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REVIEW

Qualitative and Quantitative MR Imaging of
the Cartilaginous Endplate: A Review

Zhao Wei, PhD,1,2 Jiyo S. Athertya, PhD,2 Christine B. Chung, MD,2,3

Graeme M. Bydder, MB, ChB,2 Eric Y. Chang, MD,2,3 Jiang Du, PhD,2,3,4

Yang Wenhui, ME,1,5 and Yajun Ma, PhD2*

The cartilaginous endplate (CEP) plays a pivotal role in facilitating the supply of nutrients and, transport of metabolic
waste, as well as providing mechanical support for the intervertebral disc (IVD). Recent technological advances have led to
a surge in MR imaging studies focused on the CEP. This article describes the anatomy and functions of the CEP as well as
MRI techniques for both qualitative and quantitative assessment of the CEP. Effective CEP MR imaging sequences require
two key features: high spatial resolution and relatively short echo time. High spatial resolution spoiled gradient echo
(SPGR) and ultrashort echo time (UTE) sequences, fulfilling these requirements, are the basis for most of the sequences
employed in CEP imaging. This article reviews existing sequences for qualitative CEP imaging, such as the fat-suppressed
SPGR and UTE, dual-echo subtraction UTE, inversion recovery prepared and fat-suppressed UTE, and dual inversion recov-
ery prepared UTE sequences. These sequences are employed together with other techniques for quantitative CEP imag-
ing, including measurements of T2*, T2, T1, T1ρ, magnetization transfer, perfusion, and diffusion tensor parameters.
Evidence Level: 1
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2024.

Low back pain affects up to 26% of adults in the
United States, and may severely affect their life and

work.1,2 One of the primary causes of low back pain is inter-
vertebral disc (IVD) degeneration.3–5 The IVD is a crucial
component of the spinal column. It carries a variety of
mechanical loads arising from bodily weight and muscle activ-
ity including torsion and flexion. The IVD is composed of a
circular annulus fibrosus (AF) and a central nucleus pulposus
(NP), which are sandwiched between superior and inferior
cartilaginous endplates (CEPs).6 The CEP plays a pivotal role
in the degeneration process of IVD. Serving as the primary
conduit for nutrients entering and waste exiting the IVD, the
endplate (include the bony endplate and CEP) also acts as a
mechanical barrier to prevent the NP bulging into the adja-
cent vertebral body.7–9 Loss of large proteoglycan molecules
and calcification of the CEP tissue reduce the permeability of
nutrient into the NP and AF, leading to the degeneration
of IVD.3,7,10,11 Moreover, CEP fractures disrupt hydration

and force distribution from the NP, allowing fluid to flow
from the NP to the adjacent vertebral body under loading.
This results in NP decompression and further degenera-
tion.12,13 Additionally, CEP damage decreases its ability to
sieve cells and macromolecules, facilitating inflammatory
crosstalk between the IVD and bone marrow in Modic
changes, thereby accelerating degeneration associated with
Modic changes.14 Accurate diagnosis of CEP damages is
essential for the pathological study of IVD degeneration
and Modic Changes. However, the CEP has received rela-
tively little attention in MRI due to its thinness, and the
limitations of many MR techniques in detecting signal
from it. This is unlike the detailed exploration of the anat-
omy and pathophysiology of the NP and AF which have
received a lot of attention with MRI. In recent years, tech-
nological advances, particularly including the development
of ultrashort echo time (UTE) sequences, have led to
a large increase in MR imaging studies of the CEP.
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This review aims to describe these techniques and their use
in the study of the CEP.

Anatomy and Physiology of the Cartilaginous
Endplate
Figure 1 shows the structure of a normal IVD along with a
small section of the superior and inferior vertebral bodies.
The superior and inferior CEPs are thin layers of hyaline-like
cartilage, ranging in thickness from 0.1 mm to 1.6 mm,3

which cover the cranial and caudal ends of the inner AF and
NP. The CEPs separate the IVD from the vertebral bony
endplates. CEP thickness varies with tissue region (thicker in
the peripheral and thinner in the center) and age (decreasing
with increased age).15–17 The CEP is mainly composed of
water (55%), collagen (25%), and proteoglycans (8%).6

The CEP functions as a pathway for the diffusion of
nutrients from the peripheral vasculature in the adjacent ver-
tebral body and for waste out of the IVD into the venous sys-
tem of the IVD. These roles are crucial as the IVD is the
largest avascular structure in the human body.10 Oxygen and
glucose are transported into the IVD through the CEP.18,19

Degradation and calcification of the CEP affect the health of
the IVD by influencing vertebral perfusion and nutrient dif-
fusion.3,7 The CEP permeability is essential for maintaining
fluid pressurization within the NP, which helps to uniformly
distribute the stress across the IVD.8 However, CEP perme-
ability decreases with aging due to the occlusion of vascular
canals caused by ectopic calcification, a reduction in glycos-
aminoglycan content, and an increase in calcium-binding col-
lagen type X within the CEP.7,20–22

Moreover, the CEP plays an important role in mechani-
cally constraining the disc and preventing the NP from bulg-
ing into the adjacent vertebral body. The CEPs also provide
cranial and caudal anchorages for NP and inner AF
fibers.23,24 Finite element model analysis has also illustrated
that the structure and mechanics of the CEP may play a key
role in disc mechanics.25 Morphological abnormalities in the
CEP, such as fractures, avulsion, and Schmorl’s nodes, are
frequently observed and correlate with progression of IVD
degeneration.26,27 Thus, accurate diagnosis of CEP abnormal-
ities is crucial for understanding the mechanisms of IVD
degeneration and its associated low back pain.

MRI of the Cartilaginous Endplate
MRI is routinely used to assess IVD degeneration,28,29 and
offers insights into its anatomy, composition, and degenera-
tion by using techniques which take advantage of MRI’s high
soft tissue contrast compared with other imaging modalities,
such as X-Ray and CT. The pivotal role of MRI in the diag-
nosis and staging of IVD degeneration includes recent
advances in IVD regeneration.

MRI studies on IVD degeneration have predominantly
focused on imaging the NP and AF tissues.30–37 CEP imag-
ing using MRI is challenging due to its thinness3,13 and short
T2/T2* relaxation times.38–41 The reported CEP T2 and T2*
value ranges are 17.79 msec–66.34 msec39,41 and 2.9 msec–
43 msec,38,40,42,43 respectively, considerably short in com-
parison with the commonly used echo times (TEs) of
conventional clinical T1-weighted (T1w) and T2-weighted
(T2w) fast spin echo (FSE) MRI sequences. Consequently,
the CEP appears hypointense on conventional T1w- and
T2w-FSE images, rendering it indistinguishable from bony
endplates.28 Fortunately, several sequences, such as spoiled
gradient echo (SPGR)-based15–17,44–46 and ultrashort echo
time (UTE)-based38,40,42,43,47–55 sequences can address this
problem. Applications of these pulse sequences in CEP imag-
ing are described below.

Qualitative MRI of the Cartilaginous Endplate

SPGR SEQUENCES. SPGR sequences meet the two essential
requirements for CEP imaging: high spatial resolution and
relatively short TE.56 SPGR, commonly characterized by a
low flip angle, is a gradient echo pulse sequence in which the
echo signal is spoiled using a gradient. This enables
the sequence to achieve a relatively short TE and rapid longi-
tudinal relaxation recovery. Studies have reported a TE of
3.7 msec and repetition time (TR) of 9 msec for CEP imag-
ing with SPGR sequence,15–17 resulting in images being T1-
weighted. The SPGR sequence is readily available on clinical
scanners and allows shorter scan times for the same field of
view than UTE pulse sequences.17

Beattie et al employed the 3D SPGR sequence to create
the CEP contrast and subsequently measure CEP spatial
parameters.16 The CEP contrast enhancement capability of
the SPGR underscores its potential for quantifying CEP
dimensions and evaluating structural changes in the
CEP associated with disc degeneration.

SPGR sequences with fat suppression (FS) further
improve the contrast between the CEP and adjacent tissues,
such as the bone marrow fat (BMF) within vertebra and
NP.15,17,45,46 In 2002, Kakitsubata et al applied a 3D FS-
SPGR sequence on 48 CEP specimens, showcasing its effi-
cacy in enhancing CEP visualization.46 In 2013 and 2016,
Moon and Delucca et al applied 3D FS-SPGR sequences
with optimized flip angle and TR to enhance CEP-NP and

FIGURE 1: A diagram depicting the sagittal cross-section of an
intervertebral disc, which is positioned between the superior
and inferior vertebral bodies.
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CEP-BMF contrasts for visualizing CEP structure and mea-
suring CEP thickness distribution.15,17 Most recently,
Athertya et al optimized a T1w 3D FS-SPGR sequence for
high contrast CEP imaging in vivo (Fig. 2a).45 A product
SPECtral Inversion At Lipid (SPECIAL) technique was uti-
lized for fat suppression. The 3D FS-SPGR sequence is adept
at demonstrating both normal CEP morphology (Fig. 2d)

and CEP abnormalities (Fig. 2g), and is well suited to clinical
applications.

UTE SEQUENCES. UTE-type sequences are widely used in
musculoskeletal system imaging owing to their capacity to
detect fast decaying signals from short and ultrashort T2 tis-
sues.57 As early as 2004, Gatehouse et al confirmed the feasi-
bility of visualizing CEP tissue using a 2D UTE (Fig. 3a),
2D FS-UTE, and 2D FS-UTE with long T2 tissues suppres-
sion.53 Figure 3d shows a 3D UTE sequence with a Cones
sampling trajectory.52,58 This sequence initiates data acquisi-
tions immediately after a slab selective half pulse excitation,
enabling the TE to be minimized. The minimum TEs of 2D
and 3D UTE sequences can be as short as 8 μs.59,60 CEP
structures on UTE images are high signal (Fig. 3b,e), com-
pared with the low signal on clinical T1w-SE (Fig. 3c) and
T2w-FSE images (Fig. 3f).

In recent years, with advances in UTE techniques, an
increasing number of UTE-based methods have been used for
CEP imaging. In 2012, Bae et al utilized the 2D UTE sub-
traction technique to visualize calcified and uncalcified CEP
morphology.49 In 2013, Law et al reported on the feasibility
of the 3D UTE technique for assessing CEP defects, and
found a significant association between the presence of CEP
defects and IVD degeneration.50 In 2018, Berg-Johansen
et al measured the CEP thickness with 3D FS-UTE sequence,
and revealed that the CEP thickness was greater at the periph-
ery and smaller at the central portion and the heterogeneity
in CEP thickness might serve as an indicator of IVD
degeneration.48

In 2023, Ji et al employed a 3D fast dual-echo UTE
technique to obtain subtracted images of CEPs, which dis-
played the CEP structure well with high contrast between the
CEP and the bony vertebral endplate.47 This technique may
serve as an effective tool for evaluating CEP damage. Lom-
bardi et al introduced a 3D adiabatic inversion-
recovery-prepared fat-saturated UTE (IR-FS-UTE) sequence
(Fig. 4a) designed to highlight CEP contrasts relative to the
NP and BMF.52 This sequence employed an IR pulse to
effectively suppress signals from long T1 tissues (eg, NP),
followed by a fat saturation module to suppress fat signals.
The IR-FS-UTE sequence produced high contrast CEP
images both in vivo (Fig. 4b–e) and ex vivo (Fig. 5). Most
recently, Athertya et al compared the CEP image contrast
produced by various UTE-based techniques, including dual
adiabatic inversion recovery prepared UTE (DIR-UTE)
(Fig. 6a), IR-FS-UTE (Fig. 4a), and T1w-FS-UTE.

51 All
these UTE techniques could image CEP with high contrast.
Among these methods, DIR-UTE generated the highest CEP
contrast, followed by IR-FS-UTE and T1w-FS-UTE. The
DIR-UTE method used two narrow-band adiabatic full pas-
sage pulses to efficiently suppress long T2 water and fat simul-
taneously and selectively imaged short T2 CEP. The study

FIGURE 2: Cartilaginous endplate (CEP) imaging using a 3D fat-
suppressed spoiled gradient echo (FS-SPGR) sequence. The fat
suppression was achieved with SPECtral Inversion At Lipid
(SPECIAL) (a). Clinical T2 weighted fast spin echo (T2w-FSE) (b, e)
and T1 weighted FSE (T1w-FSE) (c, f) images as well as 3D FS-
SPGR images (d, g) were obtained from a 32-year-old healthy
male (second row) and a 67-year-old female with lower back
pain (third row). The CEP structures in normal and abnormal CEP
regions are indicated by yellow arrows in panels (d) and (g),
respectively. Reproduced with permission from Athertya et al.45
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FIGURE 3: 2D and 3D ultrashort echo time (UTE) imaging of the cartilaginous endplate (CEP). Diagrams of 2D and 3D UTE sequences
are shown in (a) and (d), respectively, accompanied by lumbar spine images acquired with the 2D UTE (b), fat suppressed 3D UTE
(3D FS-UTE) (e), T1 weighted spin echo (T1w-SE) (c), as well as T2 weighted fast spin echo (T2w-FSE) (f) sequences. CEP structures are
visible on UTE images but are invisible on clinical T1w-SE and T2w-FSE images. (b, c) Reproduced with permission from Gatehouse
et al.53 (d) reproduced with permission from Lombardi et al.52

FIGURE 4: Cartilaginous endplate (CEP) imaging with an inversion recovery fat suppression ultrashort echo time (IR-FS-UTE)
sequence. (a) shows the CEP contrast mechanism for the IR-FS-UTE sequence. The signals from the nucleus pulposus (NP) are
suppressed by the adiabatic full passage (AFP) IR pulse to improve CEP contrast with the NP, and the fat signals are suppressed by
the fat saturation (FatSat) pulse to improve CEP contrast with bone marrow fat. Multiple UTE spokes are sampled after each IR and
FatSat preparation. Cervical and lumbar spine images of a 30-year-old female volunteer are shown in (b–e). The clinical T2 weighted
fast spin echo (T2w-FSE) images (b, d) cannot capture CEP signals, while the IR-FS-UTE highlights CEP regions (c, e).
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also demonstrated that the DIR-UTE method could detect
morphological CEP abnormalities, such as CEP discontinuity
and erosive node. The major weakness of DIR-UTE and
IR-FS-UTE techniques is their relatively long scan time. In
comparison, the T1w-FS-UTE technique shows promise for
clinical use due to its great scan efficiency and reasonable
CEP contrast.

Studies have shown that CEP thickness was related to
age and region but not to IVD levels.15–17,48 The thickness is
smallest at the center and greatest at periphery.15–17 Averaged
CEP thickness reported in References 15, 16, 17, and 48 are

0.58 mm, 0.5 mm, 0.77 mm, and 0.74 mm, respectively, as
shown in Table 1. However, the mean CEP thickness mea-
sured with histological methods are 0.62 mm and 0.47 mm
in References 3 and 13, respectively. Although the
MRI-derived CEP thickness measurements are slightly over-
estimated compared to histological measurements, their reli-
abilities were confirmed by significant correlations with
corresponding histological measurements in same location
within the IVD.17,48

Table 1 summarizes qualitative CEP imaging studies.
The SPGR sequence captures the CEP signal with a

FIGURE 5: Cartilaginous endplate (CEP) imaging of a spine sample. Images of T12-L2 from in vivo CT scan (a) obtained prior to the
patient’s (68-year-old female donor) death and postmortem ex vivo μCT scan (b), clinical T2 weighted- and T1 weighted-fast spin
echo (T2w-FSE and T1w-FSE) (c, d), as well as inversion recovery fat suppression ultrashort echo time (IR-FS-UTE) sequences (e). As
shown on the IR-FS-UTE image (e) by a yellow arrow, there is a CEP fracture in the superior endplate of L1 with herniation of the
nucleus pulposus (NP) through the focal defect which is confirmed with histology (f) and (g) is the magnified fracture region (yellow
box) on the IR-FS-UTE image (e). VB endplate = vertebral bony endplate. Reproduced with permission from Lombardi et al.52

FIGURE 6: Cartilaginous endplate (CEP) imaging using a dual inversion recovery-prepared ultrashort echo time (DIR-UTE) sequence.
The CEP contrast mechanism for the DIR-UTE sequence is shown in (a). This sequence utilizes two adiabatic full passage pulses to
invert long T2 water (eg, nucleus pulposus [NP]) and bone marrow fat (BMF) with center frequencies of 0 and �440 Hz, respectively,
followed by multiple UTE spoke acquisition. Lumbar spine images of a 38-year-old asymptomatic male volunteer acquired with
clinical T2 weighted fast spin echo (T2w-FSE) (b), DIR-UTE (c), inversion recovery fat suppression ultrashort echo time (IR-FS-UTE) (d),
and T1 weighted FS-UTE (T1w-FS-UTE) (e) sequences. The DIR-UTE sequence provides the best CEP contrast in comparison to other
UTE-based techniques.
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sufficiently short TE. When combined with the FS module,
the contrast between CEP and BMF is significantly improved
in FS-SPGR. Due to its short scan time and clinical
availability, SPGR-based techniques are promising tools for
morphological CEP imaging alongside conventional T1w-
and T2w-FSE imaging. The UTE-based sequences (eg, Dual-
echo UTE, T1w-FS-UTE, IR-FS-UTE, and DIR-UTE) gen-
erate higher contrast to noise ratios between CEP and adja-
cent tissues compared to the SPGR sequences due to their
much shorter TEs. However, their limited clinical availability
currently hinders their widespread clinical use.

Quantitative MRI of the Cartilaginous Endplate
As mentioned above, both SPGR and UTE sequences have
been successfully used for morphological CEP imaging.
Moreover, there is a growing interest in quantitative MRI of
the CEP due to its sensitivity to biochemical changes in CEP
tissues. SPGR- and UTE-based quantitative MRI techniques
for mapping T2*/T2, T1, T1ρ, perfusion properties, magneti-
zation transfer ratio (MTR) and diffusion properties of the
CEP are described below.

T2* AND T2 MEASUREMENTS. T2* mapping offers insights
into the integrity of collagen and the mobility of water.37,61

Changes in T2* reflect alterations in water content and the
extent to which water is “bound” or “free.” T2* values are
calculated by fitting the signal decay equation:

S TEð Þ¼ S0e
�TE=T*

2ð Þ with signal on MR images acquired
with multi echoes, where S0 is the equilibrium magnetization,
and S TEð Þ is the measured MR signal. T2 measurement uses
a similar strategy.

The multi-echo UTE method is commonly used for
CEP T2* mapping. In 2014, Bae et al reported a mean CEP

T2* value of 2.9 msec, measured with 2D multi-echo UTE
sequences.43 In 2015, Fields et al measured the T2* values of
CEP tissue with 2D multi-echo FUTE sequences.38 Their
results revealed that the CEP T2* values were orientation
dependent: CEP T2* values measured at 54.7� (i.e., magic
angle) relative to the main magnetic field direction were
greater than those measured at 0� (�21.8 msec vs. 10 msec)
(Fig. 7c,d). Furthermore, CEP T2* values measured at the
magic angle exhibited significant correlations with glycosami-
noglycan content, collagen-to-glycosaminoglycan ratio, and
water content, whereas these correlations were not significant
at 0� or 90�. For in vivo scanning, the orientations of the
L4-L5 and L5-S1 CEPs are closest to the magic angle
(Fig. 7e,f). Consequently, T2* values of the L4-L5 and L5-S1
CEPs are likely to be longer than those of CEPs in other spi-
nal segments that have the same degeneration grade. The lon-
ger values of T2* correlate with CEP biochemical
composition.

In 2020, Wang et al utilized the 3D UTE Cones
method to measure the spatial distribution of T2* values
within the CEP and correlated this with IVD degeneration in
different age groups.42 Their findings revealed that CEP T2*
values were highest centrally and lowest posteriorly (ranging
from 14.2 msec to 23.9 msec), suggesting regional variations
in the CEP’s biochemical composition. Additionally, in the
youngest group with mild-to-moderate degenerated IVDs
(Pfirrmann grade II-III), low CEP T2* values were associated
with more severe IVD degeneration, although this association
was not observed in older groups. In 2022, Bonnheim et al
conducted CEP T2* mapping with the 3D UTE Cones
sequence in 60 patients with chronic low back pain.40 CEP
T2* values ranged from 2 msec to 33 msec were associated
with NP T1ρ values, indicating that CEP compositional

FIGURE 7: Ultrashort echo time (UTE) T2* mapping of two different spine samples. UTE images (a, b) and T2* maps (c, d) of a
cartilaginous endplate (CEP) sample imaged at 0� and 54.7� relative to the main magnetic field. Greater signal intensity and higher
T2* value are shown at 54.7�. UTE image and T2* mapping of another lumbar spine specimen (L3-S1) of a 37-year-old male donor are
shown in (e) and (f) respectively. The inferior CEP of L5-S1 intervertebral disc shows greater signal intensity (e) and T2* value (f) due
to its angle being approximately the magic angle. Reproduced with permission from Fields et al.38
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changes reflect the severity of IVD degeneration. In 2023,
Bonnheim et al proposed a deep learning-based automatically
CEP segmentation and CEP T2* calculation model.54 This
model eliminated measurement deviations introduced by the
analysts’ subjectivity during the manually segmentation,
enabling efficient, objective, and accurate computation of
CEP T2* values. They tried to group the CEPs regarding
T2* values using predicted segmentations generated by the
proposed model, and the group predictions achieved diagnos-
tic sensitivities of 0.77–0.86.

T2 mapping reflects water content, proteoglycan fiber
networks, and molecular interactions.61 T2 values can serve as
a biomarker for assessing IVD degeneration.33 In 2020, Cao
et al performed CEP T2 calculations in 130 patients using a
multi-echo SE pulse sequence (i.e., Carr-Purcell-Meiboom-
Gill [CPMG] sequence).39 However, the estimated T2 values,
ranging from 42.47 msec to 66.34 msec, appeared to be over-
estimated. The in-plane resolution of their images was
1.2 � 1.6 mm2, which was considerably greater than the
mean thickness of the CEP (0.62 mm).3 In addition,
the region of interest was located at the center of the CEP
(the thinnest region of the CEP). Therefore, the signal within
the region of interest was inevitably contaminated by the
adjacent long T2 tissues, such as the NP and bone BMF.
Moreover, the CPMG sequence in a clinical scanner with rel-
atively long TEs may not capture sufficient CEP signals, and
the resulting low signal to noise ratio (SNR) images may lead
to inaccurate T2 quantification. In 2022, Athertya et al uti-
lized a 3D CPMG sequence to measure T2 relaxation times
of a human thoracic spine sample.41 The in-plane resolution
of the sequence was 0.15 � 0.15 mm2, which was sufficiently
high for accurate CEP T2 mapping. Their measured mean
CEP T2 value of 17.79 msec was much lower than Cao
et al’s.

With the most reported CEP T2* values no less than
4 msec,38,40,42 both SPGR and UTE pulse sequences with
echo times less than 4 msec are feasible for CEP morphology
imaging. However, UTE is preferable for the T2* mapping as
it can provide more fitting data with shorter TEs improving
T2* fitting accuracy. On the other hand, SPGR sequences are
more time efficient than UTE sequences, making them more
suitable for clinical application.

T1 MEASUREMENT. T1 mapping has found utility in
assessing cartilage degeneration,62 with correlations of T1 with
water content.63 Nevertheless, application of T1 mapping to
IVD degeneration assessment, in particular the CEP, remains
relatively unexplored.

In 2013, Moon et al conducted a study in which they
scanned a healthy cadaveric lumbar disc sample using a 2D
inversion recovery spin echo (IR-SE) sequence with 10 differ-
ent inversion times at both 7 T and 3 T magnetic field
strengths. Their results showed mean CEP T1 values at 7 T

of 775 msec (Fig. 8e) and at 3 T of 540 msec.17 However,
the use of a long TR to ensure full recovery of the longitudi-
nal magnetization resulted in a long total scan time, rendering
the method impractical for in vivo applications.

In 2021, Lombardi et al utilized a 3D UTE actual flip
angle and variable flip angle (UTE-AFI-VFA) method64 to
measure the CEP T1 values for spine samples at 3 T
(Fig. 8a–d).52 Their findings revealed a mean CEP T1 value
of 360 msec, which was notably shorter than the 540 msec
reported by Moon et al.17 This may be attributed to the rela-
tively long TE (i.e., 13 msec) used with the 2D IR-SE
sequence. This sequence can only capture signals from free
water within the CEP and is unable to detect signals from
bound water components which typically have much shorter
T1 values compared to free water. Consequently, the T1

values obtained through IR-SE may appear relatively pro-
longed. The UTE-AFI-VFA technique concurrently assessed
T1 values for both bound and free water components and
thus includes shorter T1 components.

T1ρ MEASUREMENT. T1ρ presents the spin–lattice relaxation
in the rotating frame in the presence of an external spin-lock
RF pulse, reflecting low-frequency motional biological pro-
cesses, including those arising from macromolecule-water
interactions.65 T1ρ provides sensitive detection of proteogly-
can loss at early stages of cartilage degeneration.66

In 2020, Ling et al measured CEP T1ρ values using a
2D FSE sequence in both rhesus monkeys and humans and
revealed a notable decrease in T1ρ values in the older group
compared to the younger group.67 In 2021, Wei et al
employed a 3D adiabatic T1ρ prepared UTE (UTE-Adiab-
T1ρ) pulse sequence (Fig. 9a) to measure CEP T1ρ values in
IVDs with different degrees of degeneration (Fig. 9b–e).55

This UTE-Adiab-T1ρ pulse sequence employed trains of adia-
batic full passage (AFP) pulses for spin locking and UTE data
acquisition. The study showed significant correlations
between both superior and inferior CEP T1ρ values and the
severity of IVD degeneration, suggesting that CEP T1ρ values
could serve as biomarkers of IVD degeneration. In addition,
Adiab-T1ρ measurements are less sensitive to the magic angle
effect than T2* measurements, potentially making them more
reliable biomarkers for CEP assessment.68

Given the short T2* of CEP tissue, combining spin-
locking preparation with a short TE acquisition scheme is
essential for measuring CEP T1ρ. Similar to cartilage, the
CEP contains both short- and long-T2 water components.
Multi-compartment T1ρ quantification conducted with either
a continuous wave-prepared UTE sequence or a UTE-Adiab-
T1ρ sequence has the potential to demonstrate this.69

MAGNETIZATION TRANSFER IMAGING. MTR is corre-
lated with collagen concentration and tissue matrix integ-
rity.70 Given the collagen-rich nature of the CEP, measuring
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FIGURE 8: T1 mapping of intervertebral disc (IVD) samples. Panels (a) and (b) are representative ultrashort echo time variable flip
angle (UTE-VFA) images with flip angles (FAs) of 4� and 20�, respectively, at 3 T. Panel (c) shows the corresponding fitting curves and
mean T1 values of the cartilaginous endplate (CEP), nucleus pulposus (NP), and annulus fibrosus (AF), and (d) is the T1 map of this
IVD sample measured with the UTE-VFA method with B1 correction. (e) shows the T1 map of a normal IVD sample measured at 7 T.
(a–d) reproduced with permission from Lombardi et al.52 (e) reproduced with permission from Moon et al.17

FIGURE 9: In vivo lumbar intervertebral disc (IVD) T1ρ maps acquired with a 3D adiabatic T1ρ prepared ultrashort echo time (UTE-Adiab-
T1ρ) sequence. Panel (a) is the pulse sequence diagram for the UTE-Adiab-T1ρ sequence. T1ρ contrast is generated by a train of adiabatic
full passage (AFP) pulses during the spin-locking time (TSL). This is followed by a fat saturation (FatSat) pulse and multiple UTE
acquisitions. Representative T1ρ maps of lumbar IVDs with different modified Pfirrmann grades from four volunteers are shown from (b)
to (e). The modified Pfirrmann grades are labeled next to the corresponding IVD. Reproduced with permission from Wei et al.55
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CEP MTR may serve as a biomarker of degenerative changes
in IVD involving collagen.

Figure 10 shows a representative lumbar CEP MTR
map from a healthy 25-year-old male volunteer using an MT-
prepared UTE (MT-UTE) sequence. The color MTR map of
the lumbar IVDs reveals higher MTR values in the CEP and
AF compared to the NP, indicating greater collagen content
in the CEP and AF. This finding is consistent with previous
biochemical studies,6,71 confirming the value of CEP MTR
mapping with the MT-UTE method.

PERFUSION MEASUREMENT. Perfusion and fluid transport
within the CEP are crucial for nutrition supply and metabolic
transportation. Studying the perfusion of the CEP can help
reveal the relationship between CEP permeability and IVD
degeneration. Muftuler et al applied a dynamic contrast-
enhanced (DCE) MRI protocol to study perfusion and fluid
transport mechanisms in the endplates of IVDs.72 They
observed a low enhancement peak and no noticeable washout
in the CEP DCE MRI signal, with DCE enhancement in the
CEP increased with Pfirrmann grade. In 2019, Arpinar et al
examined DCE-MRI enhancement with 3D SPGR pulse
sequence in endplate regions of IVDs.44 Their findings

revealed significant associations between Oswestry Disability
Index (ODI) scores and enhancement in the CEP regions
within the most degenerated IVDs.

These studies suggest that DCE-MRI enhancement in
the CEP region is associated with IVD degeneration and low
back pain (as measured by the ODI). However, it is impor-
tant to note that these studies were conducted ex vivo, and
there is currently no widely accepted technique for assessing
endplate perfusion in vivo.

DIFFUSION TENSOR IMAGING. Diffusion tensor imaging
(DTI) reveals random movement of water molecules within
tissues utilizing diffusion-sensitive gradient pairs. This allows
evaluation of water diffusion characteristics and directional
anisotropy.73,74 Quantitative scalar metrics derived from the
DTI model, such as the fractional anisotropy (FA), mean dif-
fusivity (MD), axial diffusivity (AD), and radial diffusivity
(RD), are known to correlate with tissue microstructure.74

Understanding the microstructure of the IVD is crucial for
regenerative medicine and the development of tissue
engineering-based treatments for IVD disease.75 Recently,
DTI tractography has been employed to delineate various tis-
sues within the knee joint, including the articular cartilage,

FIGURE 10: In vivo lumbar spine imaging with a magnetization transfer (MT) prepared ultrashort echo time (MT-UTE) sequence.
Panel (a) is the pulse sequence diagram for the MT-UTE sequence. Lumbar spine images of a 25-year-old male volunteer obtained
with MT off and on are shown in (b) and (c), respectively. The corresponding MT ratio (MTR) map is shown in (d). This MTR map
reveals higher MTR values in the cartilaginous endplate and annulus fibrosus compared to the nucleus pulposus, indicating greater
collagen content in the cartilaginous endplate and annulus fibrosus.
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anterior/posterior cruciate ligament, growth plate, and menis-
cus, and IVD’s AF.76–79

Most recently, Wei et al pioneered the utilization of a
3D Stejskal-Tanner diffusion-weighted spin-echo pulse
sequence with high resolution and DTI model to derive
quantitative scalar DTI metrics (Fig. 11c–f) and to track the
fiber orientation and structure (Fig. 11g–l) of in a human
CEP sample.80 Their results revealed that the CEP contrasts
on the RD, AD, and MD maps were more pronounced com-
pared to diffusion-weighted images and FA maps. Addition-
ally, their findings showed a consistent conclusion with
histological studies that the predominant orientation of CEP
fibers is parallel and horizontal in the anterior–posterior direc-
tion. Compared with histological methods, the advantages of
DTI tractography is noninvasive and can visualize the intact
CEP fiber architecture.

Table 2 summarizes quantitative CEP imaging tech-
niques. CEP T2* values, measured with multi-echo UTE,
ranged from 2.9 msec to 43 msec.38,43 The CEP fiber direc-
tion variation relative to the B0 direction, resulted in a wide
range of T2* values due to the magic angle effect. Multi-echo
SE and CPMG sequences were employed to measure CEP T2

values in vivo and ex vivo, respectively.39,41 However, in vivo
CEP T2 values are likely overestimated,39 and more accurate
ex vivo measurements were time-consuming with very high
image resolution. In vivo CEP T2 mapping remains challeng-
ing, and a T2-prepared UTE sequence may be a promising
technique for accurate CEP T2 measurement in future stud-
ies. Currently, all CEP T1 measurement studies have been
performed on ex vivo samples, with no in vivo CEP T1 values
reported so far. The UTE-AFI-VFA method is more promis-
ing than the IR-SE technique for in vivo CEP T1

FIGURE 11: Diffusion tensor imaging (DTI) of an intervertebral disc sample. Representative diffusion-weighted spin echo images are
shown in the coronal plane with b = 0 s/mm2 (a) and b = 600 s/mm2 (b), along with the corresponding DTI parameter maps for
fractional anisotropy (FA) (c), radial diffusivity (RD) (d), axial diffusivity (AD) (e), and mean diffusivity (MD) (f). CEP fibers are presented
in a 3D view (g), across axial (h, i) and sagittal (j) planes. The panel (k) provides a fiber orientation map of the superior cartilaginous
endplate. An enlarged view of the fiber orientation map is shown in the pink box (l). Dominant alignment of fibers in the anterior–
posterior direction is observed. Red for anterior–posterior orientation; green for right–left orientation; blue for superior–inferior
orientation. A = anterior; P = posterior; S = superior; I = interior. Reproduced with the permission from Wei et al.80
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measurement due to its time efficiency and accuracy (shorter
TE).17,52 For CEP T1ρ measurement, the UTE-Adiab-T1ρ

sequence is superior to the continuous wave-based T1ρ

weighted FSE sequence, as it is less sensitive to the magic
angle effect and offers the advantage of a short TE.55,68

SPGR-based DCE MRI of the CEP is promising and may
provide valuable functional information about endplates.72

The future development of UTE-based DCE MRI may pro-
vide more reliable information about CEP function. The
MT-UTE for CEP MTR mapping and SE-based DTI for
CEP fiber structure imaging are still in the pilot study phase
and require further technical and clinical validation.80

Discussion and Conclusion
This review summarizes the currently available MRI tech-
niques for CEP imaging. Due to the thinness and short T2*
of the CEP, effective imaging sequences need to have high
image resolution and short TEs. High-resolution SPGR and
UTE are the most commonly used sequences for morphologi-
cal and quantitative CEP MR imaging.

Morphological CEP imaging techniques hold promise
in clinical practice. Endplate irregularities have been recog-
nized to be associated with back pain and injury.13,26,81

According to Berg-Johnansen et al’s classification of endplate
irregularities, conditions such as tidemark avulsion, CEP-bone
avulsion, and traumatic injury may involve CEP damages.27

However, CEP signals are not detectable on clinical T1w-
and T2w-FSE images, making it difficult to classify endplate
irregularities, especially in vivo. Fortunately, recently devel-
oped high-contrast CEP imaging techniques, including T1w-
FS-UTE,51 IR-FS-UTE,52 DIR-UTE,51 and FS-SPGR,17,45

are feasible for detecting various endplate and disc irregulari-
ties. These abnormalities include CEP discontinuities,45,52

CEP disruptions,45 disc vacuum,45 CEP fracture,51 CEP
disappearance,51,52 and endplate fracture.52 Most recently,
W�ang recommended high-resolution UTE CEP imaging
techniques for classifying two primary Schmorl’s node
types.82 These studies demonstrate that morphological CEP
imaging techniques provide additional information on the
disc-vertebral junction beyond what is available from clinical
spine imaging sequences and hold great promise for
clinical practice.

Although there are only a few quantitative CEP imaging
studies, the most frequently studied compositional biomarker,
T2*, has been proven to be associated with biochemical
changes in IVD38,40 and degeneration severity.42 Moreover,
recent advances in deep learning techniques have achieved
good performance in CEP segmentation, T2* quantification,
and patient grouping.54 Additionally, CEP T1ρ values have
shown significant correlations with IVD degeneration, age,
and low back pain symptoms.55 These findings suggest that
quantitative CEP imaging techniques may provide promising

biomarkers for clinical diagnosis and treatment monitoring of
back pain. Further research utilizing other quantitative MRI
parameters, such as T1, MT, perfusion, and diffusion, is
warranted to understand compositional changes in CEP
pathology, particularly in vivo.41,80

Most CEP imaging studies were conducted on 3 T,
with a few on 1.5 T or 7 T. Theoretically, all these CEP
imaging techniques can be performed adequately on 1.5 T.
Compared to 3 T, sequence parameters at 1.5 T will need to
be adjusted to account for differences in MR properties, such
as T1 and T2. The relatively low image SNR at lower field
MRI may not be an issue due to recent advances in denoising
techniques using deep learning.83 These techniques should be
applicable to different spine sections, including the cervical,
thoracic, and lumbar spine. Some sequence parameter adjust-
ments, such as field of view and resolution, may be needed
due to the size differences of the IVDs within different spine
sections.

Artificial intelligence and machine learning are expected
to be of considerable value in MRI of the CEP.84,85 Addi-
tionally, sequences with TEs of 0.1 msec or less, such as sin-
gle point imaging (SPI),86 water- and fat-suppressed proton
projection MRI (WASPI),87 sweep imaging with Fourier
transformation (SWIFT),88 and zero echo time (ZTE),89 may
also have the potential to provide both morphological evalua-
tion and quantitative measurements of the CEP tissue, similar
to UTE sequences.

In summary, morphological imaging techniques have
shown great promise for clinical translation and could be
valuable additions to current clinical protocols. Quantitative
CEP MRI is still in its early stages, and further studies are
warranted.
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