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Abstract

Purpose The cartilaginous endplate (CEP) is a thin layer
of hyaline cartilage positioned between the vertebral end-
plate and nucleus pulposus (NP) that functions both as a
mechanical barrier and as a gateway for nutrient transport
into the disc. Despite its critical role in disc nutrition and
degeneration, the morphology of the CEP has not been well
characterized. The objective of this study was to visualize
and report observations of the CEP three-dimensional
morphology, and quantify CEP thickness using an MRI
FLASH (fast low-angle shot) pulse sequence.

Methods MR imaging of ex vivo human cadaveric lumbar
spine segments (N = 17) was performed in a 7T MRI scanner
with sequence parameters that were selected by utilizing high-
resolution T1 mapping, and an analytical MRI signal model to
optimize image contrast between CEP and NP. The CEP
thickness at five locations along the mid-sagittal AP direction
(center, 5 mm, 10 mm off-center towards anterior and
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posterior) was measured, and analyzed using two-way
ANOVA and a post hoc Bonferonni test. For further investi-
gation, six in vivo volunteers were imaged with a similar
sequence in a 3T MRI scanner. In addition, decalcified and
undecalcified histology was performed, which confirmed that
the FLASH sequence successfully detected the CEP.
Results CEP thickness determined by MRI in the mid-
sagittal plane across all lumbar disc levels and locations
was 0.77 £+ 0.24 mm ex vivo. The CEP thickness was not
different across disc levels, but was thinner toward the
center of the disc.

Conclusions This study demonstrates the potential of
MRI FLASH imaging for structural quantification of the
CEP geometry, which may be developed as a technique to
evaluate changes in the CEP with disc degeneration in
future applications.

Keywords Cartilaginous endplate - Endplate morphology -
Intervertebral disc - Magnetic resonance imaging (MRI)

Introduction

The intervertebral disc is the largest avascular tissue in the
body, undergoes more extensive changes with age and
degeneration than any other tissue [1, 2], and is associated
with low back pain [3-5]. The intervertebral disc has three
distinct anatomical regions: the central nucleus pulposus
(NP), the fibrocartilaginous annulus fibrosus, and, superi-
orly and inferiorly, two cartilaginous endplates (CEP).
These CEPs are distinct from the adjacent vertebral end-
plates, which are composed of cortical bone [6—8]. The CEP
is an approximately 600-um thick layer of hyaline cartilage
positioned between the vertebral endplate and NP [7].
It functions both as a mechanical barrier between the
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pressurized NP and the vertebral bone, as well as a gateway
for nutrient transport into the disc from adjacent blood
vessels [9—12]. With intervertebral disc degeneration, the
CEP becomes sclerotic, loses vascular contact, and exhibits
decreased permeability [13—19]. This process is considered
to contribute to disc degeneration by reducing the diffusion
of nutrients to the cells of the NP [6, 20-22]. Identifying
changes in CEP morphology may, therefore, be important
for the diagnosis and prognosis of intervertebral disc health.
Despite this, the morphology of the CEP and how it changes
with disc aging and degeneration have not been well
characterized.

Magnetic resonance imaging (MRI) is a non-invasive,
non-ionizing imaging modality well known for its superior
soft tissue contrast, making it ideal for disc applications
including anatomy, composition, and stage of degeneration
through a number techniques (e.g., T1p- and T2-weighted
images) [23-27]. Application of MRI to the study of disc
degeneration has to date focused predominantly on the NP
and annulus fibrosus, with few studies examining the CEP.
Moreover, current clinical routine diagnosis of disc health
using MRI does not address the CEP due to limitations in
spatial resolution as constrained by scan time, combined
with the inability to distinguish between the thin CEP and
adjacent NP and annulus fibrosus tissues.

Visualization of the thin cartilaginous endplates requires
not only sufficiently high resolution (small voxels), but also
short echo time (due to short T2 of the tissue), optimized
sequence parameters that yield sufficient image contrast to
distinguish each disc substructure, and fast scan time,
especially for in vivo application. In this study, a T1-
weighted 3D FLASH (fast low-angle shot) sequence was
chosen due to its fast imaging time and suitability for
in vivo application [28]. In the FLASH sequence, trans-
verse magnetization is spoiled and the steady-state longi-
tudinal magnetization depends on T1 and the flip angle.
The sequence parameters repetition time (7R) and flip
angle thus determine the T1 contrast in the FLASH
sequence and were optimized in this study using an ana-
lytical model. Even with a very short TR, the FLASH
sequence can provide high T1 contrast while preserving
reasonable signal intensity in tissues with T2 equal to or
longer than 7R (e.g., CEP). UTE (ultra-short echo time)
imaging also is able to visualize the CEP [29]. However,
the UTE technique was not selected for this study because
it is not readily available on clinical scanners and UTE
generally requires a longer scan time than FLASH with
short echo time for the same field of view and resolution,
assuming the Nyquist sampling criterion is met.

The overall objective of this study was to evaluate the
cartilaginous endplate structure by MRI using an optimized
T1-weighted 3D FLASH sequence. Specifically, the first

aim was to visualize the three-dimensional morphology of
the CEP in cadaveric human spine segments and to quantify
its thickness using high-resolution 7T MRI. The second aim
was to apply the technique in vivo using 3T MRI to assess
the feasibility of future translation to the clinical setting.

Methods
Optimization of CEP image contrast

In order to attain pulse sequence parameters with optimized
contrast in the CEP, MRI signal intensity and image con-
trast were simulated using an analytical MRI pulse
sequence equation prior to imaging. The T1 contrast of the
FLASH sequence is a function only of 7R and flip angle in
the limit of short echo time (TE), and the dependence of
MRI signal intensity upon flip angle, 7R, and T1 is given by

1 —exp(—TR/T1)
1 —cosaexp(—TR/T1)’

MRI signal = Asino (1)
where A is the equilibrium magnetization reduced by T2
relaxation and « is the flip angle [30, 31]. This equation
was used to analyze the signal dependence on flip angle
and TR, which are the primary adjustable imaging param-
eters in this application.

The T1 values of NP and CEP for use in Eq. 1 were
measured in a healthy cadaveric lumbar disc (Grade = 2.3)
[25]. T1 was measured at both 7T and 3T magnetic field
strength using a fully relaxed (TR = 5,100 ms) 2D spin
echo inversion recovery pulse sequence with ten different
inversion times (71 = 33-5,000 ms, 7E = 11/13 ms (7T
and 3T, respectively), in-plane resolution = 200 x
200 umz, slice thickness = 5 mm, matrix = 256 x 256,
and field of view = 5.1 x 5.1 cm?, Receiver Bandwidth
(RBW) = 200 Hz/Px). Each pixel in these ten images with
different inversion times was fitted with the exponential
curve [ =1Iy(1 —2exp(—TI/T1)) to yield a T1 map.
Representative T1 values of NP and CEP were determined
by averaging 900 or more pixels within each disc sub-
structure (i.e., NP, annulus fibrosus, CEP).

Using the experimentally determined mean T1 and I,
values for NP and CEP, normalized MRI signals (Eq. 1)
for each substructure were plotted versus flip angle and
TR. Also, the image contrast (signal difference) between
NP and CEP (Acgp), normalized to maximize the signal
intensity of CEP, was plotted versus flip angle and
TR for the full range of possible parameter values
according to

Signalyp — Signalcgp
1 — Signalgp

(2)

Acep =
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Ex vivo MRI imaging

Specimens were prepared from 11 cadaveric human lumbar
spines (n = 17, age: 57.7 £ 13.3). While for some subjects
2-3 levels were used from a single spine, consistent with
common practice in the literature [32-34], these discs were
assumed to be independent samples and post hoc statistical
analysis confirmed no subject dependence on CEP height.
Each whole spine was first scanned with a mid-sagittal T2-
weighted turbo spin echo imaging sequence for routine
grading of degenerative state [25, 26]. The integer grade
from five individual examiners was averaged (Grade:
2.8 £ 0.7). Lumbar spines were then dissected into bone-
disc-bone segments with posterior elements removed and
sealed in airtight freezer bags to avoid dehydration during
imaging. The sealed segments were then embedded in 2 %
agarose gel for immobilization and to reduce image dis-
tortion at tissue edges due to the tissue/air mismatch in
magnetic susceptibility.

For protocol optimization, the flip angle and 7R that
providing the best optimal NP-CEP contrast were selected
using the analytical model simulation. All ex vivo imaging
with specimens was done in a Siemens Magnetom 7T
scanner (Siemens Medical Solutions, Erlangen, Germany)
using a 4-channel ankle coil (Insight MRI) [35]. Due to the
thinness of the endplate, a voxel size of 200 um3 was cho-
sen. Imaging parameters for ex vivo scans were TR = 9 ms,
TE = 3.7 ms, flip angle = 20°, 0.2 x 0.2 x 0.2 mm® iso-
tropic resolution, matrix = 320 x 320, field of view =
6.8 x 6.8 cm2, RBW = 200 Hz/Px, and 1 average with fat
suppression. Scan time was 3 min per disc.

Histology

Histological analysis was performed to confirm that the
structure visualized using MRI was indeed the CEP and to
compare CEP measurements with measurements from site-
matched MR images. Two adjacent 8 mm biopsy punches,
comprising vertebral bone, the CEP and the NP, were taken
from a disc (63 years, male, L2L.3, Grade: 2.6), which had
previously been imaged as described above, and a photo-
graph of the specimen was taken. These 200 pm? isotropic
MRI data and the photograph later were co-registered to
confirm the location of the punches. Both punches were
fixed in buffered 10 % formalin overnight. One punch was
then decalcified overnight in formic acid/EDTA. Twenty-
micron sections were cut on a cryostat, and double stained
with Alcian blue and picrosirius red to demonstrate gly-
cosaminoglycans and collagen, respectively, and imaged
using bright field microscopy. The other punch was sec-
tioned in a similar way, but without prior decalcification.
These sections were then stained using the von Kossa
method to demonstrate calcium deposits and imaged using
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differential interference contrast microscopy (Eclipse 90i;
Nikon; Tokyo, Japan). To compare MRI-based CEP mea-
surements with a histological standard, three 4-mm diam-
eter CEP samples were punched within the inferior
endplate for a single disc (75 years, male, L2L.3, Grade:
2.0), sectioned on a cryostat, and the CEP thickness mea-
sured at three evenly spaced intervals across the plug.
Virtual plugs were generated from the MR data by co-
registering with a photograph of the vertebral surface and
site-matched CEP thickness measurements were made.

In vivo MRI study

An in vivo volunteer study (N = 6, age: 32.0 £ 4.2, Grade:
2.2 + 0.4) was performed to assess feasibility of clinical
application. All in vivo scans were done in a 3T Siemens
Tim Trio (Siemens Medical Solutions, Erlangen, Germany)
with Siemens spine array and body matrix RF coils. Similar
to the ex vivo study, a routine T2-weighted mid-sagittal
turbo spin echo image was acquired first to determine the
degenerative grade of each lumbar disc (slice thickness =
5.0 mm, 7R = 4,540 ms, TE = 123 ms, flip angle = 160°,
matrix = 251 x 256, field of view = 25 x 25 cm2, in-
plane resolution =~ 1 x lmmz, RBW = 130 Hz/Px, 2
averages). The 3D FLASH image was then acquired with
imaging parameters as follows: slice thickness = 5.0 mm,
TR = 9.0 ms, TE = 3.7 ms, flip angle = 20°, matrix =
504 x 576, field of view = 20 x 23 cmz, in-plane reso-
Iution ~ 0.4 x 0.4 mmz, RBW = 202 Hz/Px, and 1
average. Total imaging time for both T2 and FLASH scans
was 13 min, covering the entire lumbar spine. After scan-
ning, the T2-weighted mid-sagittal image was registered to
the FLASH image and displayed as color overlay (a fusion
image) using OsiriX software [36] to identify the relative
locations of the CEP and the NP.

Quantification of endplate height

Images from both ex vivo and in vivo datasets were
imported into OsiriX software and evaluated for CEP
contrast in comparison to the surrounding structures, for
morphology in two-dimensions (in vivo) and three-
dimensions (ex vivo), and for CEP thickness ex vivo. Ex
vivo MRI data had isotropic resolution and, therefore,
could be viewed in arbitrary image planes using multi-
planar reformatting. The CEP thickness was measured for
the superior and inferior CEP along the mid-sagittal plane
at five locations (center, 5 and 10 mm off the center
towards anterior and 5 and 10 mm off the center towards
posterior). Average thicknesses across specimens were
calculated for each location and each disc level.

The CEP thickness measurements from ex vivo scans
were evaluated using a two-way ANOVA with repeated
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measures, where the factors were disc level (L1L2, L2L3,
L3L4, L4L5, L5S1) and anterior-posterior disc location
(center, 5 and 10 mm off the center towards anterior, and 5
and 10 mm off the center towards posterior). Significance
was set at p < 0.05. A post hoc Bonferonni test was per-
formed when significance was detected resulting in sig-
nificance at p < 0.005.

Results

A T1 map obtained at 7T and the average T1 values
(+standard deviation) of each disc substructure obtained at
7T and 3T are presented for a healthy disc (Fig. 1). These
T1 values were used in Egs. 1 and 2 to calculate signal
intensity and determine optimal pulse sequence parameters
for NP-CEP image contrast (Acgp) (Fig. 2). Figure 2a
shows a contour plot of Acgp covering the exhaustive range
of flip angles (0-180°) and TR values (0-6,000 ms).
However, only a small region corresponding to short TR
(dotted box in Fig. 2a), where scan time is reasonable for
in vivo applications, was considered for selecting the
optimal sequence parameters (Fig. 2b), and the optimal flip
angle and 7R were identified (asterisk in Fig. 2b). A flip
angle of 20° with a TR of 9 ms yielded the highest contrast
between the CEP and NP (Fig. 2c, d). Note that even
though a flip angle of 3° yields higher signal difference
between the NP and CEP; this was not chosen because for
angles less than 5° the MR signal changes rapidly, resulting
in a smaller range of optimal image contrast. Furthermore,
at 5° or less the absolute signal intensity of the CEP is
lower than it is at 20°.

The optimized T1-weighted 3D FLASH sequence yiel-
ded good contrast between the NP and CEP (Fig. 3). The
images showed clear distinction of the CEP (arrows).
Multi-planar reformatting was done to elucidate the three-
dimensional extent and overall shape of the CEP, making
use of the high-resolution and isotropic nature of all the
ex vivo datasets. Mean projections of an axial slab
(1.3 mm) of the CEP showed that the shape and size of the
CEP can vary considerably between specimens (Fig. 3).

Fig. 1 T1 map of a healthy
disc, obtained at 7T (scale bar
in ms). The table shows mean
T1 values within each disc
substructure, obtained at both
7T and 3T. AF annulus fibrosus

Histology confirmed that the structures observed in MR
images were indeed CEP (locations of histological samples
are shown in Fig. 4a, b). Alcian blue and picrosirius red
histology successfully illustrated different anatomic regions
(i.e., trabecular bone, bony endplate, CEP, and NP)
(Fig. 4c). Von Kossa staining showed calcification of the
adjacent vertebral trabecular bone and a very thin layer of
cortical bone; however, with the exception of a very small
number of cell lacunae at the bony interface, there was no
calcification within the CEP itself (Fig. 4d). To address
accuracy of our MRI-based CEP thickness quantitative
measurements of CEP thickness made from histological
sections were 0.42 £ 0.69 mm. These CEP dimensions
were of the same magnitude to those measured using MRI
on site-matched virtual plugs, which were 0.45 £ 0.12 mm.

In an effort to translate this new technique into in vivo
applications, a healthy volunteer study was performed. A
representative image from a 38-year-old male volunteer is
presented (Fig. 5). The CEP is not visible in the conven-
tional T2-weighted mid-sagittal image, typically used
clinically to evaluate the disc (Fig. 5a). The FLASH image
with optimized parameters, however, highlights the CEP
well (Fig. 5b). The fusion image shows that the high-
intensity regions (arrowheads) in Fig. 5a are not co-local-
ized with the cartilaginous endplates (Fig. 5c).

The thickness of the CEP at the mid-sagittal plane and
its correlation with disc level and anterior-posterior loca-
tion were evaluated in the specimen MRI data. Across all
disc levels and locations, the mean CEP thickness was
0.77 £+ 0.24 mm similar to that of [7] 0.62 £ 0.29 mm. No
significant difference in CEP thickness was observed
across disc levels (Fig. 6a). There were significant effects
of anterior—posterior location on CEP thickness (Fig. 6b),
where the minimum thickness was at the center of the disc
(0.54 £ 0.12 mm, averaged across all lumbar levels). The
thickness at the center was 23 % less than the 0.5 cm
anterior—posterior location and 44 % less than the 1.0 cm
anterior—posterior location (p < 0.005), resulting in a “V”
shaped pattern across the disc (Fig. 6b). There was no
statistical interaction between level and anterior-posterior
location for the CEP thickness measurements.

T1 (ms)
T 3T
NP 1510 +50 1250 55
AF 1270 + 80 900+ 70
CEP 77575 540 + 100
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Fig. 2 Computed MRI signals
and image contrast at 7T.

a NP-CEP image contrast
(Ackp), according to Eq. 2, over
the full range of the parameters
flip angle and TR. b Close-up
3D view within the small
dashed box in (a). Asterisk (*)
indicates the point chosen as
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Discussion than to that of the NP; thus, careful choice of scan

This study visualized the CEP morphology in three
dimensions and quantified CEP thickness using an MRI 3D
FLASH sequence. Optimal sequence parameters were
selected by utilizing high-resolution T1 mapping and an
analytical MRI signal model to maximize the signal con-
trast between the CEP and NP. In addition, histology was
performed which confirmed that the MRI FLASH sequence
successfully detected the CEP and provided an accurate
measurement of CEP thickness. Our MRI FLASH micro-
structural observations are consistent with recent ultrashort
echo time MR imaging of uncalcified and calcified CEP
[37] although that study did not measure CEP thickness.
The CEP thickness measured in the mid-sagittal plane both
ex vivo and in vivo gave similar results, showing no effect
of level, but the CEP becomes thinner toward the center of
the disc. This study demonstrates the potential of MRI
FLASH imaging for structural quantification of the CEP
geometry, which may be a developed as a technique to
evaluate changes in CEP with disc degeneration in future
applications.

T1 mapping and an analytical model of image contrast
proved valuable in selecting parameters for FLASH
imaging to emphasize the CEP. The high-resolution T1
map showed significant differences in T1 values between
the NP and CEP, allowing these structures to be distin-
guished using appropriate sequence parameters. However,
the T1 of the annulus fibrosus was closer to that of the CEP
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parameters would be needed to distinguish the CEP from
the annulus fibrosus. Although only one representative disc
was used to obtain the T1 map for the simulations to select
the flip angle and TR, the selected optimal parameters
resulted in excellent contrast for most of the specimens and
volunteers. The NP-CEP contrast using optimized param-
eters from the analytical model would vary as T1 and T2
are expected to vary depending upon the subject’s disc
health.

The MRI FLASH images using optimized parameters
yielded complete and detailed 3D morphology of the CEP,
and its axial, sagittal, and coronal views were shown for the
first time. The size and shape of the CEP varied consid-
erably among subjects and disc levels. In particular, the
circumference of the CEP as seen in the axial sections often
had an irregular edge, and this may be an indication of CEP
calcification associated with disc degeneration. Additional
work is needed to evaluate this, however, as the histolog-
ical samples prepared in this study did not contain calci-
fication within the CEP. While preliminary, and of small
sample size, the results suggest CEP morphology may be
related to disc level and disc health. However, more sam-
ples across a large range of degeneration will be required
before such correlations can be tested.

In order to assess clinical feasibility, the FLASH tech-
nique was applied in vivo at 3T, demonstrating that the
CEP was clearly visible (Fig.5). The results were
encouraging, considering the fact that SNR in the nucleus
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( Axial )

Fig. 3 MRI images of four different specimens with 200 pm
isotropic resolution acquired at 7T. Three-plane views reformatted
from the same isotropic dataset of each specimen clearly demonstrate
the CEPs (arrows) clearly, which are located between the vertebral

in vivo at 3T (& 16) was more than two times less than
ex vivo at 7T (~45). While SNR is proportional to field
strength, for the case where the image noise is dominated
by the sample, it is also proportional to voxel size and
depends on factors such as T1, T2, pulse sequence
parameters, and the type of RF coil used. In Fig. 5, lack of
CEP visibility in the conventional T2-weighted image,
particularly in comparison to the FLASH image, can be
explained in part by the different echo times between the
two sequences. We confirmed this using a standard method
for T2 measurement, i.e., 2D spin echo images acquired
with a range of echo times to generate T2 maps of a disc,
from which we found T2 of the CEP to be 19 ms at 3T and
14 ms at 7T, respectively. Therefore, most of the CEP
signal had been lost by the time the echo was measured in
the T2-weighted sequence (123 ms). However, in the
FLASH sequence the echo time could be made sufficiently

( Sagittal )

42yo, F, L1L2, Grade:2.0

3

( Coronal)

body and the NP. Axial views show that the shape and size of the CEP
can vary considerably for different subjects and levels: a 47 years,
female, L1L2; b 63 years, male, L2L3; ¢ 53 years, female, L3L4;
d 53 years, female, L4L5. Scale bar = 1 cm

fast (3.7 ms) to capture the short-T2 signal of the CEP.
Moreover, ultra-short echo times were not necessary to
achieve excellent CEP contrast. The use of a custom-made
RF coil specifically designed for lumbar spines could help
mitigate the SNR difference between 3T and 7T systems.
Additionally, further optimization of the sequence may be
required for future in vivo studies.

The measured CEP thicknesses agree well with previous
literature, as does the V-shaped pattern along the anterior-
posterior axis of the disc (Fig. 6b) [7]. Furthermore, there
was no effect of disc level on CEP thickness. Future studies
will develop a semi-automated analysis programs that will
give measurements with less user input. We found similar
trends in the in vivo images, although these were not
reported here due to the limited number of samples. The
voxel size in vivo was larger, which could lead to an
overestimate of thickness due to partial volume averaging.

@ Springer
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Fig. 4 MRI and histology
images of the same specimen
(63 years male, L2L3, Grade
2.6). Axial (a) and coronal
(b) FLASH MRI of the whole
disc, showing approximate
locations of biopsy punches
used for histological analysis.
¢ Representative histology
section of the CEP stained
with Alcian blue
(glycosaminoglycans) and
picrosirius red (collagen),
showing adjacent NP and
vertebral bone. d Von Kossa
staining of an undecalcified
section, showing regions of
bone distinct from CEP and
minimal CEP calcification.
(Scale bars inaand b = 1 cm
and in ¢ and d = 0.5 mm; VB
vertebral bone)

CEP

NP

Fig. 5 In vivo data from a healthy volunteer obtained at 3T. a Routine T2-weighted mid-sagittal image b 3D FLASH image ¢ fusion image of
(a) and (b) showing that high-intensity regions (arrowheads) in image (a) are not co-localized with cartilaginous endplates

Fig. 6 CEP thicknesses in a)1 4 T i (b) 14 i T

specimens, as measured on mid- . .

sagittal MRI slices: a at ‘é‘ 12 ‘é‘ 12 |A5C.P5

different disc levels b at £ £

dlffefent anterior-posterior - 1.0 - 1.0 CP10 10

locations (C center, AS, g 0.8 g 0.8

A10 = 5 and 10 mm off the c c P5,P10

center towards anterior, P5, ﬁ 0.6 % ﬁ 06 % {

P10 = 5 and 10 mm off the E = %

center towards posterior). a 94 :: 0.4}

Letters on top of error bars 8 0.2 w ol

indicate significance : (S

(p < 0.005) between measured 0 . . . . . 0 . . . . .

locations L1L2 L2L3 L3L4 L4L5 L5S1 A10 A5 C P5 P10
Disc Level Anterior-Posterior Location (mm)
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In any case, it is clear that due to both the thinness and
curvature of the CEP voxel size should be minimized to
avoid artifacts such as Gibbs ringing and partial volume
averaging.

In conclusion, this study demonstrated CEP three-
dimensional visualization using MRI, showing the three-
dimensional CEP morphology and quantifying the CEP
thickness in specimens. The CEP thickness was not related
to disc level, but the CEP was significantly thicker in the
periphery compared with the central location of the disc.
The optimized MRI pulse sequence also was applied to
human imaging in vivo, and the CEP exhibited similar
trends to the ex vivo data. This work thus establishes a
methodology for CEP MR imaging. With the relatively
short in vivo scan time, the technique will provide a new
tool for non-invasive assessment and quantification of disc
health.
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