum TE of 10 ms or
greater, target the longer T2 structures of the spine, specifically the nucleus pulposus, which
has a T2 value of ~100 msec. With conventional MR sequences, bony VEP (with T2 value
of less than 1 ms (23)) is hypointense and there is inadequate contrast to separate it from the
CEP, which is also hypointense due to its intrinsically short T2 property of approximately 3
ms (24). Therefore, despite the availability of a variety of magnetic resonance (MR) imaging
sequences, the CEP is only directly imaged by relatively few sequences including ultrashort
time-to-echo (UTE) (Figure 1abc), as shown in our recent study comparing histology of
CEP samples with UTE and conventional MRI sequences (25).

A non-invasive and sensitive method of detecting CEP changes would be of considerable
value for evaluation of early pathologic changes of the disco-vertebral junction. Objective of
this study was to evaluate UTE MR morphology of the CEP in cadaveric lumbar spines with
VEP lesions, to determine inter-reader agreement in CEP evaluation. In addition,
associations between the CEP morphology and VEP lesions as well as other abnormalities of
the lumbar spines were determined.

MATERIALS AND METHODS

Samples

This article does not contain any studies with human participants or animals performed by
any of the authors. This cadaveric study was exempt by the institutional review board and
the consent was not required. This article does not contain identifiable patient data.

Cadaveric lumbar spines containing T12 to S1 were obtained from 10 donors (9 male, 1
female; mean age 56.2 years, standard deviation 8.2 years) within 2 days of death for MR
imaging. Samples were imaged within a few hours of resection, and were not stored frozen.

MR Imaging

MR imaging was performed with a 3 Tesla General Electric Signa HDx scanner (GE
Healthcare, Milwaukee, MI) with clinical 8-channel knee coil. The MR scanner had the
maximum peak gradient amplitude of 40 mT/m and slew rate of 150 mT/m/s. Hardware
modification included the addition of a custom transmit-receive switch to the receiver pre-
amplifiers for rapid switching after the radiofrequency excitation pulse to achieve the
minimum echo time of 8 microseconds. Each specimen was placed in the scanner in the
head-first and prone position, and imaged in the sagittal plane in a multi-slice setting (5
slices). Imaging protocol included UTE morphologic sequence tailored for short T2 tissues
of the disco-vertebral junction, and conventional Multi-Echo Spin Echo T2 (ME SE T2)
mapping quantitative sequence tailored for long T2 components of the disc. Table 1 lists
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detailed scanning parameters used with each sequence. UTE echo subtraction images were
created (Figure 1c) by digitally subtracting 2" echo image (Figure 1b) from the 15t echo
image (Figure 1a), without rescaling.

MR Evaluation

On the UTE echo subtraction images, VEP lesions were identified in consensus by two
musculoskeletal radiologists with 17 and 4 years of experience. Vertebral endplate lesions
included Schmorl's nodes, and other irregularity in VEP contour in MR images. While these
VEP lesion types were observed and devised at the time of the study, majority have been
described previously in the literature. Schmorl's nodes were defined as localized vertebral
endplate irregularities containing herniation of intervertebral disc (8-11,26,27). There were
“classic” Schmorl nodes with abrupt and focal indentation of the VEP (Figure 2a, box), as
well as those with more smooth indentation (Figure 3a, box). Other irregularities included
fractures (discontinuous disruption (10,11); Figure 4a, box) and other focal deviations of the
VEP contour from the norm (11). There were no samples with MR images suggesting a
developmental or metabolic diseases such as Scheuermann's disease with multiple VEP
lesions on superior and inferior surfaces (28,29) or hyperparathyroidism with obvious
subchondral resorption of vertebrae (29) beneath the VEP lesion. A total of 27 images out of
50 slices were identified with one or more VEP lesions and these slices underwent further
evaluation.

On these images, each reader individually evaluated the morphology of the CEP overlying
the lesion (Figure 2a, box), and the CEP in the adjacent normal region (Figure 2a, dotted
box). In total, 55 VEP lesions and 55 adjacent normal regions were evaluated. Following
classifications of CEP morphology were found: normal CEP morphology consisted of
continuous linear high signal intensity (Figure 1c, arrows), while marked thinning (Figure
2a, arrowheads), absent cartilaginous endplates (Figure 3a, arrowhead), diffuse thickening
(Figure 4a, arrowhead) or any other irregularity of the high signal intensity of the CEP was
considered abnormal.

In other regions of the lumbar spine, degenerative morphologic changes, including the
presence of osteophytes (Figure 4a, curved arrow), thickening of the anterior or posterior
longitudinal ligaments (Figure 2a, curved arrow), and abnormal signal and morphology of
the intervertebral disc (Figure 5) were also evaluated by one of the readers who assessed
endplate morphology.

Statistical Analysis

The agreement of CEP morphology between two readers was determined using Cohen's
kappa analysis (30). The associations between VEP lesions and CEP pathology, osteophytes,
thickening of longitudinal ligaments, and disc degeneration, were determined using chi
square tests (31).
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RESULTS

Statistics on VEP Lesions

There were a total of 55 VEP lesions found. These included 16 classic Schmorl nodes, 10
smooth indentation of the VEP, and 29 other irregular VEP lesions. In general, there was
greater number of VEP lesions (any type) found at higher levels (i.e., T12 to L3) than lower
levels (i.e., L3 to L5) of the spine (Table 2), similar to the distribution of Schmorl nodes
described in past studies (19,32).

Inter-Reader Agreement on CEP morphology

Morphology of CEP evaluated by two readers was in substantial agreement with Cohen's
kappa of 0.78. In all, 98 out of 110 observations (89%) were in agreement, including 44 of
55 observations over normal VEPs and 54 of 55 observations over the VEP lesions. This
suggested a high sensitivity (98%) and a moderate specificity (80%) towards detecting
abnormal CEP morphologies. Disagreements most often occurred while evaluating CEPs
over normal regions adjacent to Schmorl nodes (7 of 11).

Association of CEP morphology with VEP lesions

Cartilage endplate abnormality was significantly (p<0.001) associated with VEP lesions.
CEPs overlying normal VEPs were generally normal (43 out of 44 in consensus), while
those overlying VEP lesions were abnormal (54 out of 54 in consensus). Amongst abnormal
CEPs overlying VEP lesions, irregular (23 of 54) and thin (19 of 54) morphologies were the
most frequent findings, while thickening (7 of 54) and total absence (5 of 54) of the linear
signal intensity were less frequently found (Table 3). Amongst different types of VEP
lesions (classic Schmorl nodes, smooth, irregular), the distribution of various CEP
pathologies was similar (Table 3). A lone exception was a high prevalence of irregular CEP
being found over irregular VEP lesions (17 of 29).

In addition, osteophytes (39 of 55), thickened anterior longitudinal ligaments (23 of 55), and
abnormal disc signal or morphology (30 of 55) were found frequently at the levels with VEP
lesions. Compared with the normal CEP/VEP levels (Figure 5a), in the presence of CEP and
VEP abnormalities, the annulus fibrosus (Figure 5b, diagonal arrow) demonstrated
decreased signal intensity and disorganization of the normally striated pattern (Figure 5a,
diagonal arrow). At the abnormal levels, the anterior longitudinal ligament (Figure 5b, up
arrow) was demonstrated with increased thickness, inhomogeneous hyperintense signal
alteration and buckling of the ligamentous fibers compared to the smooth, linear, undulating
pattern (Figure 5a, up arrow) at normal CEP/VEP levels.

DISCUSSION

This study investigated the relationship between VEP lesions and UTE MR morphology of
the overlying CEP as well as other structures of the lumbar spine. We first established a
substantial inter-reader reliability of morphological assessments of the CEP, with a high
sensitivity and moderate specificity for detecting abnormal morphology of the CEP.
Consensus interpretation by two experienced readers showed a strong association between
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VEP lesions and abnormal CEP morphology, evident by the fact that all of the CEPs
overlying the VEP lesions had some type of abnormal morphology. In addition, there were
significant associations between VEP lesion and other degenerative changes of the spine
including osteophytosis, intervertebral disc abnormality and thickening of the longitudinal
ligaments.

The association between abnormal CEP morphology with VEP lesions suggests a possible
role of the CEP in the development of VEP lesions. While the sequelae of events leading to a
VEP lesion or CEP abnormality is not yet clear, studies have suggested a significant
biomechanical role of the CEP in the integrity of the disco-vertebral junction to withstand
axial loading. In a finite element model (33) with and without cartilage endplate, it was
shown that the lack of cartilage endplate significantly raised Von Mises stress (related to
mechanical failure) at the attachment area of the annulus fibrosus to the VEP as well as the
VEP itself when the models simulated a set of spinal motions. In addition, congenitally
weak area of CEP may exist adjacent to the nucleus pulposus (29), resulting in often
centrally-located (16) classic Schmorl nodes. While these studies suggest protective role of a
normal, functioning CEP, it remains uncertain whether the CEP or the VEP is the tissue of
initial failure. Longitudinal studies to evaluate the time course of changes in both the CEP
and the VEP would clarify this further.

A number of different UTE MR morphologies of the CEP were found over VEP lesions.
Abnormal thinning and absence of the signal intensity maybe related to progressive
resorption of the articular cartilage with replacement by subchondral bone (18) which would
result in thinning and disappearance of the CEP, as has been noted in histology of aging
human spines (18). There is also some evidence that dense calcifications is another
possibility for irregularity or absence (34), as dense calcium deposits would yield very little
signal even on UTE MR images and lead to focal absence or irregularity of the signal
intensity, depending on the severity of calcification. Diffuse thickening of the cartilaginous
endplate was a puzzling finding over some of the vertebral endplate defects. This change in
morphology may be similar to the hypertrophy of the articular cartilage in early knee
osteoarthrosis (35,36) where vascular ingrowth results in hypertrophied chondrocytes and a
thickened layer of hyaline cartilage.

A substantial agreement between the readers when evaluating the CEP morphology suggests
usefulness of UTE MR evaluation of the disco-vertebral junction. Overall, UTE MR
evaluation of the disco-vertebral junction shows a high sensitivity (99%) and moderate
specificity (80%). Disagreement in interpretation of the morphology of the CEP between
readers of the CEP was most notable in areas adjacent to Schmorl nodes. This may be due to
the gradual thinning of the CEP near the rim of Schmorl nodes, leading to a disagreement
about its morphology.

Our study found association between VEP abnormalities and traditional MR findings of
degenerative spine disease including, osteophyte formation and morphological changes in
the intervertebral disc and longitudinal ligaments. The finding suggests possible remodeling
of vertebral bodies and adjacent soft tissues as lumbar spine degenerates. As in the knee,
adaptations to abnormal stresses in the disco-vertebral complex are not confined to the
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connective tissue, but may affect the joint structures as a whole. Degenerative changes of the
intervertebral discs are well established on T2-weighted MR images according to the
Pfirrmann classification (37). In this classification, the normal disc (Grade 1) demonstrates
bright hyperintense signal and normal disc height while inhomogeneity of the intervertebral
disc signal and progressive loss of the distinction between the annulus fibrosus and nucleus
pulposus characterizes progressive degenerative disc disease. Ultimately, heterogeneous
hypointense disc signal and loss of the disc space is seen in end-stage degeneration (Grade
5). However, the morphologic changes of the intervertebral disc and the adjacent
longitudinal ligaments on UTE MRI have not been assessed previously. Given short T2
values of the annulus fibrosus and longitudinal ligaments, these structures are normally
hypointense on conventional T2-weighted sequences. However, our study shows that signal
changes within these tissues can be unmasked with UTE sequences, revealing additional
morphology not seen with conventional MRI.

Our study is limited by a relatively small sample size and inability to correlate radiologic
findings with patient symptoms or histologic references. Unfortunately, the spines imaged in
this study were further dissected for another study and histologic comparison could not be
made. Another limitation is that we had a larger number of male than female donors,
potentially affecting our study's ability to be generalized into a population where back pain
and disc degeneration is more common in women than men.

Future directions include assessment of histopathology, as well as biomechanical properties
of the disco-vertebral junction at areas with and without UTE MR abnormalities of the CEP.
Quantitative UTE MRI is also possible, but may be challenging in vivo due to the trade-off
between long scan time and low spatial resolution. Our preliminary work (38) and others
(39,40) have shown in vivo feasibility of spines evaluation using UTE MRI. Application of
UTE MRI to asymptomatic and symptomatic subjects will help to better understand the
natural progression of changes, as well as roles of, the CEP and the VEP. Lastly, as the
primary pathway for nutrient support, changes in the CEP may influence the diffusion of
nutrients into and out of the intervertebral discs, and thus transport function of normal and
abnormal CEPs would be useful to evaluate as well.

In conclusion, UTE MRI detects several types of abnormalities in the CEP signal intensity,
with high sensitivity and inter-reader agreement. In addition, this study suggests significant
association between CEP abnormality and VEP lesions. Additional studies to determine
sequelae of changes in the CEP and VEP in a wider range of ages, as well as comparison of
MR pathology to reference measures of tissue structure and function, may provide insight
into the pathoetiology of VEP lesions.
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Figure 1.
Sagittal MR images of a lumbar spine with relatively normal vertebral endplates. (a)

Ultrashort Echo Time (UTE) 15t echo and (b) 2" echo images were digitally-subtracted to
obtain (c) UTE subtraction MR image. This image shows normal cartilaginous endplates
(CEP; arrows) are seen with continuous, linear and high signal intensity adjacent to
hypointense vertebral endplates. A focal region of CEP thinning and absence of the signal
intensity (arrowhead) can also be seen. In the corresponding (d) T2-weighted (obtained with
multi-echo spin echo T2, ME SE T2, sequence at echo time, TE, of 80 ms) and (e) proton
density-weighted (obtained with ME SE T2 sequence at TE of 10 ms) MR images, the
region of CEP is difficult to distinguish from surrounding tissues, subtle abnormalities could
not be discerned.
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ME SE T2 (TE=80 ms)

Figure 2.
Sagittal MR images of a lumbar spine with classic Schmorl nodes. (a) Ultrashort Echo Time

(UTE) echo subtraction MR image shows a small classic Schmorl node (box) and an
adjacent normal vertebral endplate (VEP; dotted box). Normal cartilaginous endplate (CEP;
arrows) is seen over the normal VEP, while a focal absence of the signal intensity of the CEP
(arrowhead) is seen over the Schmorl node. (b) In the corresponding T2-weighted MR
image obtained with multi-echo spin echo T2 (ME SE T2) sequence at echo time (TE) of 80
ms, the abnormality of the CEP could not be discerned.
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Figure 3.
Sagittal MR images of a lumbar spine with smooth indentations of the vertebral endplate

(VEP). (a) Ultrashort Echo Time (UTE) echo subtraction MR image shows a smooth
indentation of a superior VEP (box) and an adjacent normal VEP (dotted box). Normal
cartilaginous endplate (CEP; arrows) is seen over the normal VEP, while a thin morphology
of the signal intensity of the CEP (arrowhead) is seen over the VEP lesion. Thickening of the
anterior longitudinal ligament (curved arrow) is seen. (b) In the corresponding T2-weighted
MR image obtained with multi-echo spin echo T2 (ME SE T2) sequence at echo time (TE)
of 80 ms, the abnormality of the CEP could not be discerned.
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Figure 4.
Sagittal MR images of a lumbar spine with an irregular vertebral endplate (VEP) lesion. (a)

Ultrashort Echo Time (UTE) echo subtraction MR image shows the VEP lesion (box) and an
adjacent normal VEP (dotted box). Normal cartilaginous endplate (CEP; arrows) is seen
over the normal VEP, while an irregular morphology of the signal intensity of the CEP
(arrowhead) is seen over the VEP lesion. The presence of osteophytes (curved arrow) is
seen. (b) In the corresponding T2-weighted MR image obtained with multi-echo spin echo
T2 (ME SE T2) sequence at echo time (TE) of 80 ms, the abnormality of the CEP could not
be discerned.
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Figure 5.
Sagittal UTE echo subtraction MRI images of two lumbar spines. (a) Normal disc: Normal

striated hyperintense appearance of the annulus fibrosus (diagonal arrow) and undulating
curvilinear hyperintense appearance of the anterior longitudinal ligament (up arrow). (b)
Degenerated disc: Globular signal alteration within the intervertebral disc with disruption
of the normal striated fibers of the annulus fibrosus (diagonal arrow) and signal alteration of
the buckled anterior longitudinal ligament (up arrow).
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Table 1
MR scanning parameters.
Sequence | TR (ms) TE (ms) Flip Angle (degrees) | Slice (mm) | FOV (cm) | Phase x Frequency | Recon Matrix
UTE 500 0.008 and 10 45 3 16 to 20 455 x 512 512 x 512
ME SE T2 2000 10 to 80 (8 echoes) 90 3 16 t0 20 320 x 256 512 x 512
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Table 2

Different types of vertebral endplate (VEP) lesions including classic Schmorl nodes, smooth indentation, and
irregular VEP, found at each spinal level.
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VEP Lesion T12/L1 | L1/2 | L2/3 | L3/4 | L4/5 | All Levels
Classic Schmorl Node 4 5 4 3 0 16
Smooth 2 3 4 0 1 10
Irregular 7 10 5 5 2 29
All Types 13 18 13 8 3 55
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Morphology of CEP (including only those in consensus by two observers) found overlying normal VEP and

Table 3

VEP lesions.
CEP Morphology (in consensus)
Normal | Thin | Thick | Absent | Irregular | All CEPs
Normal VEP 43 1 0 0 0 44
Classic Schmorl node 0 7 3 2 3 15
VEP Lesion Types Smooth 0 3 3 1 3 10
Irregular 0 9 1 2 17 29
All VEPs 43 20 7 5 23 98
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