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Abstract

The cartilaginous endplates (CEP) are key components of the intervertebral disc (IVD)

necessary for sustaining the nutrition of the disc while distributing mechanical loads

and preventing the disc from bulging into the adjacent vertebral body. The size,

shape, and composition of the CEP are essential in maintaining its function, and

Abbreviations: AC, articular cartilage; ACAN, Aggrecan; AF, annulus fibrosus; ALP, alkaline phosphatase; BEP, bony endplate; BMP, bone morphogenetic protein; BV/TV, bone volume fraction;

CEP, cartilage endplate; CFD, computational fluid dynamics; COL2, collagen type II gene; ECM, extracellular matrix; eDAPS, endplate-modified disc-like angle ply structure; ERK, extracellular

signal-regulated kinase; EZH2, enhancer of zeste homologue 2; FCD, fixed charge density; FE, finite element; FGF, fibroblast growth factor; GAG, glycosaminoglycan; ICD, International

Classification of Diseases; IL, interleukin; IVD, intervertebral disc; LBP, low back pain; MAPK, mitogen-activated protein kinase; MC1/2/3, Modic type 1/2/3 changes; MIF, macrophage migration

inhibitory factor; miRNA, microRNA; μ(CT), microcomputed tomography; MMP, matrix metalloproteinase; MRI, magnetic resonance imaging; NP, nucleus pulposus; PEG, polyethylene glycol;

PTHrP, parathyroid hormone-related protein; ROS, reactive oxidative species; Shh, Sonic hedgehog; TEPS, total endplate score; TGF-β, transforming growth factor beta; TIMP, tissue inhibitors of
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degeneration of the CEP is considered a contributor to early IVD degeneration. In

addition, the CEP is implicated in Modic changes, which are often associated with low

back pain. This review aims to tackle the current knowledge of the CEP regarding its

structure, composition, permeability, and mechanical role in a healthy disc, how they

change with degeneration, and how they connect to IVD degeneration and low back

pain. Additionally, the authors suggest a standardized naming convention regarding the

CEP and bony endplate and suggest avoiding the term vertebral endplate. Currently,

there is limited data on the CEP itself as reported data is often a combination of CEP

and bony endplate, or the CEP is considered as articular cartilage. However, it is clear

the CEP is a unique tissue type that differs from articular cartilage, bony endplate, and

other IVD tissues. Thus, future research should investigate the CEP separately to fully

understand its role in healthy and degenerated IVDs. Further, most IVD regeneration

therapies in development failed to address, or even considered the CEP, despite its key

role in nutrition and mechanical stability within the IVD. Thus, the CEP should be con-

sidered and potentially targeted for future sustainable treatments.

K E YWORD S

biologic therapies, biomechanics, degeneration, pre-clinical models

1 | INTRODUCTION

1.1 | What is the CEP?

The intervertebral disc (IVD) provides the spine with flexibility and

operational mechanical support. Depending on the speed or dyna-

mism of the mechanical loads, it can store or dissipate energy and

allows movement in the vertebral column. The IVD comprises three

anatomic regions: a gelatinous core, the nucleus pulposus (NP); the

annulus fibrosus (AF), a fibrocartilage that confines the NP laterally;

two cartilaginous endplates (CEP) that are thin hyaline-like cartilage

layers, covering the cranial and caudal ends of NP and the inner part

of the AF. The human CEP is 0.1–1.6 mm (�0.06 in) thick. It separates

the IVD from the adjacent endplates of the vertebral bone, that is, the

bony endplates (BEP).1–4 The CEP thickness varies greatly even within

healthy IVDs, according to age, location in the spine (disc level), posi-

tion in the IVD (cranial, caudal), and region in the tissue (central,

peripheral). Its extracellular matrix consists of mainly type II collagen,

proteoglycans, and water.5

The CEP plays a key mechanical role in preventing the disc from

bulging into the adjacent vertebral body (VB)6 and providing cranial

and caudal anchorage for the fibers of the inner AF and NP of the

innermost part of the AF (Table 1).7–9 In addition, the CEP provides a

key path for the diffusion of nutrients from the peripheral vasculature

to the IVD and waste out of the IVD, which is crucial as it is the larg-

est avascular tissue in the human body.10,11 While AC relies on diffu-

sion from the subchondral bone and via synovial fluid for

nutrition,12,13 the CEP relies on diffusion from neighboring blood ves-

sels. Solutes, including oxygen and glucose, have been hypothesized

to be predominantly transported into the disc through the CEP and

their availability is regulated by the bone marrow contact channels

that cross the BEP.14 Often, the combined CEP and BEP are referred

to as the vertebral endplate; however, the term vertebral endplate is

also used interchangeably to refer purely to the BEP. Although the

CEP and BEP have been recognized as distinct tissues since the

1930s, many studies do not distinguish the CEP from the BEP,15 for

example, when reporting fluid transport in the IVD16 or radiological

signs of IVD degeneration17 even if the authors acknowledge that the

vertebral endplate is a bilayer of cartilage and bone.18,19 Arguably, it is

difficult to isolate the CEP from the BEP experimentally, and this must

be done very carefully.20,21 Clinically, the distinction of the two tis-

sues on medical images is also very challenging. Thus, when reporting

methods, it should be clearly stated what tissue or construct (CEP,

BEP, or a combination thereof) is being used and a clear consistent

nomenclature should be used, to avoid confusion.22 Further, it is the

authors' recommendation to define the CEP and the BEP indepen-

dently where possible, or otherwise explicitly define the vertebral

endplate as a construct of two tissues.

1.2 | Developmental biology of the CEP

The CEP, AF, and vertebral bodies develop from the mesoderm, spe-

cifically from the sclerotome.23 AC is also derived from the mesoderm

(Table 1).24,25 In contrast, the NP develops from the notochord.26 The

mesoderm (paraxial) undergoes somitogenesis promoted by precise

and cyclic temporal and spatial regulation of Notch and Wnt, and

fibroblast growth factor (FGF) signaling pathways, respectively.27 The

Sonic Hedgehog (Shh) spatiotemporal regulation led by the notochord

further differentiates somite to sclerotome and simultaneously
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TABLE 1 Differences between the cartilaginous tissues CEP, AC, NP, and AF regarding: (A) general differences, (B) biochemical composition,

and (C) mechanics and permeability.

Cartilaginous endplate (CEP) Articular cartilage (AC) Nucleus pulposus (NP) Annulus fibrosus (AF)

A. General

Tissue origin Mesoderm (sclerotome)26 Mesoderm24,25 Notochord26 Mesoderm (sclerotome)26

Vascularity Vascular at birth, avascular in

adulthood26,29,30
Avascular13,37 regardless

of the stage of

development39

Avascular38 Vascular at outer one-third

of the AF and avascular

at inner AF36

Nutrition source Diffusion from neighboring blood

vessels53
Diffusion from synovial

fluid12,13 and the

subchondral bone12

Anaerobic glycolysis,51

diffusion from

CEP50,51,53

Diffusion from neighboring

blood vessels and CEP50

Imaging* Hypointense on T2-weighted MR

indistinguishable from bony

endplate. Specific sequences such

as UTE assist in differentiating

CEP from bony endplate on

MR114,116,222

Hypointense on

T2-weighted MR and

distinguishable from

adjacent soft tissue

and bone113

Hyperintense on

T2-weighted MR, clear

delineation from CEP

in healthy IVD and

gradient in boundary

between AF and NP114

Hypointense on

T2-weighted MR,

indistinguishable from

CEP, gradient in

boundary between AF

and NP in healthy

IVD114

B. Biochemical

composition

Cell density 15 � 106 cells/mL67 14–15 � 106 cells/mL66 4 � 106 cells/mL67 9 � 106 cells/mL67

Water content 1.585–1.666 mg water/mg dry wt,4

and 22.1%–62.4%9,60

70.7%64 70%–90%62 50%–70%62

Proteoglycan 7.2%–13.4% sulfated GAG μg/mg

dry weight.4 and 4.37%–18.48%

μg/mg dry weight60

5%–15% GAG by dry

weight61
30%–50% GAG of dry

weight62
10% GAG of dry weight62

Collagen 681 ± 171 μg/mg dry weight,4 and

329.0–886.9 μg/mg dry wt60
60%–70% collagen by

dry weight61
20% of dry weight62 70% of dry weight,62

aligned with alternate

orientations of an

average of ±30�63

Cell morphology Rounded and slightly elongated in

the direction of the collagen

fibers65

Superficial and Mid zone:

rounded and slightly

elongated in the

direction of the

collagen fibers

Deep Zone: round24

Fibrochondrocyte-like

cells76
Rounded chondrocyte-like

cells (inner AF) and

elongated, fusiform,

fibroblast-like cells

(outer AF)77

Gene markers ERK, BMP, ACAN, COL1A1,

COL2A151
GDF10, CYTL1, IBSP,

FBLN1,78 ACAN,

PTN79

PAX1, FOXF1, HBB,

CA12, OVOS2,78

KRT19,80 ACAN,

VCAN, TNMD, BASP1,

TNFAIP6, FOXF1,

FOXF2 and AQP179

COL1, VCAN, PTN,

TNMD, BASP1,

TNFAIP6, FOXF1,

FOXF2, and AQP179

Pericellular matrix Randomly arranged9 Columnar organization9 Single cells in lacunae74 Single cell, paired, or

multiple cells in

contiguity75

C. Mechanics and

permeability

Primary mechanical

function

Resist fluid flow in and out of the

disc and maintain a uniform stress

distribution across the

IVD,86,223,224 and prevent the disc

from herniating or bulging9,223,224

Distribute load during

joint movement and

provide lubricated (low

friction) movement37

Withstand compressive

loads to the IVD and

maintain the BEP–CEP

interface through fluid

pressure1

Confine the NP laterally,7

and anchor for the IVD

to the VB.48

Primary

permeability

function

Main gateway of nutrients and

waste into and out of the disc and

waste,6,10,15,50,52,54 prevent loss

of large proteoglycan molecules

from the disc223

N/A N/A Secondary gateway of

nutrients and waste into

and out of the

disc10,15,50

(Continues)
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promotes spine segmentation.28 After sclerotome segmentation, cells

proliferate, condense, and undergo chondrogenesis to form the verte-

bral bone (through the endochondral bone process), the AF, and CEP.

This complex regulation is governed by the coordinated action of Shh,

SOX5/6/9, Pax1/9, and bone morphogenetic protein (BMP)

pathways.23

At birth, the human CEP is thicker and takes up approximately

half of the intervertebral space, which is reduced to about 5% by

adulthood.26 Additionally, blood vessels are present at infancy, but

are replaced over time by cartilaginous ECM and almost disappear by

skeletal maturity.26,29,30 In humans, the CEP acts as a growth plate for

the vertebrae, but this is lost after teenage years, so that only a thin

layer of hyaline cartilage remains.26,29 This is different in many animals

such as sheep or bovine, in which the growth plate has been shown to

persist into adulthood, and is separated from the CEP by the BEP.31

The shape of the lumbar (L4–L5) CEP also changes with age, starting

with a biconvex shape at infancy, but evolves to a concave shape

beginning around the age of 2 or 3 years when children start to

walk.32–35 Weight bearing and movement have been shown to influ-

ence the shape of the vertebrae and IVDs.35 The CEP is vascularized

during fetal development; however, by the age of 10 there is a sub-

stantial decrease in blood vessels, which are lost by adulthood.36 Simi-

larly, blood vessels have been shown to be present in the outer third

of the AF up until the age of two, but decrease by age 30 unless there

is damage that allows for revascularization.36 In contrast, AC13,37 and

the NP38 are avascular regardless of the stage of development.39

Throughout the 20s and after adulthood, calcification is observed,

often in focal points in the CEP. These calcified sections can drive

revascularization and bone formation which occurs following activa-

tion of matrix metalloproteinases (MMPs) which degrade the

ECM.29,30 Furthermore, oxidative stress has been shown to induce

CEP calcification through the p38/extracellular signal-regulated kinase

(ERK)/p6 pathway,40 which acts in conjunction with mitogen-

activated protein kinase (MAPK) stimulation. This pathway is also

involved in cartilage calcification in osteoarthritis,41 and is implicated

in embryonical endochondral ossification in coordination with the

transforming growth factor beta (TGF-β) and BMP families.40,42 Simi-

larly, AF and CEP have both been demonstrated to be the source of

pathological fibrocartilage in the NP.43 Thus, the ability of CEP to

move toward bone phenotype (calcification) and to equivalent AF cell

fate (fibrocartilage) suggests that CEP cells maintain developmental-

like plasticity, and consistent tissue homeostasis to maintain their

healthy phenotype. Similarly, this de-differentiation capacity has been

shown in articular cartilage (AC), where significant differential expres-

sion in the ERK and BMP pathway genes is observed.44

2 | HEALTHY CEP

2.1 | Structure and composition of the CEP

Throughout life, the composition and anatomy of the CEP and BEP con-

tinuously change. During early life, ossification of the VB occurs. While

the vertebra-sided part of the endplates becomes ossified forming the

BEP in young adults, the disc-sided part remains cartilaginous forming

the CEP.30 The BEP is a layer of porous, coalesced trabecular bone con-

taining pockets of vascularized bone marrow enabling the two-way

transport of nutrients and cellular metabolic products.45 In adults, the

structure is avascular but has a base that contains a dense network of

capillaries formed by terminal branches of metaphyseal and nutrient

arteries.46 The thicker peripheral section of the BEP forms a junction

between the CEP and AF with the vertebral body.47

The structural integration of the CEP into the BEP, AF, and NP var-

ies.1 At the bone interface there is minor integration, and the bone–

cartilage junction is seen as a straight line with no gaps with collagen

fibers of the CEP aligned parallel to the bone.1,48,49 This is different than

AC–bone interfaces, where the collagen fibers of the cartilage are per-

pendicular to the bone, anchoring the tissue types together.48 However,

in a healthy disc, the fluid pressure of the NP maintains the CEP and

the BEP pressed together and thus, under normal loading

(i.e., compression), the limited integration of the CEP and BEP is enough

to maintain the BEP–CEP interface.1,48 Also at the BEP, there are capil-

laries that penetrate the pores of the subchondral bone and terminate

by looping before the CEP junction.50,51 The capillaries are denser at

the center of the vertebral endplates above the NP, which is where the

IVD is thickest.52 As the mature IVD is considered as avascular, the

nutrient and waste exchange occur by diffusion from these capillaries.53

Although diffusion can occur through the outer AF, the CEP is consid-

ered as the main gateway for nutrients into the disc and waste out of

it.6,10,15,50,52,54 The diffusion distance between the CEP and the cells in

the center of the NP can reach 8 mm,14 which provides a shorter route

for diffusion than through the AF.

TABLE 1 (Continued)

Cartilaginous endplate (CEP) Articular cartilage (AC) Nucleus pulposus (NP) Annulus fibrosus (AF)

Permeability 1.27 � 10�16 and 1.66 � 10�14 m4/

Ns4,10,53
(0.76

± 0.42) � 10�14 m4/

Ns61

0.67 ± 0.09 � 10�15 m4/

Ns87
0.23 ± 0.19 � 10�15 m4/

Ns87

Tensile modulus 0.5–21.8 MPa60 1–30 MPa89 1–1.66 MPa90 2.56–12.29 MPa90

Bone interaction Parallel collagen fibers that make it

weak and susceptible to

detachment48

Anchored by

perpendicular collagen

fibers making them

strongly attached48

N/A Outer AF extends to the

VB anchoring the disc to

the vertebral rim48

*Multiple imaging modalities are relevant in distinguishing these structures, expecially when degenerative features are present, e.g. CT in CEP sclerosis.
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In addition, collagen fibers from the outer AF extend into adjacent

vertebrae and serve as anchor for the IVD to the rim of the vertebral

bone.48 The outer AF connects directly into the bone while the inner

AF and NP connect to the CEP.1,48,55 The integration at the inner AF,

however, is more complex as the collagen fibers of the AF lamellae

are continuous with those of the CEP (Figure 1).49,56 Additionally,

SEM analysis of ovine discs has shown that the collagen fibers of the

AF branch, which strengthens the annulus–EP anchorage by increas-

ing the interface area over which shear forces are distributed.57 These

fibers also intertwine and sometimes merge with the fibrils of the

CEP. The strength of this connection is essential for the CEP ability to

resist tensile loading.1,49 Collagen fibers in the CEP differ from both

the NP and AF.58 The collagen network of the CEP is denser than that

of the NP; and tends to be arranged mainly parallel to the vertebrae,

although not as highly oriented as in the AF.9,58 Additionally, the colla-

gen fibers at the inner CEP are stronger and more interconnected

than those at the outer CEP, which could play a role in the anisotropic

flow resistance of the CEP.59 The highly convoluted collagen fibers

within the NP penetrate at least partially into the CEP, providing the

resistance to tensile force at the NP-CEP interface.7–9

Interestingly, the caudal CEP is usually thinner than cranial one9

and both are rich in type II collagen, proteoglycans, and water.9

Measurements of cadaveric human lumbar CEPs properties found that

collagen content was 681 ± 171 μg/mg dry weight,4 or within a range

of 32.9%–88.69% dry weight.60 In comparison, the collagen content

of AC has a smaller range of 60%–70%61 while that of the NP was

around 20%.62 Collagen content of the AF was around 70%62 and has

a specific alternating aligned orientation of an average ±30�.63 The

average sulfated glycosaminoglycan (GAG) content was 103 ± 31 μg/

mg dry weight,4 or within a range of 4.37% and 18.48% dry weight.60

The GAG content is similar to that of AC, which ranges between 5%

and 15%,61 and that of the AF which is 10%.62 The NP GAG content,

on the other hand, is much higher, ranging between 30% and 50%.62

CEP hydration was 1.585–1.666 mg water/mg dry weight, and CEP

porosity was 0.648 ± 0.069.4 The water content of the CEP, which

ranges between 22.1% and 62.4%,9,60 is much lower than that of AC,

at 70.7%,64 the NP, at 70%–90%, and the AF, at 50%–70%.62 Chon-

drocytes are distributed throughout the CEP and are responsible for

maintaining the ECM and, thus, providing stability to the tissue.2

Macroscopically, CEP chondrocytes are typically rounded, although

slightly elongated in the direction of the collagen fibers, more similar

to the chondrocytes of the mid or superficial zone of AC than to the

chondrocytes of the deep zone of AC.24,65 The cell density of the CEP

is �15 � 106 cells/mL with the highest density closest to the

F IGURE 1 (A) Healthy CEP. In the healthy CEP, the collagen fibers of the AF continue into the CEP parallel to the bone (bottom). The collagen

fibers of the NP penetrate at least partially into the CEP (top). The BEP–CEP junction is seen as a straight line with no gaps. CEP chondrocytes

are rounded, and slightly elongated in the direction of the collagen fibers. The healthy CEP is avascular but has a base that contains a dense

network of capillaries formed by terminal branches of metaphyseal and nutrient arteries. (B) Degenerative CEP. A degenerated CEP shows loss of

thickness, fibrosis, calcification, and apoptotic cells. Fissures allow for blood vessels and nerve ingrowth as well as bacteria entering the NP (top).

The adjacent BEP can show sclerosis and signs of MC (top). Avulsions of the CEP from the BEP can also occur (bottom). Integration between the

CEP and the NP or AF can also become weaker. These degenerative changes can be identified histologically.74 Note that details regarding the

other IVD tissues are not included in the image.
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vertebral bone. Although similar to the cell density of AC (1.4–

1.5 � 107 cells/mL)66 this is nearly four times the cell density of the

NP (4 � 106 cells/mL) and two times that of the AF (9 � 106 cells/

mL).67 Recent single-cell analysis of human IVD cells have demon-

strated that there are different IVD cell clusters non-randomly distrib-

uted in the AF, NP, and CEP.68 The interactions between these IVD

tissues at a mechanistic level are essential to understand the pivotal

role of CEP chondrocytes in a healthy CEP structure. The main com-

ponents of the pericellular matrix around the CEP chondrocytes are

hyaluronan, proteoglycans, and type VI collagen,69 while interstitial

collagen is mainly composed of type II collagen70 and proteoglycans,

where the type chain, length, and quantity of glycosaminoglycans

(GAGs) determine the water content.71 Type X collagen, a calcium-

binding collagen which is a key marker of hypertrophy, increases with

age and is associated with increased calcification of the CEP.72 Addi-

tionally, depletion of one of the collagen type II gene (COL2) alleles

has been shown to also promote calcification of the CEP in mice.73

Unlike AC, the CEP has a randomly arranged pericellular matrix that

does not follow a columnar organization.9 In comparison, the NP has

single cells in lacunae,74 and the AF has single cell, paired, or multiple

cells in contiguity.75 In addition, the CEP is less hydrated and has

lower GAG content than AC,9 which is why it should be considered a

different and unique tissue. Negatively charged proteoglycans repre-

sent approximately 15% of the dry weight of CEP tissue.4 CEP cells

exhibit an elongated morphology aligned to the collagen-rich ECM

and are arranged parallel to the VB, similar to superficial zone chon-

drocytes of AC, while deep cartilage AC cells present a round mor-

phology and are arranged perpendicular to the adjacent bone.24,65 In

contrast, the NP has fibrochondrocyte-like cells.76 The cells of the AF

differ between the inner AF, where cells are rounded and

chondrocyte-like, and the outer AF, where cells are elongated, fusi-

form, and fibroblast-like.77 Furthermore, AC cells present a decreased

expression of ECM genes (ACAN, COL1A1, COL2A1 genes) relative to

CEP cell expression.65 Other possible gene markers suggested for the

CEP include ERK, BMP.51 Genetic markers of AC have been proposed

as GDF10, CYTL1, IBSP, FBLN1,78 ACAN, and PTN79 while NP markers

are considered as PAX1, FOXF1, HBB, CA12, OVOS2,78 KRT19,80

ACAN, VCAN, TNMD, BASP1, TNFAIP6, FOXF1, FOXF2, and AQP1.79

Genetic markers of the AF have been indicated as COL1, VCAN, PTN,

TNMD, BASP1, TNFAIP6, FOXF1, FOXF2, and AQP1.79

2.2 | Mechanics and permeability within the CEP

2.2.1 | Effects of pressurization on CEP mechanics

and permeability

Mechanical forces are crucial in maintaining cartilage homeostasis.81

Chondrocytes respond to the mechanical environment, which contrib-

utes to the regulation of cell metabolism. As with other cartilage tis-

sues, mechanical loading, such as compressive, tensile, and shear

forces as well as pressure from fluid flow, is essential for the function

of the CEP.82 While overloading of the disc will result in vertebral

endplate fractures or another injury, lack of mechanical stimuli will

also impair disc homeostasis.83 As it sits above and below the NP, the

CEP acts as a mechanical barrier that adds resistance to the flow of

fluid from the IVD to the VB, allowing for the pressurization of inter-

stitial fluid in response to compression while preventing the disc from

bulging into the adjacent VB.58,84,85 This fluid pressurization helps to

maintain a uniform stress distribution across the IVD.86 Thus, the per-

meability of the CEP is essential in maintaining the intradiscal pres-

sure. In contrast, AC mechanically distributes load during joint

movement and provides lubricated (low friction) movement.37

However, it does not play an important role in permeability.

The reported permeability of cartilaginous tissue varies sig-

nificantly. AC has been reported to have a permeability of

0.76 ± 0.42 � 10�14 m4/Ns61 while the NP has a permeability

of 0.67 ± 0.09 � 10�15 m4/Ns,87 and the AF has a permeability of

0.23 ± 0.19 � 10�15 m4/Ns.87 The permeability of the CEP ranges

between 1.27 � 10�16 and 1.66 � 10�14 m4/Ns,4,10,53 depending on

the CEP location in the IVD, the animal model, and the region of the

sample within a CEP. Rodriguez et al. also reported a permeability of

1.19 � 10�10 m4/Ns in human CEPs, and explained the significantly

lower measured permeability as due to inhomogeneities and focal carti-

lage lesions common in degenerated human samples.52 Despite the

considerable variation in the reported CEP permeability, it is still

at least an order of magnitude less than that of the BEP

(�2.21 � 10�9 m4/Ns).4,51,52,88 However, a more accurate representa-

tion would consider the CEP permeability as a gradient which exponen-

tially increases from the NP toward the BEP according to proteoglycan

content.10 Early studies using disulfine blue dye also demonstrated

higher permeability across the CEP at the center than across the lateral

regions.15 However, despite this, the central region of the NP experi-

ences low nutrition and high lactate concentrations due to the large dif-

fusion distances across discs, particularly in the lumbar region.54

Further, there are differences in permeabilities in the CEPs of the same

IVD, in which the cranial CEP is significantly more permeable than the

caudal one9 possibly due to the differences in loading experience.

2.2.2 | Effects of biochemical composition on CEP

mechanics and permeability

The biochemical composition is fundamental in determining the mate-

rial properties of the CEP, and therefore the permeability and

response to mechanical loading.60,85 It has been proposed that there

is an optimal range of biochemical composition that balances both the

biomechanical and nutritional demands of the CEP.60 To this extent,

the CEP must be stiff enough to hold the disc together but porous

enough to allow for solute transport. Therefore, the CEP tensile prop-

erties have been found to be inversely related to the transport proper-

ties.60 Additionally, within the bovine CEP, the biochemical

composition, and therefore the biomechanical properties, were found

to vary in the central region located next to the NP, compared with

the lateral CEP, which is stiffer and thus could withstand a more sig-

nificant portion of loading.85
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The tensile stresses within the CEP occur through Poisson's effects

when the CEP is pressed against the BEP by the NP pressure, and/or

through direct peripheral pulling by the inner AF fibers that blend with

the CEP. At the inner AF and NP, the collagen is not as highly oriented

as the outer AF, and therefore does not exert high tensile forces on the

CEP,1 although the central CEP will experience transverse shear and

some tensile stress when the NP bulges laterally during compression.49

The tensile modulus of the CEP was found to be 5.9 ± 5.7 MPa, ranging

from 0.5 to 21.8 MPa.60 In comparison, the tensile modulus of AC

ranges from 1 to 30 MPa,89 NP from 1 to 1.66 MPa, and AF from 2.56

to 12.29.90 The tensile modulus of the CEP positively correlates to the

collagen content; however, water and GAG content have been shown

to have minimal effects.60 In contrast, water content is expected to play

a more prominent role than GAG content in the extrinsic viscoelastic,

or poro-elastic, properties, that is, aggregate modulus and hydraulic per-

meability, and diffusion of the CEP, alongside other cartilage tissues

including the NP, AF, and AC.9,58,85 Yet, GAG content is considered

more important in osmotic properties, rather than elastic properties in

the CEP.9 In particular, multiphysics models showed that this character-

istic might provide the GAG with an important role in the effective con-

trol of the fluxes of fluid between the BEP and the NP, by the CEP.10

Interestingly, GAG quantity has been shown to not correlate with water

content,9 suggesting that the type and quality of the GAGs are more

important than the quantity.

CEP transport properties depend on the porosity and collagen,

GAG, and water content of the CEP matrix,6,51 while solute transport

into and out of the IVD depends on solute size,50 shape, weight,6 and

charge (Figure 2). For small molecules, net charge is the determining

factor of diffusivity through the CEP.5 The charge of the molecules

are important due to the Donnan osmosis effect, in which small posi-

tive ions from the interstitial fluid migrate into proteoglycan-rich tis-

sues.91 Water enters the tissue to equilibrate the chemical potential,

and the tissue swells as much as allowed by the collagen network and

surrounding tissue constraints. Thus, electrical charge of small parti-

cles impacts the diffusivity.92,93 Further, multiphysics models suggest

that proteoglycan content has a greater effect than collagen content

on the macroscopic hydraulic permeability of the CEP.10 Neverthe-

less, when biopsies or cores of CEP are used it is challenging to

control potential GAG loss and tissue swelling in altered osmotic envi-

ronments in vitro compared with those seen in vivo. Thus, future

studies where GAG release into media is prevented and osmotic pres-

sure is controlled are essential to further the understanding of CEP

permeability.94

Conversely, for large electrically uncharged molecules, size is the

determining factor of diffusivity as the space between GAG chains of

aggrecan is only �3–4 nm.6 Due to their ability to bend, linear poly-

mers have a relatively high diffusivity compared with spherical mole-

cules of the same molecular weight.4 However, long-chain polymers

have a relatively low diffusivity compared with globular molecules of

the same, or even higher, molecular weight. For example, starch, a

globular 10 kDa molecule, diffuses more than polyethylene glycol

(PEG), a long-chain 4 kDa polymer.6

Additionally, dynamic loading influences convective solute

transport of large solutes, particularly in less porous CEPs.4,58,95,96

However, dynamic compression has been shown to have a minimal

effect on small molecule, such as glucose or lactate, transport as this

acts primarily through diffusion.4,94 In contrast, static compression

can decrease diffusivity and inhibit nutrient transport because the

tissue gets compacted, and thus porosity decreases.58,82

2.2.3 | In silico investigation of CEP multiphysics

In silico simulations, such as finite element (FE) and computational

fluid dynamics (CFD) analyses, have been widely used to determine

the multiphysics mechanisms involved in biological tissues such as the

ones of the IVD, in response to external mechanical loads. Models are

useful in understanding the particularity of CEP mechanics. However,

despite its importance, the CEP is often disregarded in in silico simula-

tions, simplified to a boundary condition of the IVD,97 or given

homogenized properties.98 Since experimental data on the CEP is lim-

ited, equations and material properties determined for the IVD or AC

are often used to represent the CEP.10 Osmo-poroelastic models have

been demonstrated to be generic enough to use for cartilaginous

tissues made up of proteoglycans and collagen fibers, however,

CEP-specific data should be used when possible.

F IGURE 2 Healthy CEP diffusivity to different types of solutes based on their charge for small molecules and/or on their size and shape for

large molecules. The molecules and diffusivities are based on Roberts et al.6 and Sampson et al.4
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Nevertheless, models have given insight into how the IVD gains

water during 8 h of rest at night much faster than it loses water during

16 h of activity during the day. The compression of the CEP against

the BEP is considered to close the porosity of the CEP and limit water

out-flow when the IVD is compressed, while opening the porosity and

favoring fluid in-flow into the IVD when unloaded.99 Coined as the

“intervertebral disc valve theory,” this mechanism might explain func-

tional anisotropic, or direction-dependent, flow resistance mechanism

in the CEP100 and has been backed up by experimental measure-

ments100 and independent permeability measurements.53 Further, in

silico simulations used composition-dependent CEP modeling and

incorporated cranio-caudal gradients of compositions measured in a

healthy human disc to support the theory.2 These simulations found

that CEP porosity changes additionally induced by the composition

gradients reinforced the resistance to the mass flow of water that

reaches the BEP when the NP is pressurized.10 However, there are

contradictory findings on whether the favored direction of flow at the

CEP is in-flow or out-flow.94,101

3 | IMPORTANCE OF CEP IN IVD

DEGENERATION

The integrity of the CEP and BEPs are key to the homeostasis of the

motion segment as they form an interface to exchange nutrients and

metabolites from the IVD to the external circulation and play an

essential role in the mechanical stability of the motion segment. Thus,

pathological processes that occur to the CEP and BEP can alter the

mechanical and nutritional environment of the IVD, triggering degen-

eration. Although most studies have focused on changes to the BEP

with degeneration, which are visible on MRI images, these are likely

associated with CEP changes as well. Indeed, cells derived from CEP

adjacent to degenerated discs have very similar properties (morphol-

ogy, immune phenotyping, proliferation, and gene expression) to bone

marrow mesenchymal cells from the same patients.21 BEP defects

have been associated strongly and independently with IVD

degeneration,102 where they have been hypothesized to be an initiat-

ing factor to degeneration of the disc.33,103–105

3.1 | Imaging endplate defects

BEP defects include several key recognizable features, which are nor-

mally identified on magnetic resonance imaging (MRI) images

(Figure 3). Computed tomography (CT) has been used to identify the

presence of endplate sclerosis in MC but is not usually suitable for

clinical diagnosis or epidemiological studies.106 Generally, the term

“endplate changes” in literature describing clinical T1- and

T2-weighted MRI features refers to changes seen in the bone marrow

adjacent to the CEP, typically referred to as Modic changes (MC).

Atypical changes that affect the endplate which are detectable from

MRIs can be classified into three categories: focal, corner, and ero-

sive.107 Focal changes, in which Schmorl's nodes are included, are

defined as local hollow regions on the endplate with NP protrusion

into the subchondral bone; while corner defects are changes in ante-

rior or posterior end of the BEP with the compromise of the vertebral

trabeculae. Finally erosive defects are characterized by an irregular

extensive alteration of the endplate on T2-weighted images.107 How-

ever, some features, such as endplate changes in the upper lumbar

spine may have a developmental rather than degenerative origin.108

Moreover, in a large population-based study BEP damage was strictly

associated with MC, rather than other endplate defects.109

Modic changes, although by definition connected to the CEP, are

at best an indirect reflection of CEP status and do not correlate well

with histology.110,111 The CEP itself is not clearly visible with conven-

tional MRI sequences. Cartilage has short T2 values, so the CEP signal

is not detected or is very hypointense. Additionally, its size ranges

from 0.1 to 1.6 mm,1 which is close to the typical pixel size of a sagit-

tal T2-weighted MRI of 0.5 mm2. This poses a significant challenge for

identifying the role, if any, of the CEP in LBP through imaging.112 In

contrast, AC is distinguishable from adjacent soft tissue and bone.113

In healthy discs, the position of the CEP can be inferred as a line of

hypo-intensity between the hyper-intense NP and the VB on

T2-weighted MRI but it is impossible to distinguish this from the BEP

(see fig. in Law et al. (2013)114). However, this feature is obscured

when the AF is hypointense, which is characteristic of the early stages

of degeneration.

The terms “Schmorl's nodes” and “endplate damage/disruption”

are often used to describe specific MRI features at the boundary

between the IVD and the VB seen on MRI, making them more specific

to the CEP. However, the multiple proposed classification schemes

for these imaging features reflect a poorly defined phenotype.32

Considering the limitations of T1- and T2-weighted sequences and CT

for analyzing CEP features, alternative quantitative MRI approaches

have been implemented.115 Ultrashort time to echo (UTE) MRI is the

most widely reported as an effective means of visualizing the CEP and

can show in vivo the delineation of the BEP and CEP.114,116 Outside

of the clinical setting, both CT and MRI are widely used in ex vivo

animal or human studies. For example, MRI has been used in ex vivo

human cadaveric spine segments to characterize the structure of the

CEP in detail.117 microcomputed tomography (μCT) has also been

used in such settings to confirm compositional characteristics of the

CEP seen in MRI such as sclerosis,118 or for detailed morphological

and biochemical characterization using contrast enhanced μCT.119

These ex vivo imaging approaches are needed to better understand

the role of early CEP changes in the pathogenesis of IVD degenera-

tion, while clinically applicable sequences and accompanying analyses

capable of detecting early CEP changes are needed for identifying

at-risk patients and early intervention targets.

3.2 | Significance in low back pain

The evidence for innervation of the vertebral bone marrow extending

to the endosteal surface gives a biological basis for the endplate as a

source of nociception in vertebrogenic pain.120 Areas of vertebral
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endplate damage may trigger neoinnervation,120–122 with concomi-

tant bone marrow pathologies (MC) also shown to be inner-

vated.120,123–125 While these sensory fibers generally terminate in or

near the endosteal surface of the BEP, the CEP has also been shown

to have small vascular spaces containing nerve fibers in some cases121

and the CEP specifically can be accessed by nerves and blood vessels

in the case of damage.126

Endplate sensory fibers may be activated mechanically and chem-

ically in the case of endplate damage. Disc/vertebra crosstalk as a

consequence of the breakdown of the barrier provided by the CEP

can contribute to nerve irritation with exposure to proinflammatory

and neurogenic factors and the by-products of NP anaerobic metabo-

lism such as lactic acid.18 Additionally, damage to the endplate alters

the distribution of IVD stress and the response to spinal loading,18,45

contributing to local mechanical nerve activation. Associated changes

to the paraspinal muscle quality may further interfere with segmental

biomechanics and play an aggravating role in endplate nociception.127

Although established as a plausible source of nociception, as with

other spine image phenotypes, the observed relationship between vis-

ible defects of the vertebral endplate and the experience of pain is

unclear. Multiple grading schemes for qualitative grading have been

put forward,128,129 but no consensus exists for endplate MRI image

phenotype nomenclature,32 which makes it more challenging to inter-

pret and aggregate pain association study results. There is also a

limitation in the ability to specifically detect CEP changes using clinical

diagnostic tools (e.g., standard T1- and T2-weighted MRI sequences),

and these cannot distinguish changes specifically associated with

neoinnervation. Alternative sequences such as UTE115 are not widely

used in the clinical setting, and few methods for quantitative image

analysis of the endplate have been tested.112,130

3.3 | Modic changes: Definition, prevalence,

natural course, and pain association

MC are MRI signal intensity changes of the vertebral bone marrow

around a degenerated IVD104,131 and independently associate with

chronic low back pain (LBP).132–136 A meta-analysis showed that MC

prevalence in LBP patients is about seven times higher than in the

non-clinical population (43% vs. 6%). MC occur predominantly in

the lower lumbar spine.137 There are three interconvertible types of

MC depending on their appearance on T1- and T2-weighted MRI.

Modic type 1 changes (MC1) (Figure 3) are hypointense on

T1-weighted images and hyperintense on T2-weighted images and

represent edema, fibrovascular granulation tissue, infiltration of

immune cells, and expansion of profibrotic stromal cells.131,138–140

Modic type 2 changes (MC2) are hyperintense on T1- and

T2-weighted images and represent fatty marrow conversion with

F IGURE 3 Examples of CEP and BEP appearance in standard of care MRI from 47-year-old participants in the Northern Finland Birth Cohort

1966. (A.1–A.2) Characteristic appearance of healthy CEP and BEP on T1- and T2-weighted MRI. (B.1) Schmorl's node as an example of a focal

defect at the L3–L4 IVD caudal BEP (white arrow); (B.2) corner defects at the anterior edges of the L4–L5 IVD cranial and caudal BEP (white

arrows) with accompanying type 2 MC (orange arrows); (B.3) erosive defects at the L4–L5 IVD cranial and caudal BEP (white arrows) with

accompanying type 2 MC (orange arrows); (C.1–C.2) type 1 MC extending from the L3–L4 IVD cranial and caudal BEP (green arrows) with type

2 MC also visible in the L4 vertebral body (orange arrows); (C.3–C.4) type 2 MC extending from the L5–S1 IVD cranial and caudal BEP (orange

arrows); (C.5–C.6) type 2 and type 3 MC (orange and blue arrows, respectively) extending from the L5–S1 IVD cranial and caudal BEP.
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presence of fibrotic tissue.131,140 Modic type 3 changes (MC3) are

hypointense on T1-weighted and T2-weighted images and are scle-

rotic changes.131,141 The reported prevalence for MC1, MC2, and

mixed type (MC1/2, MC2/3) are highly variable. Median prevalence is

around 15%–20% for MC1, 25%–65% for MC2, and <5% for

MC3.132,142 Mixed type MC1/2 are also frequent (15%–20%),

whereas mixed type MC2/3 are rare. The prevalence generally

increases with age and peaks in the 60s.143,144 MC can inter-convert

over time.131,145–148 MC1 are the least stable, where within 4 years,

most MC1 either convert to MC2, increase in size, or resolve. MC2

are more stable, while MC3 are a terminal stage. Smaller MC lesions

are more likely to resolve than larger lesions.145

The association of chronic LBP with MC has been extensively

studied and reviewed..149 About half of the studies report a significant

association with odds ratio ranging from 1.53 (95% CI: 1.02–2.29) to

83.10 (95% CI: 4.85–1424) Only one study reported a significant neg-

ative association with MC2 with an odds ratio of �3.2 (CI: �5.39 to

�0.1). The association of MC with discography concordant pain has a

specificity of >94% in five of six studies with a OR of 4.01 (1.52–

10.61) in a meta-analysis.18,149 Larger lesions had a stronger associa-

tion with discography-concordant pain.150 Overall, these data show

an association of MC with LBP, in particular of MC1.

Increased innervation of the CEP in MC1 and MC2 is believed to

cause increased pain sensitization at MC levels and is often referred to as

vertebrogenic LBP.120,124 Low back vertebral endplate pain (DM54.51)

has recently been added to the International Classification of Diseases

(ICD-11) as a subclassification of patients with LBP and MCs.

3.4 | Association of BEP changes with CEP

changes and MC

Despite the importance of CEP and BEP in the onset of spinal pathol-

ogies, the relationship between CEP and BEP is poorly understood

due to the difficulty of evaluating the CEP with imaging techniques. A

study on cadaveric lumbar spines using ultrashort time-to-echo MRI

was used to enable investigation of CEP morphology within IVDs with

BEP lesions, demonstrating abnormalities of the CEP were statistically

associated with BEP lesions.151 After needle induction of IVD degen-

eration in a rabbit animal model, the CEP progressively thickened and

showed increased collagen accumulation.152 Along with changes in

cartilaginous tissue, the bone interface was modified, specifically an

increase in bone volume fraction. These findings suggest that CEP

could have a role in the development of BEP lesions or vice versa. It

has been shown that poor CEP composition can affect disc health

with and without defects in the VB.153 However, a precise under-

standing of the sequelae of changes in the CEP and BEP is still miss-

ing. There is comparably little data available about the integrity and

damage of the CEP in MC. Fields et al.120 showed that in cadaveric

human spines, CEP damage is associated with histological changes

consistent with MC. Still, not all specimens with histopathological

changes had MC on MRI. In another human cadaveric study, Heggli

et al.125 showed that CEP and BEP damage are strongly associated

with MC2. Supporting evidence for CEP damage in MC stems from

studies assessing CEP fragments in surgically removed herniated disc

tissue at the MC level. CEP fragments can co-herniate with disc tissue

in cases of avulsion-type herniations, where the CEP is torn from the

BEP. These CEP avulsions were found to associate with MC.154,155

3.5 | Mechanisms of CEP damage in Modic

changes

While damage to the BEP is believed to be caused mainly through

mechanical cues, mechanisms of CEP damage are poorly under-

stood.156 In MC, local biological reactions seem to contribute to CEP

damage. In an animal model of MC1, immune reactions in the MC1

bone marrow caused damage to the adjacent endplate. This is note-

worthy because it demonstrates that MC1 are not just reactive

changes to disc degeneration, but that MC1 themselves can cause

CEP damage and maintain the cross-talk of the bone marrow with the

adjacent disc.157 Recent studies confirm the possibility that activated

immune cells in MC1 bone marrow can lead to CEP damage.158

Increased lactate dehydrogenase activity and increased concentration

of C-reactive protein and of complement factors in MC bone marrow

indicate also a humoral immune response related to local tissue dam-

age.125,159 On a cellular level, CEP cells at MC levels express more

tumor necrosis factor (TNF), a disintegrin and metalloproteinase with

thrombospondin motifs-5 (ADAMTS-5), macrophage migration inhibi-

tory factor (MIF), and its receptor CD74.124,160,161 TNF upregulates

MIF in CEP cells, and MIF upregulates the secretion of proinflamma-

tory cytokines by CEP cells, through an autocrine mechanism involv-

ing CD74. The existence of this positive inflammatory feedback loop

suggests that the CEP has the capability to escalate inflammation in

MC independently from the disc and the bone marrow. Together,

these data evidence that CEP damage in MC is not a pure mechanical

mechanism but that the local inflammatory processes in the bone mar-

row and of the CEP itself can lead to progressive CEP damage.

Occult disc infection, mainly with the Cutibacterium acnes

(Gilchrist 1900) and other coagulase-negative staphylococci are dis-

cussed as a potential etiology of MC1, at least in a subset of

patients.144,162 This is based on reports in which disc tissue from

microdiscectomy of herniated discs was analyzed for the presence of

C. acnes.144,163–165 C. acnes has been isolated from discs adjacent to

MC1 and the presence of this bacteria was predictive for the develop-

ment of new MC1 after 1 year. C. acnes is assumed to migrate to

structurally damaged discs through hematogenous spread from a dis-

tant infection or from the skin and other epithelial surfaces through

the blood after innocuous lesions, for example, tooth brushing.166,167

Disc herniation and endplate damage, both structural damages pre-

sent in MC, can represent disc damage which allow bacteria to enter

discs. Once in the disc, the low oxygen tension and low pH in the disc

favor the proliferation of C. acnes. Furthermore, C. acnes is unlikely to

colonize the MC1 bone marrow because of too high oxygen tension

in the bone marrow. Rat and rabbit models have demonstrated the

biological plausibility that C. acnes injected into disc can trigger
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MC1-like changes.168–170 For example, injecting a C. acnes strain,

which had been isolated from a human MC1 disc triggered hallmarks

of MC1 within 2 weeks after injection (i.e., MC1-like MRI changes in

the bone marrow, disc degeneration, fibrotic-inflammatory bone mar-

row changes, and almost complete resorption of the CEP).170

The exact mechanism of how intradiscal C. acnes causes CEP

resorption is still unclear. It has been shown that disc cells respond to

C. acnes with the release of proinflammatory and neurotrophic factors

through a toll-like receptor 2 (TLR2)-dependent pathway.170–173 Stim-

ulation of TLR2 on disc cells also upregulates matrix proteases that

can degrade the disc and CEP matrix. Additionally, C. acnes secrete

different virulence factors such as proteinases, hyaluronidases, lipases,

and neuraminidases.174,175 Proteinases and hyaluronidases can

directly degrade ECM components of the CEP. Lipases hydrolyze tria-

cylglycerides into glycerol and free fatty acids. Free fatty acids, in par-

ticular saturated free fatty acids, are highly proinflammatory by

signaling through toll-like receptor 4 (TLR4).176,177 Neuraminidases

disrupt the ternary complex of TLRs with the membrane components

CD24 and SiglecG/10 and abolish the inhibition of TLR signaling by

SiglecG/10.178 Together, C. acnes has the capacity to cause CEP dam-

age, yet the precise mechanism remains unclear.

3.6 | Role of CEP damage in Modic changes

Damage to the CEP compromises its function as a sieve for cells and

macromolecules. In MC, where endplate damages are present, the

degenerating disc can cross-talk with the adjacent bone marrow.157

Proinflammatory and pro-osteoclastic cytokines that are produced at

higher rates from MC discs can more easily escape into the adjacent

bone marrow.156,157,179 Marrow-sided leukocytes can in turn aggra-

vate degenerative changes in the disc, even without infiltrating the

disc.156 Consequently, CEP damage in MC facilitates an inflammatory

cross-talk between the disc and the bone marrow that contributes to

the rapid degeneration of MC segments.104 Furthermore, increased

concentrations of cytokines and chemokines produced during disc

degeneration180,181 could more easily diffuse out of the IVD into the

adjacent bone marrow leading to chemotaxis gradients and activation

of immune cells.

3.7 | Microscopic changes to the CEP

During IVD degeneration, key structural and cellular changes occur

within all areas of the IVD, with key features identified within the NP,

AF, CEP, and BEP (Figure 1). While macroscopic structural changes

can be identified by imaging techniques such as MRI, these often fail

to identify changes to the CEP. Furthermore, cellular and fine ECM

changes require microscopic examination to be identified. (Figure 4)

During the development of the recently published standardized histo-

pathology scoring system for human IVD degeneration,74 each of the

regions (NP, AF, CEP, and BEP) were scored independently with equal

weighting, demonstrating the recognition of the critical role of the

CEP and BEP in IVD degeneration.74 Within the CEP the degenerative

features identified histologically included scoring for cellularity, lesions

and ECM structure.74 Cellularity changes seen during degeneration

included: abnormal cellular clusters, empty lacunae, extensive neovas-

cularization, and presence of apoptotic, necrotic, and senescent

cells.74 Changes within ECM can be identified histologically, and

include loss of endplate thickness; avulsions from BEP; cracks and fis-

sures; loss of normal matrix staining; fibrosis and calcification.74 These

visible microscopic changes within the CEP are due to alterations in

the biomechanical and cellular regulation of the CEP.

Additionally, through histological analysis Huang et al.182 identi-

fied physical microdamage in 40% of degenerated CEPs. Further, pain

and disability scores were significantly higher in these microdamaged

CEPs than in degenerated IVDs without damaged CEPs. Six main pat-

terns of microdamage were used to classify the CEPs, including fis-

sures, vascular mimicry, NP herniation into the CEP, NP herniation

and incorporation of bone tissue into the CEP, incorporation of bone

tissue into the CEP, and traumatic nodes.182

Another methodology used to categorize the endplate is the total

endplate score, or “TEPS.”183 MRI scans are used to quantify the

damage, which was given a score based on diffusion patterns and

the presence of endplate breaks or defects, focal thinning, MC, and

irregularities or sclerosis. Five visually distinct diffusion patterns were

identified through the study as well, that reflected disc marrow con-

tact, focal leakage into the subchondral bone or NP, and pooling of

liquid. These diffusion patterns correlated with degeneration level as

well as the TEPS. As the TEPS increased, the diffusion pattern

increased toward pooling. The TEPS was shown to correlate with

Pfirmann's grading regardless of the age and levels of disc. Unfortunately,

there was no distinction between CEP and BEP in that study.

3.8 | Biomechanical regulation of CEP

degeneration

There are two main theories about the contribution of mechanical

loading to IVD degeneration; the overload theory, which states that

excessive mechanical loading damages the IVD over time, and the

immobilization theory, which states that low mobility causes the IVD

to adapt and leads to tissue weakness and degeneration.83 There is

evidence that both overloading and immobilization contribute to IVD

degeneration, and it is considered that there is a range of mechanical

loading in which the disc remains healthy. Outside of this range, the

metabolism shifts to catabolism.

The CEP is essential in maintaining the mechanics of the disc.

Damage to the CEP barrier alters the hydration and could allow water

to escape from the NP under loading, leading to NP decompression

and degeneration.1 FE simulations of the disc, performed in the 90s,

suggested that initial failure always occurred in the endplates, demon-

strating their vulnerability within the disc under loading.184 Neverthe-

less, experimental testing of disc failure show that although most

failures happen at the CEP–bone interface or disc–CEP interface,

some primary failures also occur within the subchondral bone,48
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which was not predicted by such early FE models.184 Additionally,

endplate herniation through the CEP is a key feature seen in patients

and is the most common type of herniation.185,186 However, after

endplate damage, additional failures could propagate to the annulus

or lead to delamination.184 This highlights the importance of CEP

integrity; preventing CEP damage early on could also avert damage to

the rest of the disc and prevent disc degeneration.

Cyclic compression has been shown to lead to the devel-

opment of microstructural voids at the CEP-BEP border.187

Microdamage accumulation occurred more often in flexed-joint

postures in comparison to neutral postures. Following the damage,

there was also a decrease in type I and II collagen content. Thus,

overuse injuries could occur in the CEP and lead to altered

biochemical content.

The IVD is most vulnerable to failure under bending, in which

stretching puts the disc under tension.1,48 Studies have found that in

cadaveric thoracic IVD samples under tension, 71% of primary failures

occur at the CEP-BEP interface.48 The next most common failure was

at the IVD-CEP interface (21%), while the rest failed within the sub-

chondral bone. When pulled in tension from the vertebral bone on

each side, the tensile failure strength of the CEP-BEP interface is

0.4 MPa,48,49 while failure strain, calculated from force–displacement

F IGURE 4 Hematoxylin and Eosin

staining of human cartilaginous end plates

(CEP) demonstrating key histological

features of non-degenerate and

degenerate CEP. (A) Non-degenerate CEP

with BEP top left of image, CEP within

region of the NP. (B) CEP within the

region of NP demonstrating excellent

maintenance of eosin staining. (C) CEP/

AF enthesis within a non-degenerate

region, image shows BEP at bottom left

and CEP within the middle connecting

into AF. (D) CEP within region of AF

tissue demonstrating change in matrix

organization at bottom of image.

(E) Abnormal CEP demonstrating clear

disorganization and fibrosis. (F) Abnormal

CEP showing fissures and disorganization

of the CEP. (G) Abnormal CEP showing

disorganization of the extracellular matrix.

(H) Abnormal BEP/CEP enthesis with

boney evulsion shown. Scale bars as

indicated: 100 μm (A, B, D, E, G, and H),

200 μm (C and F).
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data normalized to the initial specimen height, was found to be

38.5% ± 20.3% with the highest principal strains occurring in the mid-

AF.48 The rate of loading also affects the failure; slower rates cause

disc pressurization with localized stretching and failure in the AF,

while under rapid loading the AF does not have time to stretch and

thus pulls the CEP from the bone.188 Further, the position of the disc

affects the failure location; neutral discs, which would be seen during

normal standing, tear at the CEP-inner AF interface, while flexed discs,

which would be seen during bending movements, fail at the outer AF-

endplate interface or in the BEP.188,189

The thickness, porosity, and curvature of the CEP also influence

the biomechanics.48,49 Further, Thompson Grade and bone density

have been correlated with failure strength.48 Additionally, bone vol-

ume fraction (bone volume (BV)/total volume (TV)) has been shown to

positively correlate to the failure strength, with stress increased at the

higher BV/TV end of the VB.45,48,190 In humans, the cranial endplates

have a lower BV/TV than caudal endplates, and therefore they tend

to fail before the caudal endplate fail.45 The microarchitectural fea-

tures of endplate concavity are also significant predictors of failure

strength.190 Specifically, when the concavity of the CEP is wider,

more voluminous, and less steep, it is capable of tolerating higher

loads before failure.190 Overall, CEPs are stronger when they are

thicker and denser with a higher concave curvature that allows more

space for the NP.48,49,190,191 Thickness has even been suggested to

be used as a clinical risk measure for avulsion-type herniation.48 It

should be noted that quadrupeds have a different curvature than

humans, as well as additional material properties such as BV/TV, and

therefore it is essential to consider the animal model used during

mechanical tests.190,191

3.9 | Animal models of the CEP

As human CEP samples are not always available, it is important to

consider animal models which can be used to elucidate the properties

and functions of the CEP. Interestingly, rats and mice have only a CEP

with no BEP.31 Rabbits and goats have a very thin CEP (1–3 cell

layers) with a larger BEP. Larger animals such as dogs, cows, and

sheep have both; however, the CEPs are thinner and the BEPs thicker

than those of humans.20 Bovine and canine CEPs have been shown to

have similar biochemical content to human CEPs, although canine

CEPs have been shown to have significantly more sulfated GAG than

those of humans.20 Further, bovine CEPs have been shown to have

more proteoglycans in the outer AF–EP region in comparison to the

NP–EP region similar to the human CEP, while canine CEPs show

the opposite pattern. Bovine CEP cells are rounded and organized in

stacked columns, in contrast to canine cells which have no organiza-

tion and human CEP cells which are along the collagen fibers parallel

to the disc. Thus, the molecular similarities of the bovine and human

CEPs make the bovine a more suitable model for investigating

mechanics and transport in the CEP.20 Additionally, baboon CEPs

have been demonstrated to have similar biochemical content, includ-

ing GAG, water and collagen, as those of humans, and thus could also

be a good model to study mechanics with the CEP.86 Rabbits have

also been validated as a model to investigate initial endplate failure,

although rabbit endplates have a higher BV/TV and a steeper, nar-

rower concavity which should be considered when translating results

to humans.190 Particular care should be taken with diffusivity studies,

taking into account the difference in thickness and CEP:BEP ratio

compared with the human endplate.20 Overall, no single animal model

provides a complete representation of the human CEP and caution

should be taken when extrapolating data.31

3.10 | Cellular regulation of CEP degeneration

With increasing degeneration of the CEP, its composition undergoes

several changes that could reduce its permeability and limit nutrient

transport. In tissue adjacent to degenerated discs, the calcium concen-

tration was shown to be higher. There is a delicate balance between the

nutrient demand and the nutrient supply, which is imposed by the cell

population and controlled by the permeability of the CEP.51,54 The clas-

sical paradigm is that any reduction in CEP permeability leads to nutri-

ent retention and accumulation of lactate that in turn decreases the pH

of the disc. A decrease in pH is directly related to hydrogen ion concen-

tration. CEP permeability reduction or loss would impair disc

oxygenation,15 and subsequently, reduce cell survivability and activity,

being possibly a major regulator of IVD cell populations.51

Increased levels of calcium showed to enhance the cleavage of

aggrecan by ADAMTS5.192 Not only was a decrease in aggrecan

observed, but also a change in its composition changing from a 1:1

ratio of keratan sulfate to chondroitin sulfate to a 3:1 ratio.71 Those

compositional changes result in a decrease in the net hydrophilic

property of the tissue. Furthermore, a positive correlation between

the degenerative state of the tissue and increased denaturation of

type II collagen has been shown.193 Moreover, a mouse spondylosis

model demonstrated that with increased age, apoptosis of chondro-

cytes in the CEP lead to a markable decrease in cell density. Subse-

quently, the disappearance of the CEP structure.194 This was

corroborated in human CEP samples. In addition to decreased cell

density and a higher rate of MC in degenerated CEP, expression of

MMP3, MMP9, interleukin-1 alpha (IL-1α) and IL-1β was increased.195

In addition, tissue inhibitors of metalloproteinases-3 (TIMP3) also

showed increased expression in degenerated CEP, suggesting a com-

pensatory mechanism to regulate the increased ADAMTS expression.

Interestingly, TIMP1 and TIMP2, but not TIMP3, were overexpressed

in degenerated AF and NP compared with non-degenerate tissues.196

CEP chondrocytes have also been demonstrated to have a different

response than AC chondrocytes to the same stimuli.197 In response to

hypertrophic stimuli such as Wnt agonist, CEP chondrocytes did not

undergo the morphological changes seen in AC chondrocytes.

However, they did show hypertrophic gene and protein expression

and a decrease in proteoglycans. Oxidative damage-induced stress

was also shown to induce apoptosis and promote calcification in the

human CEP.198 Neidlinger-Wilke et al.199 showed in an in vitro model

stimulating NP cells with conditioned media of CEPs a significant

increase in IL-6, IL-8, and MMP3, as well as MMP13. Aggrecan and

type II collagen were significantly decreased in NP cells exposed

CRUMP ET AL. 13 of 22

 2
5

7
2

1
1

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jsp

2
.1

2
9

4
 b

y
 U

n
iv

ersity
 O

f S
h

effield
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



to the CEP-conditioned media.199 Those findings indicate the interac-

tions between the CEP and the NP tissue via molecular factors

influencing the pathophysiology of disc degeneration. Limited studies

have been performed on the expression of cytokines within the iso-

lated CEP. In addition, there is strong evidence of genetic regulation

of CEP cell fate through non-coding RNA, which includes microRNA,

short interference RNA and circular RNA. Proliferation, apoptosis,

migration, and autophagy of CEP cells are the processes shown to be

targeted by those RNAs and promoters of its degeneration.200–203

There is also evidence for epigenetic roles in CEP degeneration regu-

lation and in extension, IVD degeneration. Overexpression of histone

methyltransferase enhancer of zeste homologue 2 (EZH2) in CEP cells

produces reduced expression of COL2, ACAN, and SOX-9 genes and

increased ADAMTS5 and MMP13 genes in rat CEP cells.204

Furthermore, reduced CEP permeability, and consequently reduced

nutrition and lowered pH, can downregulate both catabolic and anabolic

gene expression of the NP cells negatively affecting ECM homeosta-

sis.51,54 Specifically, the mRNA expression for ACAN, COL2A1, and

MMP2 in the NP reduces.51 Additionally, increased Ca2+ deposition

leads to the activation of calcium-sensing receptor (CaSR), causing

increased catabolism through the suppression of collagen and GAG syn-

thesis and can induce calcification of CEP tissue through upregulation

of alkaline phosphatase (ALP).192 Further, deposition of Ca2+ in the IVD

has been associated with increased parathyroid hormone-related pro-

tein (PTHrP) signaling, which drives calcification.205

3.10.1 | Calcification and influence on permeability

Increased Ca2+ deposition in the CEP is seen with increased IVD

degeneration in humans.192,205 Calcification of the CEP is associated

with decreased nutrient transport into the disc and waste transport

out of the disc, which leads to nutrient starvation disc cells and a

decreased pH within the disc, respectively.2 Further, calcification can

lead to lower porosity, hydration, and permeability.4 With lower poros-

ity and hydration, diffusion is impaired, and thus, dynamic loading has

a greater effect on nutrient transport.4,94 Static compression, however,

reduces the CEP porosity and leads to reduced oxygen and greater lac-

tate accumulation in the disc, limiting nutrient transport and gas

exchange.82,94 Altered nutrient transportation through the CEP has

thus been suggested to be a significant factor in the pathogenesis of

IVD degeneration.206 Preserving sufficient metabolite transport

through the CEP is essential for the IVD to maintain its ECM and bio-

chemical environment.52 Degenerative changes in the CEP could lead

to up to 70% decrease in CEP permeability and, ultimately cell death.9

Overall, within calcified discs, dynamic compression improves disc

nutrition while static compression impairs nutrition and leads to further

degeneration. However, calcification is not always present in degener-

ated discs. When the CEP degenerates, GAG and collagen concentra-

tion decrease, which causes higher porosity and thus increased solute

transport.60,207 Dynamic compression has been shown to have less

effect on higher porosity CEPs.4,54 Nevertheless, the decreased matrix

content also decreases the tensile modulus of the CEP, losing its ability

to withstand mechanical forces.60

Degeneration has not been found to be correlated to GAG or

water content separately, but rather to fixed charge density (FCD),

which is a property related to both. Higher FCD hinders transport

through creating steric and ionic barriers. It has been found to be

directly proportional to IVD degeneration and inversely proportional

to CEP permeability.9 This agrees with findings that CEPs with low

permeability have high levels of collagen, aggrecan, and minerals

which can physically block the solutes.51 Shirazi-Adl et al.50 demon-

strated that IVD cells start dying when CEP permeability decreases

below 30% and the death rate increases exponentially as CEP perme-

ability decreases further. The NP is the tissue most severely affected

by CEP permeability changes.10 While the NP periphery is adjacent to

the CEP, its center can be as far as 8–10 mm in the IVD.51 While

there is also some diffusion through the outer AF, it is not enough to

compensate for an impermeable CEP due to calcification.4

While calcification and dehydration have been shown to reduce the

permeability of the CEP,6,51 the effect of calcification in the CEP has also

become a topic of debate recently. On one side, there is the hypothesis

that calcification prevents fluid from flowing into the IVD to transport

nutrients. Opposingly, there is the hypothesis that fluid movement, and

thus the effect of calcification, has a negligible effect on nutrient trans-

port. Supporters of the first hypothesis claim that calcification leads to a

reduction of the pore volumes creating a physical impermeable barrier

that obscures the fluid path.6 That, in turn, leads to reduced nutrient sup-

ply to the cells and, ultimately IVD degeneration.6,50,54 Supporters of the

latter hypothesis claim that advection, or the movement of fluid, through

the CEP has minimal effect on nutrient supply since the nutrient concen-

tration in the IVD is controlled by diffusion. Diffusion occurs regardless of

fluid velocity,88 especially when mechanical loading is present.208 Further,

some studies claim that severe nutritional deprivation does not appear

until calcification causes a 50% blockage.10 This level of blockage only

occurs at late stages of degeneration, which contrasts other hypotheses

that the depletion of CEP ECMmight promote early degenerative mecha-

nisms in the IVD through local cell starvation in the NP.10 The lack of

blockage at early stages of IVD degeneration suggests that calcification as

a physical barrier has minimal effect on IVD degeneration, however, cell

catabolism induced by Ca2+ could induce IVD degeneration.52

Nonetheless, there is evidence that there is a strong positive corre-

lation between CEP porosity and hydration.4,6 Within extreme IVD

degeneration, the CEP permeability barrier would be negligible due to

the infiltration of blood vessels into the disc after damage. Therefore,

both hypotheses could be correct depending on the age of the subject,

degeneration level of the CEP, degree of calcification, and vasculariza-

tion. This topic requires more intensive research to fully understand the

effects of calcification on the IVD. Additionally, it is important to con-

sider the poromechanical interactions among the BEP, the CEP and the

NP to understand the mechanotransport of nutrients.10

4 | EMERGING THERAPIES

Nutritional supply controls the population and activity of the IVD cells

to synthesize and maintain the ECM. Thus, for any disc cell therapy to

succeed, maintenance of the nutrition supply is crucial. Furthermore,
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even a successful attempt to biologically repair the IVD can fail in the

long run if the nutrition-population balance is not maintained.

Most therapies aim to surgically remove the source of LBP or re-

establish IVD mechanical functions overlooking the sustainability of

such operations, which is part of why they have a low success rate.51

Intradiscal biological therapy is a non-invasive alternative that consists

of injecting genes, growth factors, and other molecules to the IVD

that aim to boost the cell population and produce ECM to restore a

physiological environment.51 Yet, increasing the cell number without

increasing the nutrient supply is unsustainable because it will lead to

the supply–demand disturbance, as previously mentioned.51 A FE

analysis study demonstrated that cell injection could lead to increased

and accelerated degeneration in the IVD due to a higher supply–

demand disturbance that is directly related to the state of the CEP,

that is, whether it is healthy, calcified, or thinned.54 Thus, the harsh

nutrient environment of the IVD, particularly concerning the state of

the CEP, must be accounted for to make any cell therapy beneficial.

They suggested reducing the CEP thickness to enhance nutrition in

the IVD, but this could compromise the mechanical stability of

the IVD.

Treatments targeting the CEP are often focused on enhancing

permeability. One possible method would be decalcification of the

CEP through injecting compounds that can bind calcium.209 Other

methods suggested include enzymatic treatment, such as trypsin or

hyaluronidase, to remove large proteoglycans from the CEP.209

However, chemical injection with enzymes is also used to induce

degeneration in animal models.180 Therefore, the use of enzymes for

CEP therapies should be strictly restricted to the CEP. Excessive/

untargeted protease activity as in antiquated chemonucleolysis can

even trigger MC within 6 weeks.210 Dolor et al.207 treated the CEP

with MMP8 to reduce the matrix and enhance solute uptake and

nutrient diffusion. MMP8 is selective for type II collagen and aggre-

can, which are the two main matrix components of the CEP. However,

these are also the main components of the NP, and therefore it is cru-

cial that using MMP8 or another enzyme does not induce degenera-

tion within the NP or AF due to off-target digestion or matrix

fragments triggering a catabolic response. One method Dolor et al.207

considered to avoid this was using targeted delivery through injection

and linking the enzyme to bulky nanoparticles that cannot migrate to

other tissues. Nevertheless, this treatment was only performed in

human cadaveric CEPs, so it is unknown whether a catabolic response

will be produced testing in vivo.

Although therapies addressing the CEP are still preliminary, stud-

ies have shown that incorporating the CEP into a tissue engineered

disc improves the performance.211 While development of functional

NP and AF replacements is important, these tissues must be inte-

grated into the CEP to allow for successful and functional IVD

replacement.209,212 Studies have shown that using direct contact co-

culture of AF212 or NP cell-seeded scaffolds213 with chondrocyte-

seeded scaffolds produced native interface characteristics. However,

although type I collagen, type II collagen, and aggrecan distribution

were like native tissue, the apparent mechanical strength was

57-times weaker than in native tissue segments, which means it

would not function well under daily mechanical loads.212 Obtaining

comparable mechanical properties of a native disc has been a large

problem in tissue engineered scaffolds.214,215 Gullbrand et al.211 have

tested endplate-modified disc-like angle ply structures (eDAPS) as

replacement discs in rat and goat animal models. In the eDAPS, the

endplate was made up of acellular, porous polyE-caprolactone (PCL)

foams which was combined with the NP and AF components.211 They

showed that after 20 weeks with external fixation, native cells from

neighboring tissues could migrate into the CEP structure and start

producing matrix components and sparse vascularization,211 which is

a focus area of CEP treatments.209 However, it should be noted that

while vascularization is important for the BEP and CEP, it can lead to

increased degeneration and pain if angiogenesis occurs in the NP.216

Although Gullbrand et al.211 observed improvements in tensile prop-

erties, the failure strain of the eDAPS was only 50% that of native

values. However, it was shown that the constructs which included a

CEP structure outperformed those without.217

Bioprinting is also a popular technique for developing tissue engi-

neered constructs but has the same issue of sub-optimal mechanical

properties.214 Printing using bioinks with reinforcement structures

such as carbon fibers or alumina platelets has been considered for rec-

reating load-bearing tissues such as the CEP, although low printing

resolutions can limit the functionality.214 Using decellularized ECM is

another option for tissue engineered constructs, which addresses the

problem of low printing resolutions, and could help with the design of

3D printed scaffolds.215 Nevertheless, mechanics of chemically modi-

fied decellularized ECM also have weak mechanical properties that do

not approach the Young's modulus of native tissues.215 Further, scal-

ability and reproducibility alongside high manufacturing costs are lim-

iting in the bio fabrication of IVD constructs.214

Recently, Liu et al.21 have identified the presence of progenitor

cells in the CEP. After culturing in agarose, cells isolated from degen-

erated human CEPs were found to be positive for stem cell markers

OCT-4, NANOG, and SOX-2 as well as common BM-MSCs markers

CD105, CD73, CD90, CD44, CD166, and Stro-1.21 Further, the group

found that NP cells that were stimulated with CEP progenitor cells

isolated from healthy subjects showed a decrease in apoptotic rate by

releasing exosomes that activate the PI3K/AKT signaling pathway.218

Thus, CEP progenitor cell-derived exosomes could be a possible ther-

apeutic tool in the treatment of IVD degeneration.

Several studies have also found potential targets for the treat-

ment of the CEP with regard to IVD degeneration, although addi-

tional research needs to be done before testing. For example, the

HIF1A/MIF pathways has been shown to play a role in promoting

chondrogenesis, while also inhibiting osteogenesis.219 EZH2 inhibi-

tion has also shown promise as a therapeutic target to combat CEP

degeneration through upregulation of SOX9.204 Managing oxidative

stress and damage could be another novel therapy target. For this,

research has found inhibiting ROS reduced apoptosis in CEP cells

under oxidative stress198 and, similarly, enhancing the NrF/Keap1

pathway in CEP cells increases antioxidants that can combat damage

from ROS.220 Certain microRNAs (miRNAs), specifically miR-

495-3p202 and miR-34a,201 have been found to play a role in ECM
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degradation and chondrocyte apoptosis, respectively. Therefore,

silencing these miRNAs could be a novel treatment for CEP and IVD

degeneration.

5 | CONCLUSION

The CEP is a unique tissue distinct from other cartilaginous tissues in

morphology, gene expression, and mechanical and transport proper-

ties. It is an essential component of the IVD and is considered to play

a key role in the early stages of IVD degeneration due to its funda-

mental role in nutrient transport.10,221 However, most data regarding

IVD degeneration have focused on the NP and AF tissues. Further,

research that does include the CEP often does not distinguish it from

the BEP. New MRI techniques114,116 as well as the standardization of

histopathology scoring in the CEP74 allow for the characterization

of the CEP separate from the IVD or BEP, and thus future research

should aim to investigate the CEP as an independent tissue type. In

particular, the role of the CEP in MC should be investigated further as

most research is limited to the BEP or the combined BEP and CEP.

Additionally, the CEP is often considered to be the same as AC par-

ticularly in modeling and simulations.10 However, as detailed in this

review, the CEP differs from AC in function, cellular response, biochem-

ical content, and material properties.9,24,60,65–67,89,197 Thus, future

research should aim to characterize the CEP itself, and avoid assump-

tions that the CEP will behave and/or respond the same as AC.

Much is still unknown about the mechanics and transport proper-

ties of the CEP, and reported values show a large variation. The wide

range of reported values is due to various testing methods, environmen-

tal conditions, species, and degree of degeneration,4,10,52,53,60 and thus

highlights the need for standardized, reproducible methods

and guidelines for investigating the CEP. Likewise, the authors recom-

mend to standardize specifying the terms cartilaginous endplate (CEP)

and bony endplate (BEP) and advise avoiding the term vertebral end-

plate. Further, it is essential that researchers clearly state which tissue is

being investigated, whether it is CEP, BEP, or a combination of both.

Calcification should also be a focus of future research, as there is

controversy regarding the role it plays in CEP permeability. It

is accepted that calcification occurs in degeneration. However, it is

unclear whether disc damage occurs at an early stage due to impaired

nutrient transport induced by calcification, cellular level changes

caused by excess Ca2+ in the environment,6,10,51,52,88,208 and/or due

to early depletion of the CEP ECM (possibly related with MC) disrupt-

ing the functional fluid exchange between the vertebrae and NP

under mechanical loads.10

Overall, much is still unknown about the CEP and the mechanisms

of CEP degeneration. Additional research is needed to elucidate the

mechanical and transport properties, gene expression, cellular

response, and how these traits change with degeneration and age.

Understanding the CEP is essential to develop therapies that target or

include the CEP. Notably, the CEP should be considered in any treat-

ment of the IVD, as the nutrient and waste transport must be func-

tional for any therapy targeting the NP or AF to be successful. Thus,

any long-lasting and sustainable therapy aiming to reverse IVD degen-

eration should target the CEP first or simultaneously with the NP and

AF to rescue the IVD from a pathological environment.
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22. Gradišnik L, Maver U, Gole B, et al. The endplate role in degenerative

disc disease research: the isolation of human chondrocytes from verte-

bral endplate-An optimised protocol. Bioengineering (Basel). 2022;9:137.

23. Alkhatib B, Ban GI, Williams S, Serra R. IVD development: nucleus

pulposus development and sclerotome specification. Curr Mol Biol

Rep. 2018;4:132-141.

24. Sophia Fox A, Bedi A, Rodeo SA. The basic science of articular carti-

lage: structure, composition, and function. Sports Health. 2009;1:

461-468.

25. Alsalameh S, Amin R, Gemba T, Lotz M. Identification of mesenchy-

mal progenitor cells in normal and osteoarthritic human articular car-

tilage. Arthritis Rheum. 2004;50:1522-1532.

26. Roberts S, Evans H, Trivedi J, Menage J. Histology and pathology of

the human intervertebral disc. J Bone Joint Surg Am. 2006;88(Suppl

2):10-14.

27. Tam PP, Trainor PA. Specification and segmentation of the paraxial

mesoderm. Anat Embryol (Berl). 1994;189:275-305.

28. Borycki AG, Mendham L, Emerson CP. Control of somite patterning

by sonic hedgehog and its downstream signal response genes. Devel-

opment. 1998;125:777-790.

29. Oda J, Tanaka H, Tsuzuki N. Intervertebral disc changes with aging

of human cervical vertebra. From the neonate to the eighties. Spine.

1988;13:1205-1211.

30. Moore RJ. The vertebral endplate: disc degeneration, disc regenera-

tion. Eur Spine J. 2006;15(Suppl 3):S333-S337.

31. Zhang Y, Lenart BA, Lee JK, et al. Histological features of endplates of

the mammalian spine: from mice to men. Spine. 2014;39:E312-E317.

32. Zehra U, Siyaji ZK, Mallow GM, et al. 10 – Vertebral endplate abnor-

malities, defects, and changes. In: Samartzis D, Karppinen JI,

Williams FM, eds. Spine Phenotypes. Academic Press; 2022:203-222.

33. Zehra U, Cheung JPY, Bow C, Lu W, Samartzis D. Multidimensional

vertebral endplate defects are associated with disc degeneration,

Modic changes, facet joint abnormalities, and pain. J Orthop Res.

2019;37:1080-1089.

34. Taylor JR. Growth of human intervertebral discs and vertebral bod-

ies. J Anat. 1975;120:49-68.

35. Donisch EW, Trapp W. The cartilage endplates of the human verte-

bral column (some considerations of postnatal development). Anat

Rec. 1971;169:705-716.

36. Fournier DE, Kiser PK, Shoemaker JK, Battié MC, Séguin CA. Vascu-

larization of the human intervertebral disc: a scoping review. JOR

Spine. 2020;3:e1123.

37. Kuettner KE. Biochemistry of articular cartilage in health and dis-

ease. Clin Biochem. 1992;25:155-163.

38. Sun Z, Liu B, Luo ZJ. The immune privilege of the intervertebral disc:

implications for intervertebral disc degeneration treatment. Int J

Med Sci. 2020;17:685-692.

39. Shapiro F. Epiphyseal and physeal cartilage vascularization: a light

microscopic and tritiated thymidine autoradiographic study of carti-

lage canals in newborn and young postnatal rabbit bone. Anat Rec.

1998;252:140-148.

40. Hirao M, Tamai N, Tsumaki N, Yoshikawa H, Myoui A. Oxygen ten-

sion regulates chondrocyte differentiation and function during endo-

chondral ossification. J Biol Chem. 2006;281:31079-31092.

41. Bernabei I, So A, Busso N, Nasi S. Cartilage calcification in osteoar-

thritis: mechanisms and clinical relevance. Nat Rev Rheumatol. 2023;

19:10-27.

42. Wu M, Chen G, Li Y-P. TGF-β and BMP signaling in osteoblast, skel-

etal development, and bone formation, homeostasis and disease.

Bone Res. 2016;4:6009.

43. Rufai A, Benjamin M, Ralphs JR. The development of fibrocartilage

in the rat intervertebral disc. Anat Embryol (Berl). 1995;192:53-62.

44. Ma B, Leijten JC, Wu L, et al. Gene expression profiling of dediffer-

entiated human articular chondrocytes in monolayer culture.

Osteoarth Cartil. 2013;21:599-603.

45. Zhao FD, Pollintine P, Hole BD, Adams MA, Dolan P. Vertebral frac-

tures usually affect the cranial endplate because it is thinner and

supported by less-dense trabecular bone. Bone. 2009;44:372-379.

46. Wallace AL, Wyatt BC, McCarthy ID, Hughes SP. Humoral regula-

tion of blood flow in the vertebral endplate. Spine. 1994;19:1324-

1328.

CRUMP ET AL. 17 of 22

 2
5

7
2

1
1

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jsp

2
.1

2
9

4
 b

y
 U

n
iv

ersity
 O

f S
h

effield
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



47. Paietta RC, Burger EL, Ferguson VL. Mineralization and collagen ori-

entation throughout aging at the vertebral endplate in the human

lumbar spine. J Struct Biol. 2013;184:310-320.

48. Berg-Johansen B, Fields AJ, Liebenberg EC, Li A, Lotz JC. Structure-

function relationships at the human spinal disc-vertebra Interface.

J Orthop Res. 2017;36:192-201.

49. Fields AJ, Ballatori A, Liebenberg EC, Lotz JC. Contribution of the

endplates to disc degeneration. Curr Mol Biol Rep. 2018;4:151-160.

50. Shirazi-Adl A, Taheri M, Urban JP. Analysis of cell viability in inter-

vertebral disc: effect of endplate permeability on cell population.

J Biomech. 2010;43:1330-1336.

51. Wong J, Sampson SL, Bell-Briones H, et al. Nutrient supply and

nucleus pulposus cell function: effects of the transport properties of

the cartilage endplate and potential implications for intradiscal bio-

logic therapy. Osteoarthr Cartil. 2019;27:956-964.

52. Rodriguez AG, Slichter CK, Acosta FL, et al. Human disc nucleus

properties and vertebral endplate permeability. Spine. 2011;36:

512-520.

53. Accadbled F, Laffosse JM, Ambard D, Gomez-Brouchet A, de

Gauzy JS, Swider P. Influence of location, fluid flow direction, and

tissue maturity on the macroscopic permeability of vertebral end

plates. Spine. 2008;33:612-619.

54. Wu Y, Cisewski S, Sachs BL, Yao H. Effect of cartilage endplate on

cell based disc regeneration: a finite element analysis. Mol Cell Bio-

mech. 2013;10:159-182.

55. Green TP, Adams MA, Dolan P. Tensile properties of the annulus

fibrosus II. Ultimate tensile strength and fatigue life. Eur Spine J.

1993;2:209-214.

56. Rodrigues SA, Wade KR, Thambyah A, Broom ND. Micromechanics

of annulus-end plate integration in the intervertebral disc. Spine J.

2012;12:143-150.

57. Rodrigues SA, Thambyah A, Broom ND. How maturity influences

annulus-endplate integration in the ovine intervertebral disc: a

micro- and ultra-structural study. J Anat. 2017;230:152-164.

58. Wu Y, Cisewski SE, Wegner N, et al. Region and strain-dependent

diffusivities of glucose and lactate in healthy human cartilage end-

plate. J Biomech. 2016;49:2756-2762.

59. Balkovec C, Adams MA, Dolan P, McGill SM. Annulus fibrosus can

strip hyaline cartilage end plate from subchondral bone: a study of

the intervertebral disk in tension. Global Spine J. 2015;5:360-365.

60. Fields AJ, Rodriguez D, Gary KN, Liebenberg EC, Lotz JC. Influence

of biochemical composition on endplate cartilage tensile properties

in the human lumbar spine. J Orthop Res. 2014;32:245-252.

61. Mow VC, Kuei SC, Lai WM, Armstrong CG. Biphasic creep and

stress relaxation of articular cartilage in compression? Theory

and experiments. J Biomech Eng. 1980;102:73-84.

62. Pattappa G, Li Z, Peroglio M, Wismer N, Alini M, Grad S. Diversity of

intervertebral disc cells: phenotype and function. J Anat. 2012;221:

480-496.

63. Holzapfel GA, Schulze-Bauer CA, Feigl G, Regitnig P. Single lamellar

mechanics of the human lumbar anulus fibrosus. Biomech Model

Mechanobiol. 2005;3:125-140.

64. Lüsse S, Claassen H, Gehrke T, et al. Evaluation of water content by

spatially resolved transverse relaxation times of human articular car-

tilage. Magn Reson Imaging. 2000;18:423-430.

65. Lakstins K, Arnold L, Gunsch G, et al. Characterization of the human

intervertebral disc cartilage endplate at the molecular, cell, and tis-

sue levels. J Orthop Res. 2021;39:1898-1907.

66. Stockwell RA. The interrelationship of cell density and cartilage thick-

ness in mammalian articular cartilage. J Anat. 1971;109:411-421.

67. Maroudas A, Stockwell RA, Nachemson A, Urban J. Factors involved

in the nutrition of the human lumbar intervertebral disc: cellularity

and diffusion of glucose in vitro. J Anat. 1975;120:113-130.

68. Gan Y, He J, Zhu J, et al. Spatially defined single-cell transcriptional

profiling characterizes diverse chondrocyte subtypes and nucleus

pulposus progenitors in human intervertebral discs. Bone Res. 2021;

9:37.

69. Lee GM, Poole CA, Kelley SS, Chang J, Caterson B. Isolated chon-

drons: a viable alternative for studies of chondrocyte metabolism

in vitro. Osteoarthr Cartil. 1997;5:261-274.

70. Roberts S, Menage J, Duance V, Wotton S, Ayad S. 1991 Volvo

award in basic sciences. Collagen types around the cells of the inter-

vertebral disc and cartilage end plate: an immunolocalization study.

Spine. 1991;16:1030-1038.

71. Bishop PB, Pearce RH. The proteoglycans of the cartilaginous end-

plate of the human intervertebral disc change after maturity.

J Orthop Res. 1993;11:324-331.

72. Aigner T, Gresk-otter KR, Fairbank JC, von der Mark K, Urban JP.

Variation with age in the pattern of type X collagen expression in

normal and scoliotic human intervertebral discs. Calcif Tissue Int.

1998;63:263-268.

73. Sahlman J, Inkinen R, Hirvonen T, et al. Premature vertebral endplate

ossification and mild disc degeneration in mice after inactivation of

one allele belonging to the Col2a1 gene for type II collagen. Spine.

2001;26:2558-2565.

74. Le Maitre CL, Dahia CL, Giers M, et al. Development of a standard-

ized histopathology scoring system for human intervertebral disc

degeneration: an Orthopaedic Research Society Spine

Section Initiative. JOR Spine. 2021;4:e1167.

75. Cao L, Guilak F, Setton LA. Pericellular matrix mechanics in the anu-

lus fibrosus predicted by a three-dimensional finite element model

and in situ morphology. Cell Mol Bioeng. 2009;2:306-319.

76. Tang X, Jing L, Chen J. Changes in the molecular phenotype of

nucleus pulposus cells with intervertebral disc aging. PLoS One.

2012;7:e52020.

77. van den Akker GG, Surtel DA, Cremers A, et al. Novel immortal cell

lines support cellular heterogeneity in the human annulus Fibrosus.

PLoS One. 2016;11:e0144497.

78. Minogue BM, Richardson SM, Zeef LA, Freemont AJ, Hoyland JA.

Characterization of the human nucleus pulposus cell phenotype and

evaluation of novel marker gene expression to define adult stem cell

differentiation. Arthritis Rheum. 2010;62:3695-3705.

79. Minogue BM, Richardson SM, Zeef LA, Freemont AJ, Hoyland JA.

Transcriptional profiling of bovine intervertebral disc cells: implica-

tions for identification of normal and degenerate human interverteb-

ral disc cell phenotypes. Arthritis Res Ther. 2010;12:R22.

80. Rutges J, Creemers LB, Dhert W, et al. Variations in gene and pro-

tein expression in human nucleus pulposus in comparison with annu-

lus fibrosus and cartilage cells: potential associations with aging and

degeneration. Osteoarthr Cartil. 2010;18:416-423.

81. Hodgkinson T, Kelly DC, Curtin CM, O'Brien FJ. Mechanosignalling

in cartilage: an emerging target for the treatment of osteoarthritis.

Nat Rev Rheumatol. 2022;18:34934171.

82. Fearing BV, Hernandez PA, Setton LA, Chahine NO. Mechanotrans-

duction and cell biomechanics of the intervertebral disc. JOR Spine.

2018;1:e1026.

83. Stokes IA, Iatridis JC. Mechanical conditions that accelerate interver-

tebral disc degeneration: overload versus immobilization. Spine.

2004;29:2724-2732.

84. Kuo J, Zhang L, Bacro T, Yao H. The region-dependent biphasic vis-

coelastic properties of human temporomandibular joint discs under

confined compression. J Biomech. 2010;43:1316-1321.

85. Wu Y, Cisewski SE, Sachs BL, et al. The region-dependent biome-

chanical and biochemical properties of bovine cartilaginous endplate.

J Biomech. 2015;48:3185-3191.

86. Setton LA, Zhu W, Weidenbaum M, Ratcliffe A, Mow VC. Compres-

sive properties of the cartilaginous end-plate of the baboon lumbar

spine. J Orthop Res. 1993;11:228-239.

87. Périé D, Korda D, Iatridis JC. Confined compression experiments on

bovine nucleus pulposus and annulus fibrosus: sensitivity of the

18 of 22 CRUMP ET AL.

 2
5

7
2

1
1

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jsp

2
.1

2
9

4
 b

y
 U

n
iv

ersity
 O

f S
h

effield
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



experiment in the determination of compressive modulus and

hydraulic permeability. J Biomech. 2005;38:2164-2171.

88. Malandrino A, Lacroix D, Hellmich C, Ito K, Ferguson SJ, Noailly J.

The role of endplate poromechanical properties on the nutrient

availability in the intervertebral disc. Osteoarthr Cartil. 2014;22:

1053-1060.

89. Akizuki S, Mow VC, Müller F, Pita JC, Howell DS, Manicourt DH.

Tensile properties of human knee joint cartilage: I. Influence of ionic

conditions, weight bearing, and fibrillation on the tensile modulus.

J Orthop Res. 1986;4:379-392.

90. Malandrino A, Planell JA, Lacroix D. Statistical factorial analysis on

the poroelastic material properties sensitivity of the lumbar interver-

tebral disc under compression, flexion and axial rotation. J Biomech.

2009;42:2780-2788.

91. Huyghe JM. Intra-extrafibrillar mixture formulation of soft charged

hydrated tissues. J Theor Appl Mech. 1999;3:519-536.

92. Jackson AR, Eismont A, Yu L, et al. Diffusion of antibiotics in inter-

vertebral disc. J Biomech. 2018;76:259-262.

93. Zhu Q, Gao X, Brown MD, Eismont F, Gu W. Effects of diurnal load-

ing on the transport of charged antibiotics into intervertebral discs.

J Biomech. 2019;87:177-182.

94. Huang CY, Gu WY. Effects of mechanical compression on metabo-

lism and distribution of oxygen and lactate in intervertebral disc.

J Biomech. 2008;41:1184-1196.

95. Schmidt H, Galbusera F, Rohlmann A, Shirazi-Adl A. What have we

learned from finite element model studies of lumbar intervertebral

discs in the past four decades? J Biomech. 2013;46:2342-2355.

96. Zhu Q, Jackson AR, Gu WY. Cell viability in intervertebral disc under

various nutritional and dynamic loading conditions: 3d finite element

analysis. J Biomech. 2012;45:2769-2777.

97. Hassan CR, Lee W, Komatsu DE, Qin Y-X. Evaluation of nucleus pul-

posus fluid velocity and pressure alteration induced by cartilage end-

plate sclerosis using a poro-elastic finite element analysis. Biomech

Model Mechanobiol. 2020;20:281-291.

98. Riches PE, McNally DS. A one-dimensional theoretical prediction of

the effect of reduced end-plate permeability on the mechanics of

the intervertebral disc. Proc Inst Mech Eng H. 2005;219:329-335.

99. Ayotte DC, Ito K, Perren SM, Tepic S. Direction-dependent constric-

tion flow in a poroelastic solid: the intervertebral disc valve.

J Biomech Eng. 2000;122:587-593.

100. Ayotte DC, Ito K, Tepic S. Direction-dependent resistance to flow in

the endplate of the intervertebral disc: an ex vivo study. J Orthop

Res. 2001;19:1073-1077.

101. Swider P, Accadbled F, Laffosse JM, Sales de Gauzy J. Influence of

fluid-flow direction on effective permeability of the vertebral end

plate: an analytical model. Comput Methods Biomech Biomed Engin.

2012;15:151-156.

102. Rade M, Määttä JH, Freidin MB, Airaksinen O, Karppinen J,

Williams FMK. Vertebral endplate defect as initiating factor in inter-

vertebral disc degeneration: strong association between endplate

defect and disc degeneration in the general population. Spine. 2018;

43:412-419.

103. Holm S, Holm AK, Ekström L, Karladani A, Hansson T. Experimental

disc degeneration due to endplate injury. J Spinal Disord Tech. 2004;

17:64-71.

104. Farshad-Amacker NA, Hughes A, Herzog RJ, Seifert B, Farshad M.

The intervertebral disc, the endplates and the vertebral bone mar-

row as a unit in the process of degeneration. Eur Radiol. 2017;27:

2507-2520.

105. Dudli S, John Ferguson S, Haschtmann D. Severity and pattern of

posttraumatic intervertebral disc degeneration depends on the type

of injury. Spine J. 2014;14:1256-1264.

106. Kuisma M, Karppinen J, Haapea M, Lammentausta E, Niinimäki J,

Tervonen O. Modic changes in vertebral endplates: a comparison of

MR imaging and multislice CT. Skeletal Radiol. 2009;38:141-147.

107. Feng Z, Liu Y, Yang G, Battié MC, Wang Y. Lumbar vertebral end-

plate defects on magnetic resonance images: classification, distribu-

tion patterns, and associations with Modic changes and disc

degeneration. Spine. 2018;43:919-927.

108. Li Y, Samartzis D, Campbell DD, et al. Two subtypes of interverteb-

ral disc degeneration distinguished by large-scale population-based

study. Spine J. 2016;16:79-89.

109. Määttä JH, Rade M, Freidin MB, Airaksinen O, Karppinen J,

Williams FMK. Strong association between vertebral endplate

defect and Modic change in the general population. Sci Rep. 2018;8:

16630.

110. Davies BM, Atkinson RA, Ludwinski F, Freemont AJ, Hoyland JA,

Gnanalingham KK. Qualitative grading of disc degeneration by mag-

netic resonance in the lumbar and cervical spine: lack of correlation

with histology in surgical cases. Br J Neurosurg. 2016;30:414-421.

111. Benneker LM, Heini PF, Anderson SE, Alini M, Ito K. Correlation of

radiographic and MRI parameters to morphological and biochemical

assessment of intervertebral disc degeneration. Eur Spine J. 2005;

14:27-35.

112. Fields AJ, Battié MC, Herzog RJ, et al. Measuring and reporting of

vertebral endplate bone marrow lesions as seen on MRI (Modic

changes): recommendations from the ISSLS degenerative spinal phe-

notypes group. Eur Spine J. 2019;28:2266-2274.

113. Loeuille D, Olivier P, Mainard D, Gillet P, Netter P, Blum A. Review:

magnetic resonance imaging of normal and osteoarthritic cartilage.

Arthritis Rheum. 1998;41:963-975.

114. Law T, Anthony MP, Chan Q, et al. Ultrashort time-to-echo MRI of

the cartilaginous endplate: technique and association with interver-

tebral disc degeneration. J Med Imaging Radiat Oncol. 2013;57:

427-434.

115. Fields AJ, Han M, Krug R, Lotz JC. Cartilaginous end plates: quanti-

tative MR imaging with very short echo times-orientation depen-

dence and correlation with biochemical composition. Radiology.

2015;274:482-489.

116. Bonnheim NB, Wang L, Lazar AA, et al. Deep-learning-based bio-

marker of spinal cartilage endplate health using ultra-short echo

time magnetic resonance imaging. Quant Imaging Med Surg. 2023;

13:2807-2821.

117. Moon SM, Yoder JH, Wright AC, Smith LJ, Vresilovic EJ,

Elliott DM. Evaluation of intervertebral disc cartilaginous endplate

structure using magnetic resonance imaging. Eur Spine J. 2013;22:

1820-1828.

118. Ling Z, Li L, Chen Y, et al. Changes of the end plate cartilage are

associated with intervertebral disc degeneration: a quantitative mag-

netic resonance imaging study in rhesus monkeys and humans.

J Orthop Translat. 2020;24:23-31.

119. Newton MD, Hartner SE, Timmons S, et al. Contrast-enhanced μCT

of the intervertebral disc: a comparison of anionic and cationic con-

trast agents for biochemical and morphological characterization.

J Orthop Res. 2017;35:1067-1075.

120. Fields AJ, Liebenberg EC, Lotz JC. Innervation of pathologies in the

lumbar vertebral end plate and intervertebral disc. Spine J. 2014;14:

513-521.

121. Brown MF, Hukkanen MV, McCarthy ID, et al. Sensory and sympa-

thetic innervation of the vertebral endplate in patients with degen-

erative disc disease. J Bone Joint Surg Br. 1997;79:147-153.

122. Ni S, Ling Z, Wang X, et al. Sensory innervation in porous endplates

by Netrin-1 from osteoclasts mediates PGE2-induced spinal hyper-

sensitivity in mice. Nat Commun. 2019;10:5643.

123. Wang Y, Videman T, Battié MC. ISSLS prize winner: lumbar vertebral

endplate lesions: associations with disc degeneration and back pain

history. Spine. 2012;37:1490-1496.

124. Ohtori S, Inoue G, Ito T, et al. Tumor necrosis factor-

immunoreactive cells and PGP 9.5-immunoreactive nerve

fibers in vertebral endplates of patients with discogenic low

CRUMP ET AL. 19 of 22

 2
5

7
2

1
1

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jsp

2
.1

2
9

4
 b

y
 U

n
iv

ersity
 O

f S
h

effield
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



back pain and Modic type 1 or type 2 changes on MRI.

Spine. 2006;31:1026-1031.

125. Heggli I, Laux CJ, Mengis T, et al. Modic type 2 changes are fibroin-

flammatory changes with complement system involvement adjacent

to degenerated vertebral endplates. JOR Spine. 2022;6:e1237.

126. Nerlich AG, Schaaf R, Wälchli B, Boos N. Temporo-spatial distribu-

tion of blood vessels in human lumbar intervertebral discs. Eur Spine

J. 2007;16:547-555.

127. Bailey JF, Fields AJ, Ballatori A, et al. The relationship between end-

plate pathology and patient-reported symptoms for chronic low

back pain depends on lumbar paraspinal muscle quality. Spine. 2019;

44:1010-1017.

128. Zehra U, Bow C, Lotz JC, et al. Structural vertebral endplate nomen-

clature and etiology: a study by the ISSLS spinal phenotype focus

group. Eur Spine J. 2018;27:2-12.

129. Wang Y, Videman T, Battié MC. Lumbar vertebral endplate lesions:

prevalence, classification, and association with age. Spine. 2012;37:

1432-1439.

130. Wang Y, Videman T, Niemeläinen R, Battié MC. Quantitative mea-

sures of Modic changes in lumbar spine magnetic resonance imag-

ing: intra- and inter-rater reliability. Spine. 2011;36:1236-1243.

131. Modic MT, Steinberg PM, Ross JS, Masaryk TJ, Carter JR. Degenera-

tive disk disease: assessment of changes in vertebral body marrow

with MR imaging. Radiology. 1988;166:193-199.

132. Jensen TS, Karppinen J, Sorensen JS, Niinimäki J, Leboeuf-Yde C.

Vertebral endplate signal changes (Modic change): a systematic liter-

ature review of prevalence and association with non-specific low

back pain. Eur Spine J. 2008;17:1407-1422.

133. Määttä JH, Wadge S, MacGregor A, Karppinen J, Williams FM. ISSLS

prize winner: vertebral endplate (Modic) change is an independent

risk factor for episodes of severe and disabling low back pain. Spine.

2015;40:1187-1193.

134. Kuisma M, Karppinen J, Niinimäki J, et al. Modic changes in end-

plates of lumbar vertebral bodies: prevalence and association with

low back and sciatic pain among middle-aged male workers. Spine.

2007;32:1116-1122.

135. Järvinen J, Karppinen J, Niinimäki J, et al. Association between

changes in lumbar Modic changes and low back symptoms over a

two-year period. BMC Musculoskelet Disord. 2015;16:98.

136. Saukkonen J, Määttä J, Oura P, et al. Association between Modic

changes and low back pain in middle age: a northern Finland birth

cohort study. Spine. 2020;45:1360-1367.

137. Karchevsky M, Schweitzer ME, Carrino JA, Zoga A, Montgomery D,

Parker L. Reactive endplate marrow changes: a systematic morpho-

logic and epidemiologic evaluation. Skeletal Radiol. 2005;34:

125-129.

138. Lenz GP, Assheuer J, Lenz W, Gottschlich KW. New aspects of lum-

bar disc disease. MR imaging and histological findings. Arch Orthop

Trauma Surg. 1990;109:75-82.

139. Assheuer J, Lenz G, Lenz W, Gottschlich KW, Schulitz KP. Fat/water

separation in the NMR tomogram. The imaging of bone marrow

reactions in degenerative intervertebral disk changes. Rofo. 1987;

147:58-63.

140. Dudli S, Karol A, Giudici L, et al. CD90-positive stromal cells associ-

ate with inflammatory and fibrotic changes in Modic changes.

Osteoarthr Cartil Open. 2022;4:100287.

141. Perilli E, Parkinson IH, Truong LH, Chong KC, Fazzalari NL, Osti OL.

Modic (endplate) changes in the lumbar spine: bone micro-

architecture and remodelling. Eur Spine J. 2015;24:1926-1934.

142. Zhang YH, Zhao CQ, Jiang LS, Chen XD, Dai LY. Modic changes: a

systematic review of the literature. Eur Spine J. 2008;17:1289-1299.

143. Tarukado K, Ono T, Tono O, et al. Does Modic change progress with

age? Spine. 2017;42:1805-1809.

144. Albert HB, Briggs AM, Kent P, Byrhagen A, Hansen C, Kjaergaard K.

The prevalence of MRI-defined spinal pathoanatomies and their

association with Modic changes in individuals seeking care for low

back pain. Eur Spine J. 2011;20:1355-1362.

145. Jensen TS, Bendix T, Sorensen JS, Manniche C, Korsholm L, Kjaer P.

Characteristics and natural course of vertebral endplate signal

(Modic) changes in the Danish general population. BMC Musculoske-

let Disord. 2009;10:81.

146. Kuisma M, Karppinen J, Niinimäki J, et al. A three-year follow-up of

lumbar spine endplate (Modic) changes. Spine. 2006;31:1714-1718.

147. Mitra D, Cassar-Pullicino VN, McCall IW. Longitudinal study of ver-

tebral type-1 end-plate changes on MR of the lumbar spine. Eur

Radiol. 2004;14:1574-1581.

148. Vital JM, Gille O, Pointillart V, et al. Course of Modic 1 six months

after lumbar posterior osteosynthesis. Spine. 2003;28:715-720.

149. Herlin C, Kjaer P, Espeland A, et al. Modic changes-their associations

with low back pain and activity limitation: a systematic literature

review and meta-analysis. PLoS One. 2018;13:e0200677.

150. Weishaupt D, Zanetti M, Hodler J, et al. Painful lumbar disk

derangement: relevance of endplate abnormalities at MR imaging.

Radiology. 2001;218:420-427.

151. Chen KC, Tran B, Biswas R, et al. Evaluation of the disco-vertebral

junction using ultrashort time-to-echo magnetic resonance imaging:

inter-reader agreement and association with vertebral endplate

lesions. Skeletal Radiol. 2016;45:1249-1256.

152. Ashinsky BG, Bonnevie ED, Mandalapu SA, et al. Intervertebral disc

degeneration is associated with aberrant endplate remodeling and

reduced small molecule transport. J Bone Miner Res. 2020;35:1572-

1581.

153. Bonnheim NB, Wang L, Lazar AA, et al. The contributions of carti-

lage endplate composition and vertebral bone marrow fat to inter-

vertebral disc degeneration in patients with chronic low back pain.

Eur Spine J. 2022;31:1866-1872.

154. Feng ZY, Hu XJ, Zheng QQ, Battié MC, Chen Z, Wang Y. Cartilagi-

nous endplate avulsion is associated with Modic changes and end-

plate defects, and residual back and leg pain following lumbar

discectomy. Osteoarthr Cartil. 2021;29:707-717.

155. Schmid G, Witteler A, Willburger R, Kuhnen C, Jergas M, Koester O.

Lumbar disk herniation: correlation of histologic findings with mar-

row signal intensity changes in vertebral endplates at MR imaging.

Radiology. 2004;231:352-358.

156. Dudli S, Boffa DB, Ferguson SJ, Haschtmann D. Leukocytes enhance

inflammatory and catabolic degenerative changes in the interverteb-

ral disc after endplate fracture in vitro without infiltrating the disc.

Spine. 2015;40:1799-1806.

157. Dudli S, Sing DC, Hu SS, et al. ISSLS prize in basic science 2017:

intervertebral disc/bone marrow cross-talk with Modic changes. Eur

Spine J. 2017;26:1362-1373.

158. Heggli I, Habib M, Scheer J, et al. Poster No. 1086. Activated neu-

trophils degrade human cartilage endplates. In: Annual Meeting of

the Orthopaedic Research Society 2023, Dallas.

159. Dudli S, Heggli I, Laux CJ, et al. Role of C-reactive protein in the

bone marrow of Modic type 1 changes. J Orthop Res. 2022;41:

1115-1122.

160. Chen S, Huang Y, Zhou ZJ, et al. Upregulation of tumor necrosis fac-

tor α and ADAMTS-5, but not ADAMTS-4, in human intervertebral

cartilage endplate with Modic changes. Spine. 2014;39:E817-E825.

161. Xiong C, Huang B, Cun Y, Aghdasi BG, Zhou Y. Migration inhibitory

factor enhances inflammation via CD74 in cartilage end plates with

Modic type 1 changes on MRI. Clin Orthop Relat Res. 2014;472:

1943-1954.

162. Dudli S, Fields AJ, Samartzis D, Karppinen J, Lotz JC. Pathobiology

of Modic changes. Eur Spine J. 2016;25:3723-3734.

163. Rollason J, McDowell A, Albert HB, et al. Genotypic and antimicro-

bial characterisation of Propionibacterium acnes isolates from surgi-

cally excised lumbar disc herniations. Biomed Res Int. 2013;2013:

530382.

20 of 22 CRUMP ET AL.

 2
5

7
2

1
1

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jsp

2
.1

2
9

4
 b

y
 U

n
iv

ersity
 O

f S
h

effield
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



164. Albert HB, Lambert P, Rollason J, et al. Does nuclear tissue infected

with bacteria following disc herniations lead to Modic changes in

the adjacent vertebrae? Eur Spine J. 2013;22:690-696.

165. Stirling A, Worthington T, Rafiq M, Lambert PA, Elliott TS. Associa-

tion between sciatica and Propionibacterium acnes. Lancet. 2001;

357:2024-2025.

166. Fritzell P, Bergström T, Welinder-Olsson C. Detection of bacterial

DNA in painful degenerated spinal discs in patients without signs of

clinical infection. Eur Spine J. 2004;13:702-706.

167. Urquhart DM, Zheng Y, Cheng AC, et al. Could low grade bacterial

infection contribute to low back pain? A systematic review. BMC

Med. 2015;13:13.

168. Shan Z, Zhang X, Li S, Yu T, Liu J, Zhao F. Propionibacterium acnes

incubation in the discs can result in time-dependent Modic changes:

a long-term rabbit model. Spine. 2017;42:1595-1603.

169. Chen Z, Zheng Y, Yuan Y, et al. Modic changes and disc degenera-

tion caused by inoculation of Propionibacterium acnes inside inter-

vertebral discs of rabbits: a pilot study. Biomed Res Int. 2016;2016:

9612437.

170. Dudli S, Liebenberg E, Magnitsky S, Miller S, Demir-Deviren S,

Lotz JC. Propionibacterium acnes infected intervertebral discs cause

vertebral bone marrow lesions consistent with Modic changes.

J Orthop Res. 2016;34:1447-1455.

171. Jiao Y, Yuan Y, Lin Y, et al. Propionibacterium acnes induces disco-

genic low back pain via stimulating nucleus pulposus cells to secrete

pro-algesic factor of IL-8/CINC-1 through TLR2-NF-κB p65 path-

way. J Mol Med (Berl). 2018;97:25-35.

172. Capoor MN, Konieczna A, McDowell A, et al. Pro-inflammatory and

neurotrophic factor responses of cells derived from degenerative

human intervertebral discs to the opportunistic pathogen Cutibacter-

ium acnes. Int J Mol Sci. 2021;22:2347.

173. Dudli S, Miller S, Demir-Deviren S, Lotz JC. Inflammatory response

of disc cells against Propionibacterium acnes depends on the pres-

ence of lumbar Modic changes. Eur Spine J. 2018;27:1013-1020.

174. McDowell A, Barnard E, Nagy I, et al. An expanded multilocus

sequence typing scheme for Propionibacterium acnes: investigation

of ‘pathogenic’, ‘commensal’ and antibiotic resistant strains. PLoS

One. 2012;7:e41480.

175. McDowell A, Perry AL, Lambert PA, Patrick S. A new phylogenetic

group of Propionibacterium acnes. J Med Microbiol. 2008;57:

218-224.

176. Schäffler A, Schölmerich J. Innate immunity and adipose tissue biol-

ogy. Trends Immunol. 2010;31:228-235.

177. Falcocchio S, Ruiz C, Pastor FIJ, Saso L, Diaz P. Propionibacterium

acnes GehA lipase, an enzyme involved in acne development, can be

successfully inhibited by defined natural substances. J Mol Catal B:

Enzym. 2006;40:132-137.

178. Paulson JC, Kawasaki N. Sialidase inhibitors DAMPen sepsis. Nat

Biotechnol. 2011;29:406-407.

179. Schroeder GD, Markova DZ, Koerner JD, et al. Are Modic changes

associated with intervertebral disc cytokine profiles? Spine J. 2017;

17:129-134.

180. Bermudez-Lekerika P, Crump KB, Tseranidou S, et al. Immuno-

modulatory effects of intervertebral disc cells. Front Cell Dev Biol.

2022;10:924692.

181. Phillips KL, Chiverton N, Michael AL, et al. The cytokine and chemo-

kine expression profile of nucleus pulposus cells: implications for

degeneration and regeneration of the intervertebral disc. Arthritis

Res Ther. 2013;15:R213.

182. Huang B, Liu J, Wei X, et al. Damage to the human lumbar cartilage

endplate and its clinical implications. J Anat. 2021;238:338-348.

183. Rajasekaran S, Venkatadass K, Naresh Babu J, Ganesh K, Shetty AP.

Pharmacological enhancement of disc diffusion and differentiation

of healthy, ageing and degenerated discs: results from in-vivo serial

post-contrast MRI studies in 365 human lumbar discs. Eur Spine J.

2008;17:626-643.

184. Natarajan RN, Ke JH, Andersson GB. A model to study the disc

degeneration process. Spine. 1994;19:259-265.

185. Rajasekaran S, Bajaj N, Tubaki V, Kanna RM, Shetty AP. ISSLS prize

winner: the anatomy of failure in lumbar disc herniation: an in vivo,

multimodal, prospective study of 181 subjects. Spine. 2013;38:

1491-1500.

186. Wilke HJ, Kienle A, Maile S, Rasche V, Berger-Roscher N. A new

dynamic six degrees of freedom disc-loading simulator allows to

provoke disc damage and herniation (Georg Schmorl Preis 2015).

Eur Spine J. 2016;25:1363-1372.

187. Zehr JD, Quadrilatero J, Callaghan JP. Initiation and accumulation of

loading induced changes to native collagen content and microstruc-

tural damage in the cartilaginous endplate. Spine J. 2023;S1529-

9430:03282-5. Online ahead of print.

188. Veres SP, Robertson PA, Broom ND. ISSLS prize winner: how

loading rate influences disc failure mechanics: a microstructural

assessment of internal disruption. Spine. 2010;35:1897-1908.

189. Mörl F, Günther M, Riede JM, Hammer M, Schmitt S. Loads distrib-

uted in vivo among vertebrae, muscles, spinal ligaments, and inter-

vertebral discs in a passively flexed lumbar spine. Biomech Model

Mechanobiol. 2020;19:2015-2047.

190. Dudli S, Enns-Bray W, Pauchard Y, et al. Larger vertebral endplate

concavities cause higher failure load and work at failure under high-

rate impact loading of rabbit spinal explants. J Mech Behav Biomed

Mater. 2018;80:104-110.

191. Langrana NA, Kale SP, Edwards WT, Lee CK, Kopacz KJ. Measure-

ment and analyses of the effects of adjacent end plate curvatures

on vertebral stresses. Spine J. 2006;6:267-278.

192. Grant MP, Epure LM, Bokhari R, Roughley P, Antoniou J, Mwale F.

Human cartilaginous endplate degeneration is induced by calcium

and the extracellular calcium-sensing receptor in the intervertebral

disc. Eur Cell Mater. 2016;32:137-151.

193. Antoniou J, Goudsouzian NM, Heathfield TF, et al. The human lum-

bar endplate. Evidence of changes in biosynthesis and denaturation

of the extracellular matrix with growth, maturation, aging, and

degeneration. Spine. 1996;21:1153-1161.

194. Ariga K, Miyamoto S, Nakase T, et al. The relationship between apo-

ptosis of endplate chondrocytes and aging and degeneration of the

intervertebral disc. Spine. 2001;26:2414-2420.

195. Zhang JF, Wang GL, Zhou ZJ, Fang XQ, Chen S, Fan SW. Expression

of matrix metalloproteinases, tissue inhibitors of metalloproteinases,

and interleukins in vertebral cartilage endplate. Orthop Surg. 2018;

10:306-311.

196. Le Maitre CL, Freemont AJ, Hoyland JA. Localization of degradative

enzymes and their inhibitors in the degenerate human intervertebral

disc. J Pathol. 2004;204:47-54.

197. Lakstins K, Yeater T, Arnold L, Khan S, Hoyland JA, Purmessur D.

Investigating the role of culture conditions on hypertrophic differen-

tiation in human cartilage endplate cells. J Orthop Res. 2021;39:

1204-1216.

198. Han Y, Li X, Yan M, et al. Oxidative damage induces apoptosis and

promotes calcification in disc cartilage endplate cell through ROS/-

MAPK/NF-κB pathway: implications for disc degeneration. Biochem

Biophys Res Commun. 2017;516:1026-1032.

199. Neidlinger-Wilke C, Boldt A, Brochhausen C, et al. Molecular inter-

actions between human cartilaginous endplates and nucleus pulpo-

sus cells: a preliminary investigation. Spine. 2014;39:1355-1364.

200. Jacobs WR. Science for combatting tuberculosis. Bull N Y Acad Med.

1996;73:46-52.

201. Chen H, Wang J, Hu B, et al. MiR-34a promotes Fas-mediated carti-

lage endplate chondrocyte apoptosis by targeting Bcl-2. Mol Cell Bio-

chem. 2015;406:21-30.

CRUMP ET AL. 21 of 22

 2
5

7
2

1
1

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jsp

2
.1

2
9

4
 b

y
 U

n
iv

ersity
 O

f S
h

effield
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



202. Zhang J, Hu S, Ding R, et al. CircSNHG5 sponges Mir-495-3p and

modulates CITED2 to protect cartilage endplate from degradation.

Front Cell Dev Biol. 2021;9:668715.

203. Zhao QH, Tian JW, Wang L, Dong SH, Xia T, Liu CY. Effect of

siRNA-Cox-2 on the growth inhibition and apoptosis of cartilage

endplate chondrocytes. Zhonghua Yi Xue Za Zhi. 2011;91:1031-

1035.

204. Jiang C, Guo Q, Jin Y, et al. Inhibition of EZH2 ameliorates cartilage

endplate degeneration and attenuates the progression of interver-

tebral disc degeneration via demethylation of Sox-9. EBioMedicine.

2019;48:619-629.

205. Bach FC, de Rooij KM, Riemers FM, et al. Hedgehog proteins and

parathyroid hormone-related protein are involved in intervertebral

disc maturation, degeneration, and calcification. JOR Spine. 2019;2:

e1071.

206. Grunhagen T, Shirazi-Adl A, Fairbank JC, Urban JP. Intervertebral

disk nutrition: a review of factors influencing concentrations of

nutrients and metabolites. Orthop Clin North Am. 2011;42:465-477.

207. Dolor A, Sampson SL, Lazar AA, Lotz JC, Szoka FC, Fields AJ. Matrix

modification for enhancing the transport properties of the human

cartilage endplate to improve disc nutrition. PLoS One. 2019;14:

e0215218.

208. Malandrino A, Noailly J, Lacroix D. The effect of sustained compres-

sion on oxygen metabolic transport in the intervertebral disc

decreases with degenerative changes. PLoS Comput Biol. 2011;7:

e1002112.

209. Boyd LM, Carter AJ. Injectable biomaterials and vertebral endplate

treatment for repair and regeneration of the intervertebral disc. Eur

Spine J. 2006;15(Suppl 3):S414-S421.

210. Masaryk TJ, Boumphrey F, Modic MT, Tamborrello C, Ross JS,

Brown MD. Effects of chemonucleolysis demonstrated by MR imag-

ing. J Comput Assist Tomogr. 1986;10:917-923.

211. Gullbrand SE, Ashinsky BG, Bonnevie ED, et al. Long-term

mechanical function and integration of an implanted tissue-

engineered intervertebral disc. Sci Transl Med. 2018;468:10.

212. Chong JE, Santerre JP, Kandel RA. Generation of an in vitro model

of the outer annulus fibrosus-cartilage interface. JOR Spine. 2020;3:

e1089.

213. Arana CJ, Diamandis EP, Kandel RA. Cartilage tissue enhances pro-

teoglycan retention by nucleus pulposus cells in vitro. Arthritis

Rheum. 2010;62:3395-3403.

214. De Pieri A, Byerley AM, Musumeci CR, Salemizadehparizi F,

Vanderhorst MA, Wuertz-Kozak K. Electrospinning and 3D bioprinting

for intervertebral disc tissue engineering. JOR Spine. 2020;3:e1117.

215. Vernengo AJ, Grad S, Eglin D, Alini M, Li Z. Bioprinting tissue ana-

logues with decellularized extracellular matrix bioink for regenera-

tion and tissue models of cartilage and intervertebral discs. Adv

Funct Mater. 2020;30:1909044.

216. Williams RJ, Tryfonidou MA, Snuggs JW, Le Maitre CL. Cell sources

proposed for nucleus pulposus regeneration. JOR Spine. 2021;4:

e1175.

217. Martin JT, Gullbrand SE, Kim DH, et al. In vitro maturation and

in vivo integration and function of an engineered cell-seeded disc-

like angle ply structure (DAPS) for total disc arthroplasty. Sci Rep.

2017;7:15765.

218. Luo L, Jian X, Sun H, et al. Cartilage endplate stem cells inhibit inter-

vertebral disc degeneration by releasing exosomes to nucleus pulpo-

sus cells to activate Akt/autophagy. Stem Cells. 2021;39:467-481.

219. Yao Y, Deng Q, Song W, et al. MIF plays a key role in regulating

tissue-specific chondro-osteogenic differentiation fate of human

cartilage endplate stem cells under hypoxia. Stem Cell Rep. 2016;7:

249-262.

220. Li Y, Chen L, Gao Y, Zou X, Wei F. Oxidative stress and interverteb-

ral disc degeneration: pathophysiology, signaling pathway, and ther-

apy. Oxid Med Cell Longev. 2022;2022:1984742.

221. Urban JP, Roberts S. Degeneration of the intervertebral disc. Arthri-

tis Res Ther. 2003;5:120-130.

222. Fields AJ, Johansen BB, Metz LN, et al. Alterations in intervertebral

disc composition, matrix homeostasis and biomechanical behavior in

the UCD-T2DM rat model of type 2 diabetes. J Orthop Res. 2015;

33:738-746.

223. Ferguson SJ, Steffen T. Biomechanics of the aging spine. Eur Spine J.

2003;12(Suppl 2):S97-S103.

224. Li YH, Wu HL, Li Z, et al. Species variation in the cartilaginous end-

plate of the lumbar intervertebral disc. JOR Spine. 2022;5:e1218.

How to cite this article: Crump, K. B., Alminnawi, A.,

Bermudez-Lekerika, P., Compte, R., Gualdi, F., McSweeney, T.,

Muñoz-Moya, E., Nüesch, A., Geris, L., Dudli, S., Karppinen, J.,

Noailly, J., Le Maitre, C., & Gantenbein, B. (2023).

Cartilaginous endplates: A comprehensive review on a

neglected structure in intervertebral disc research. JOR Spine,

e1294. https://doi.org/10.1002/jsp2.1294

22 of 22 CRUMP ET AL.

 2
5

7
2

1
1

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jsp

2
.1

2
9

4
 b

y
 U

n
iv

ersity
 O

f S
h

effield
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

4
/1

0
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se

https://doi.org/10.1002/jsp2.1294

	Cartilaginous endplates: A comprehensive review on a neglected structure in intervertebral disc research
	1  INTRODUCTION
	1.1  What is the CEP?
	1.2  Developmental biology of the CEP

	2  HEALTHY CEP
	2.1  Structure and composition of the CEP
	2.2  Mechanics and permeability within the CEP
	2.2.1  Effects of pressurization on CEP mechanics and permeability
	2.2.2  Effects of biochemical composition on CEP mechanics and permeability
	2.2.3  In silico investigation of CEP multiphysics


	3  IMPORTANCE OF CEP IN IVD DEGENERATION
	3.1  Imaging endplate defects
	3.2  Significance in low back pain
	3.3  Modic changes: Definition, prevalence, natural course, and pain association
	3.4  Association of BEP changes with CEP changes and MC
	3.5  Mechanisms of CEP damage in Modic changes
	3.6  Role of CEP damage in Modic changes
	3.7  Microscopic changes to the CEP
	3.8  Biomechanical regulation of CEP degeneration
	3.9  Animal models of the CEP
	3.10  Cellular regulation of CEP degeneration
	3.10.1  Calcification and influence on permeability


	4  EMERGING THERAPIES
	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


