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Abstract

Developed within the Disc4All consortium, this thesis investigates the struc-
tural, mechanical, and inflammatory mechanisms driving intervertebral disc
endplate degeneration through complementary in vitro and in silico ap-
proaches. Recognizing the endplate as a heterogeneous structure, this work
distinguishes its three main regions: the non-calcified cartilaginous endplate,
calcified cartilaginous endplate, and bony endplate, highlighting their dis-
tinct contributions to degeneration processes. Imaging-based computational
approaches are employed to characterize bony endplate microarchitecture
and estimate its mechanical properties, while multi-tissue explant models
are used to investigate region-specific responses to inflammatory cytokines.
Additionally, cell-seeded hydrogel models are developed to specifically assess
cartilaginous endplate cell responses to mechanical loading and inflammatory
cytokine stimulation. Furthermore, a computational-experimental work-
flow and a custom perfusion bioreactor concept are proposed to establish
a framework for future studies of fluid transport conditions within end-
plate tissues and their influence on cellular stress responses. By integrating
structural characterization, computational modeling, and experimental ap-
proaches, this thesis establishes a comprehensive framework linking endplate
regional heterogeneity, biomechanics, and cellular responses. These findings
contribute to the development of more physiologically relevant models for
studying intervertebral disc degeneration and support future investigations
into endplate-driven degeneration mechanisms.
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Résumé

Réalisée au sein du consortium Disc4All, cette these étudie les mécanismes
structuraux, mécaniques et inflammatoires impliqués dans la dégénéres-
cence des plateaux vertébraux du disque intervertébral, en combinant des
approches complémentaires in vitro et in silico. Considérant le plateau
vertébral comme une structure hétérogene, ce travail distingue trois régions
principales — le plateau cartilagineux non calcifié, le plateau cartilagineux
calcifié et le plateau osseux — et met en évidence leurs contributions re-
spectives aux processus dégénératifs. Des approches computationnelles
basées sur I'imagerie sont utilisées pour caractériser la microarchitecture du
plateau osseux et estimer ses propriétés mécaniques, tandis que des modeles
d’explants multi-tissulaires permettent d’étudier les réponses spécifiques
a chaque région aux cytokines inflammatoires. Par ailleurs, des modeles
d’hydrogels ensemencés de cellules sont développés afin d’évaluer spécifique-
ment les réponses des cellules du plateau cartilagineux aux sollicitations
mécaniques et & la stimulation par des cytokines inflammatoires. Enfin, une
approche combinant modélisation computationnelle et expérimentations,
ainsi qu’un concept de bioréacteur & perfusion sur mesure, sont proposés
afin d’établir un cadre pour de futures études des conditions de transport
des fluides au sein des tissus du plateau vertébral et de leur influence sur
les réponses cellulaires au stress. En intégrant la caractérisation structurale,
la modélisation computationnelle et les approches expérimentales, cette
these établit un cadre global reliant 1’hétérogénéité régionale du plateau
vertébral, la biomécanique et les réponses cellulaires. Ces résultats con-
tribuent au développement de modeles plus physiologiquement pertinents
pour I'étude de la dégénérescence du disque intervertébral et soutiennent
les recherches futures sur les mécanismes de dégénérescence impliquant les
plateaux vertébraux.
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Samenvatting

Dit proefschrift, ontwikkeld binnen het Disc4All-consortium, onderzoekt de
structurele, mechanische en inflammatoire mechanismen die betrokken zijn
bij de degeneratie van de eindplaat van de tussenwervelschijf, door middel
van complementaire in vitro- en in silico-benaderingen. Hierbij wordt de
eindplaat beschouwd als een heterogene structuur, bestaande uit drie hoof-
dregio’s: de niet-verkalkte kraakbeenachtige eindplaat, de verkalkte kraak-
beenachtige eindplaat en de benige eindplaat. De verschillende bijdragen van
deze regio’s aan degeneratieprocessen worden hierbij benadrukt. Op beeld-
vorming gebaseerde computationele benaderingen worden gebruikt om de mi-
croarchitectuur van de benige eindplaat te karakteriseren en de mechanische
eigenschappen ervan te schatten, terwijl multi-weefsel-explantaatmodellen
worden ingezet om regiospecifieke reacties op inflammatoire cytokinen te
onderzoeken. Daarnaast worden hydrogelmodellen met cellen ontwikkeld
om specifiek de reacties van kraakbeenachtige eindplaatcellen op mecha-
nische belasting en stimulatie met inflammatoire cytokinen te evalueren.
Verder worden een computationeel-experimentele werkwijze en een con-
cept voor een op maat gemaakte perfusiebioreactor voorgesteld om een
kader te bieden voor toekomstige studies naar vloeistoftransport binnen
eindplaatweefsels en de invloed hiervan op cellulaire stressreacties. Door
structurele karakterisering, computationele modellering en experimentele
benaderingen te integreren, biedt dit proefschrift een geintegreerd kader
dat de regionale heterogeniteit van de eindplaat, biomechanica en cellulaire
responsen met elkaar verbindt. Deze bevindingen dragen bij aan de on-
twikkeling van fysiologisch relevantere modellen voor het bestuderen van
degeneratie van de tussenwervelschijf en ondersteunen toekomstig onderzoek
naar degeneratiemechanismen waarbij de eindplaat een centrale rol speelt.
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CHAPTER —— 1

Low Back Pain and the
Intervertebral Disc:
Pathophysiology and
Research Approaches

This chapter is partially based on published content:

Bermudez-Lekerika, Paola, Alminnawi, Ahmad, et al. Immuno-
modulatory effects of intervertebral disc cells. Frontiers in Cell and Devel-
opmental Biology 10 (2022): 924692.




The chapter starts with a brief discussion on the etiology and pathophysiology
of low back pain (LBP) and the intervertebral disc (IVD), which will be
elaborated in the following chapter. It then examines the immune-privileged
nature of the IVD, emphasizing the role of the cartilaginous endplate (CEP)
as a physical and biochemical barrier that regulates nutrient transport while
limiting immune access, as well as the therapeutic importance of preserving
or restoring endplate integrity to maintain immune homeostasis and slow
disc degeneration. Finally, it reviews the state-of-the-art in vitro and in
silico tools that can be used to investigate the pathophysiology of the IVD
in general and the bony endplates (BEPs) and CEPs in particular.

1.1 Low back pain

LBP is a major and rising source of socioeconomic burden worldwide, with
an annual cost of €272 million in Belgium [1] and $100 billion in the United
States alone [2-6]. It is one of the most common reasons for visiting primary
care physicians and receiving opioid prescriptions [2, 7-12], and it ranks
as the fifth most frequent reason for doctor visits, affecting up to 37% of
patients [4, 13]. Approximately 80% of the global population experiences
LBP at some point in life [14], and over 10% of these individuals develop
chronic disability [15, 16], which results in substantial treatment costs and
a reduced ability to work or engage socially, thereby diminishing quality
of life [13]. The global burden continues to rise, with years lived with
disability increasing from 58.2 million in 1990 to 83 million in 2010 [17, 18].
Beyond physical impairment, LBP also negatively affects psychological
well-being, as chronic cases are often linked with anxiety and depression,
complicating treatment and prolonging recovery [16, 19], which further
limits daily function and reduces productivity.

Despite its high lifetime prevalence, the precise underlying mechanisms of
LBP remain poorly understood [2, 4]. One highly recognized etiologic factor
in nonspecific LBP is degeneration of the lumbar IVD [2-5, 18, 20], which
has been directly related to 40% of LBP cases [3]. To emphasize the critical
nature of the issue, intervertebral disc degeneration (IVDD) is reported to
affect almost every individual past the age of 70 [4], but it is also prevalent
in younger age groups, including adolescence [4, 13].

Current management strategies for LBP encompass a range of interventions,
including physical therapy, pharmacological treatments, and surgical options



aimed at addressing degenerated IVDs through procedures such as resection
and nerve root blocking [15]. While multidimensional rehabilitation strate-
gies addressing both physical and psychosocial aspects of recovery have
been implemented, they primarily relieve symptoms rather than facilitate
regenerative healing of the IVDs. Emerging regenerative therapies show
promise but remain largely experimental, signaling the need for continued
research and innovation in IVD degeneration and LBP management [13].

1.2 The intervertebral disc

IVDD is a multifactorial condition influenced by various pathophysiological,
biochemical, and biomechanical factors, as well as biological sex and ethnic-
ity [21-25]. These factors collectively drive a cascade of events that modify
disc morphology, ultimately contributing to conditions such as osteoarthritis
and LBP [4, 5, 13, 18, 20, 26, 27]. However, the precise mechanisms by
which these factors interrelate remain poorly understood [5, 13, 20]. The
consequences of these degenerative processes are often manifested by a
loss of cellularity, degradation of the extracellular matrix (ECM), and, in
the long term, notable morphological changes and impaired biomechanical
properties [20] This section describes elements related to IVD development,
physiology, and pathology that are relevant for this doctoral project. A
more detailed review of the specific elements related to the endplate (EP)
are provided in the next chapter.

1.2.1 The components of the IVD

The human vertebral column comprises 23 functional units known as IVDs,
which lie anterior to the neural arch that encases the spinal cord, collectively
forming the vertebral foramen [26]. These IVDs serve as heterogeneous and
composite tissues that form joints to separate adjacent vertebrae within the
spinal structure. Each adult IVD is composed of three primary components,
a centrally located gel-like core called the nucleus pulposus (NP), a thick
and tough peripheral ring made of orthogonal concentric layers known as
the annulus fibrosus (AF), and an osteochondral boundary known as the
EPs that connect the IVD to the adjacent vertebral bodies (VBs) cranially
and caudally [2, 4, 15, 18, 20, 26] (Figure 1.2.1.).
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Figure 1.2.1: Comparison of a healthy and a degenerated IVD. In the intact IVD,
the NP matrix mostly contains PGs and non-oriented type II collagen fibers. The
PGs contain negatively charged sulfated groups, leading to an intradiscal osmotic
pressure that is crucial for the basal hydration of the NP and the biomechanical
function of the IVD. Within the degenerated disc, the total content of PG decreases.
Small non-aggregating PGs are present. This drop in PG content negatively affects
the swelling capacity of the disc. Additionally, during disc degeneration, the
production of catabolic cytokines, matrix-degrading enzymes, and neurotrophic as
well as angiogenic factors occurs due to cellular changes. This can lead to blood and
nerve vessel ingrowth in the AF. The AF is composed of highly oriented concentric
lamellae of type I collagen, whereas the cell density is higher in intact discs than in
degenerated discs.



1.2.2 The notochordal origin of the IVD

During embryonic development, all chordate embryos feature a notochord,
an elastic rod-like structure derived from mesodermal tissue, which serves
as a precursor to the vertebral column [28, 29]. In many species, including
humans, the notochord undergoes significant transformations, regressing
within the IVD to give rise to the NP [4, 30, 31]. Meanwhile, the surrounding
mesenchyme, which is a loosely organized connective tissue, gives rise
to the other structural components of the vertebral column. Condensed
mesenchyme develops into the AF, while uncondensed mesenchyme forms
the VB [4, 30, 32]. The development of the EP is attributed to the annular
epiphysis of the VB prior to its ossification [4, 33]. It is hypothesized
that the notochord possesses progenitor properties, as species that lose
their notochord exhibit an inability to regenerate IVD tissues [4, 34-38|.
Thus, understanding the development and structural composition of the
post-notochordal IVD is critical for understanding its implications of IVD
degeneration.

1.2.3 The avascular and aneural nature of the intervertebral
disc and its dependency on diffusion

The IVD has been described as the largest avascular structure in the human
body [39] since it usually has blood vessels during embryonic development
regress rapidly after birth, leaving the disc dependent on passive nutrient
transport mechanisms [40]. The healthy adult IVD is characterized by its
avascular and aneural properties, features that contribute to its ability to
facilitate pain-free movement of the spinal column [2, 4, 13]. This lack of
innervation is partly due to the presence of high levels of aggrecan (ACAN),
a type of proteoglycan that has been shown to inhibit nerve growth and
may reduce the sensitivity of surrounding tissues to mechanical stress and
injury [5, 41, 42]. As a result, the IVD can withstand significant loading
without the activation of pain pathways typically associated with neural
structures. Blood vessels terminate at the vertebral endplates and outer
AF, failing to penetrate deeper disc regions [43, 44]. Due to these structural
characteristics, the IVD relies entirely on the diffusion of nutrients, oxygen,
and metabolic waste products through the ECM between the disc and the
capillary networks located in the subchondral bone. This diffusion allows
for effective nutrient and waste transport which are essential for maintain-
ing physiological conditions within the disc, including appropriate levels




of lactate, pH balance, and osmotic pressure [5, 13]|. This diffusion domi-
nates transport for small solutes (e.g., glucose, oxygen, and lactate), whose
movement occurs along concentration gradients from capillary beds in the
EP and outer AF toward the disc center [44-46]. Additionally, convection,
which is the bulk fluid flow, is usually driven by mechanical loading and aids
mainly larger solute transport (e.g., growth factors, proteins) [45-47]. The
EP is widely regarded as the primary diffusion gateway, where calcification
or degeneration reduces nutrient influx, leading to accelerated NP dehy-
dration which, in turn, can lead to mechanical failure [40, 44, 45, 48, 49].
In conclusion, this high reliance on diffusion for metabolic needs can be
compromised by changes in the ECM, nutrient supply, or physical loading
patterns, potentially leading to IVDD.

1.3 The immune-privileged nature of the IVD

1.3.1 Maintenance of immune privilege

IVDD is a complex, multifactorial process characterized by a metabolic
transition of the disc from an anabolic state, dominated by matrix synthesis,
to a catabolic state, marked by matrix degradation. This catabolic shift is
accompanied by elevated production of cytokines and chemokines by native
disc cells, a response often misinterpreted as inflammation in the literature
despite occurring in the absence of immune cell infiltration. The IVD is
considered an immune-privileged organ [50, 51|, mainly due to its isolated
anatomy and specialized cellular microenvironment. The EP, specifically the
CEP, plays a crucial role in maintaining this immune-privileged property,
acting as both a physical [48, 52, 53] and biochemical [2, 48, 50, 52, 54—
56] barrier for various molecules. Together with the AF, the EP forms
part of the blood—nucleus pulposus barrier (BNB) [50], a structural and
molecular interface that restricts vascular and immune access to the NP.
This barrier is reinforced by the dense ECM and by anti-angiogenic and
anti-neurogenic factors secreted by native disc cells. Under physiological
conditions, the CEP facilitates the movement of metabolites, small molecules,
and waste between the IVD and the neighboring blood vessels located in
the BEP. In other words, the CEP allows small, neutrally charged solutes
like oxygen and glucose in addition to cations like sodium and calcium to
penetrate the disc [53, 57]. The BNB on the other hand, prevents exposure
of NP antigens to the systemic immune system. This mechanism helps in



avoiding immune recognition and inflammatory activation which in turn
regulate communication between the avascular NP and the vascularized
vertebral bone marrow. The IVD environment is harsh, characterized by
low oxygen, low glucose, and low pH levels. Limited nutrition and high
lactic acid levels contribute to the catabolic shift, while hypo-osmolarity can
activate pro-inflammatory and catabolic factors [55, 58-63]. Native cells
within the IVD, including CEP cells, display immune-modulatory activity
despite this isolation. They constitutively express cytokines and chemokines
such as interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-8 (IL-8), tumor
necrosis factor (TNF), and interleukin-17 (IL-17), which contribute to matrix
turnover and homeostatic catabolic-anabolic balance [64-71].

1.3.2 Breach of the barrier and immune activation

IVDD is often accompanied by loss of CEP integrity representing a pivotal
event in the breakdown of the IVD immune privilege. As IVDD progresses,
the CEP becomes thinner, more fissured, with reduced collagen and gly-
cosaminoglycan (GAG) content [50, 54]. These morphological changes alter
the physiology and performance of the CEP, specifically changing its per-
meability and disrupting its selective barrier function [55, 72, 73]. Any
structural failure, such as thinning, fissuring, or ruptures, would allow
blood vessels and nerve fibers to infiltrate the IVD creating entry routes
for blood vessels and immune cells from the subchondral bone into the
disc (Figure 1.3.1). The infiltration of macrophages, T cells, and mast cells
transforms the local catabolic state into a truly inflammatory state [74],
characterized by the release of additional cytokines and proteases that
accelerate ECM degradation [67]. This immune infiltration establishes a
vicious feedback loop where CEP damage facilitates vascular ingrowth and
immune activation, which in turn aggravates CEP degradation through
inflammatory mediators. The ensuing crosstalk between the IVD and the
adjacent vertebral bone marrow can be demonstrated radiologically as Modic
changes, particularly Type 1 lesions that correspond to an inflammatory
phenotype and are strongly associated with pain [75-77]. Consequently,
CEP pathology is now recognized as a more reliable indicator of discogenic
pain than the degree of NP degeneration or IVDD itself [2, 55].
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Figure 1.3.1: Comparison of healthy, degenerated, and herniated IVDs (focused
on cellular involvement). (A) Intact IVD: Native disc cells produce a plethora of
cytokines and chemokines expressing the corresponding receptors and maintaining
homeostasis in a para and autocrine manner. The CEP is intact with blood vessels.
The NP has a high number of proteoglycans. AF cells align. (B) Degenerated IVD:
Shift to catabolic environment. Cytokines are expressed by disc cells themselves.
The CEP has a higher amount of blood vessels than in the intact IVD. Proteoglycan
number decreases in the NP. In the AF, there is a loss of alignment and support
for AF cells. (C) Herniated IVD with crack in CEP: As soon as the AF or CEP is
ruptured during injury or disc degeneration, a route for migration of immune cells
into the IVD is provided. Immune cells, including T cells, B cells, macrophages,
neutrophils and mast cells, contribute to an inflamed environment within the disc,
further increasing the cytokine and chemokine expression and leading to a vicious
circle of inflammatory driven catabolism. A crack in CEP allows blood vessels to
grow into the AF and NP. The AF herniates/bulges, which is where blood vessel
in-growth primarily occurs.



1.3.3 Immunomodulatory implications for therapy

Given its dual role as both barrier and mediator, the CEP stands at the
interface between immune homeostasis and inflammation in the disc. Preser-
vation or restoration of CEP integrity is therefore critical for maintaining
immune privilege and preventing inflammatory-driven degeneration. Thera-
peutic strategies targeting CEP regeneration or reinforcement may restore
the diffusion barrier, limit immune infiltration, and reestablish the metabolic
and immunological equilibrium of the IVD. Yet there is a lack of studies
focused on the EP regeneration therapies. Computational and experimental
models that simulate CEP permeability and its relationship with immune
crosstalk will be essential for developing such targeted interventions.

1.4 Preclinical animal model selection for inter-
vertebral disc research

Given the ethical and practical limitations of obtaining healthy human
osteochondral IVD samples, such as the lack of associated clinical infor-
mation in cadaveric samples and the inadequacy of surgically discarded
tissues for control studies [3], it is crucial to explore animal models for
disc research. Various preclinical animal models, including bovine [78],
canine [78, 79], feline, porcine [80], alpaca/llama, equine, kangaroo [81],
ovine [80], caprine [80], leporine [82, 83], and rodent [27, 83], have been
recognized as a valuable source of IVD tissue when studying the mechanobi-
ology, cell biology, and pathogenesis of human IVDD. They form interesting
research subjects due to their anatomical and biochemical similarities to
human IVDs, such as comparable cell phenotypes, tissue composition, and
mechanical properties [18], as well as genetic parallels that enhance their
utility in exploring the structural and mechanical environments of IVDs
and their associated pathomechanisms [27, 84]. Given the ethical and prac-
tical limitations of obtaining healthy human osteochondral IVD samples,
such as the lack of associated clinical information in cadaveric samples
and the inadequacy of surgically discarded tissues for control studies [3],
it is crucial to explore these animal models in disc research. Selecting the
appropriate animal model for studying IVDD and related phenomena is
critical, as each species exhibits specific deviations in IVD characteristics
that can influence research outcomes. The choice of model should align
with the specific biological, biomechanical, or pathological aspects under




investigation taking into account the research objective, experimental design,
and species availability [80, 85-89]. For example, the human notochord
disappears by approximately 30 days gestational age, leading to the re-
gression of notochordal cells within the NP as mentioned earlier, while
in rodent models, such as mice, notochordal cells persist within the NP
throughout their lifespan [4]. This distinction creates a different biological
environment for investigating mechanobiological and pathological processes.
Nevertheless, rodents remain widely used in genetic and molecular studies
because of their genetic similarity to humans [90]. Canine models, especially
chondrodystrophic breeds, exhibit spontaneous disc degeneration similar
to humans, making them valuable for translational research [80]. Sheep
have discs of similar sizes to those of humans and, despite their quadruped
stature, experience comparable mechanical loading (stresses), allowing for
surgical and implant studies [80]. Bovine models have proven effective for
understanding IVDD and evaluating potential interventions due to their
size, tissue composition, and biomechanical properties that closely mimic
those of human discs making them suitable for testing surgical techniques
and the effects of biochemical agents on disc health [84, 91]. Due to this
close similarity with human discs, and their availability in large quantities
from abattoirs, bovine is one of the most utilized sources for ex vivo or
organ culture experiments in controlled laboratory studies, particularly the
coccygeal discs from the tail [91-97].

1.5 Experimental approaches for studying the in-
tervertebral disc

1.5.1 Advanced three-dimensional (3D) culture systems and
bioreactors

3D culture systems and bioreactor technologies have become essential tools,
offering more physiologically relevant environments than traditional two-
dimensional (2D) cultures. They play a pivotal role in the study of IVD
degeneration and regeneration, providing a controlled environment that
mimics physiological conditions. Different designs have been developed to
address specific research needs, enabling the investigation of mechanical,
biochemical, and cellular dynamics within the IVD. Cells, explants, and
whole-organ culture of IVDs are increasingly utilized in bioreactor systems
to mimic physiological loading conditions and the native microenvironment
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due to their pre-clinically relevance, thus bridging the gap between in vitro
and in vivo studies [57, 98-102].

Organ culture and hydrogel cell culture

IVD research has increasingly turned to organ culture and hydrogel cell
culture systems because of their ability to facilitate the assessment of disc
biology and the investigation of potential therapeutic interventions in a
controlled environment compared with cell monolayer or pellet cultures.
Whole-organ culture preserves the native architecture and cellular envi-
ronment by maintaining the structure and cell-matrix interactions of the
whole IVD ez vivo. This enabled the investigation of tissue-level responses,
interactions between the NP, AF, and EP, and the impact of mechanical
loading or biochemical insults [102-104]. Systems range from unloaded (free-
swelling) to complex mechanically loaded setups, including static, cyclic,
and multiaxial loading, to simulate physiological or pathological condi-
tions [102, 105, 106]. Hydrogel-based cell culture involves encapsulating
IVD cells (NP, AF, EP, or stem cells) within 3D, ECM-mimicking hydro-
gels. Hydrogels like alginate, collagen, and hyaluronic acid provide a 3D
microenvironment that supports cell viability, phenotype maintenance, and
matrix production, better reflecting the in vivo setting than traditional
monolayer cultures [102, 107]. These gels allow for cell type isolation and
can be tuned for stiffness, degradation, and bioactivity to study cell-matrix
interactions or screen biomaterials for tissue engineering and have been used
for developing injectable therapies for disc regeneration [107, 108].

Dynamic flow bioreactors

Dynamic flow bioreactors, such as spinner flasks or direct perfusion systems,
are employed to facilitate the 3D culture of IVD-derived cells, providing more
uniform nutrient distribution and promoting rapid, large-scale propagation
of disc cells while maintaining their physiological characteristics [109, 110].
This type of bioreactor can be used to investigate cellular behavior under
dynamic conditions, mimicking the physiological environment of the IVD.
They are especially useful in studies involving cell integration and ECM
production. These bioreactors have also been shown to enable effective
cell propagation while promoting matrix synthesis, demonstrating distinct
advantages over traditional monolayer cultures [109, 110]. These systems
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can be integrated with more advanced bioreactors that apply mechanical
loading to better simulate the in vivo disc environment [102, 111]. Such
findings underscore the utility of these bioreactors in understanding IVD
pathophysiology and in assessing the effects of various mechanical loading
scenarios on disc degeneration.

Axial loading bioreactors

Axial loading bioreactors are commonly used to apply dynamic mechanical
loading to IVDs, simulating the physiological conditions under which IVDs
operate in vivo. Traditional bioreactors primarily applied uniaxial com-
pressive loads to mimic the basic physiological loading of IVDs [112, 113],
but next-generation systems now incorporate multiaxial loading, includ-
ing six degrees of freedom (DOFSs), to more accurately simulate the com-
plex, multidirectional forces experienced by the spine during daily activi-
ties [111, 114, 115]. These bioreactors allow researchers to evaluate cellular
responses to mechanical stimuli and nutrient flow across the endplates,
which is essential for maintaining disc health. Axial loading bioreactors
demonstrated that discs maintained significant cell viability under loading,
promoting nutrient flow and tissue viability [116].

Organ-on-a-chip microfluidics

Organ-on-a-chip systems are microfluidic in vitro models that recreate key
features of IVD tissue, such as cell organization, nutrient transport, mechan-
ical loading, and inflammatory signaling. They are used to study IVDD,
immune-cell infiltration, and pain-related pathways while reducing reliance
on animal models. Organ-on-a-chip systems can mimic IVD physiological
conditions more realistically by combining controlled flow, gradients, and
mechanical cues making them more relevant than simple 2D cell culture
and more flexible than animal models for mechanism studies [117-120].

3D bioprinting

Although not considered a culture bioreactor, 3D bioprinting technology has
emerged as a groundbreaking method for creating bioengineered IVD models
that replicate the anatomical and functional characteristics of natural tissues.
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It enables biomimetic scaffold fabrication that imitates the macroscopic
and microscopic architecture of the native IVD [121, 122]. By precisely
depositing cells, biomaterials, and growth factors, 3D bioprinting allows for
the creation of complex disc structures that can be used to study cellular
interactions and mechanobiology in a controlled environment [123-125].
Bioprinting utilizes a variety of bioinks, often combining natural hydrogels,
such as gelatin, alginate, and hyaluronic acid, with synthetic polymers
to achieve both mechanical strength and biocompatibility [126]. Recent
advancements in this area have the potential to create patient-specific models
for regenerative therapies.

Limitations of advanced 3D culture systems and bioreactors

Despite their advantages over conventional monolayer culture, these tech-
nologies cannot fully reproduce the structural and biological complexity of
a living vertebral motion segment. Hydrogel and cell-based systems isolate
selected cell populations from the native organization of the NP, AF, CEP,
BEP, bone marrow, ligaments, and other surrounding tissues. Consequently,
they cannot completely reproduce tissue—tissue interactions, spatial gra-
dients, native ECM architecture, or the coupled mechanical behavior of
the vertebral complex. Dynamic flow systems improve mass transport but
can expose cells to non-physiological flow and shear conditions, while the
observed response remains strongly dependent on scaffold composition, cell
source, and culture parameters [107-110]. Similarly, organ-on-a-chip and bio-
printed models reproduce selected features of the IVD rather than the entire
organ system. Their simplified geometry, restricted number of cell and tissue
types, material-dependent properties, and limited long-term maturation
constrain direct translation to the native human disc [121, 123-126].

Whole-organ culture under multiaxial loading currently provides one of the
closest approximations of native IVD architecture and mechanical stimula-
tion because it preserves several tissue interfaces and permits the controlled
application of complex loads [102, 104, 111, 114, 115]. Nevertheless, even
this approach remains an isolated ex vivo system. Culture media, oxy-
gen tension, nutrient gradients, waste removal, and loading histories can
approximate but cannot remain identical to the continuously changing in
vivo environment. Harvesting also disrupts vascular, neural, marrow, and
surrounding soft-tissue connections. The explant consequently receives no
physiological supply or recruitment of circulating immune cells, progeni-
tor cells, or other systemic cell populations, and it lacks endocrine and
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whole-body regulatory inputs. Cell and tissue viability therefore declines
with culture duration, particularly when transport through the endplates
is impaired, limiting the study of long-term degeneration, remodeling, and
repair [102-104, 116].

These platforms should therefore be regarded as complementary model
systems rather than complete replacements for the living vertebral complex.
The appropriate syst ultimately depends on the research question as reduc-
tionist cell and chip models provide experimental control and mechanistic
resolution, whereas organ culture and multiaxial bioreactors offer greater
structural and mechanical fidelity at the cost of lower control, finite viability,
and limited access to systemic interactions. Findings should consequently
be interpreted within the boundaries of each model and, where possible,
validated across complementary in vitro, ex vivo, computational, animal,
and clinical approaches.

1.6 The spectrum of in silico technologies in IVD
research

Computational (or in silico) tools have become increasingly integral in IVD
research, providing innovative approaches to simulate biological processes,
assess mechanical properties, and investigate the effects of various interven-
tions on IVD health and degeneration. The development and refinement
of these models can enhance understanding of IVD pathophysiology and
facilitate the exploration of potential therapeutic strategies. The spectrum
of in silico technologies ranges from white box, (knowledge driven and
first principles based models) to black box (data driven approaches based
on statistical methods, machine learning, and artificial intelligence) with
numerous hybrid approaches combining elements of both paradigms. One
of the key advantages of these tools is that they allow the integration and
interrogation of the observations from pre-clinical and clinical studies. The
following subsections provide a more detailed discussion of specific types of
computational models and their applications in IVD and LBP research.
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1.6.1 Regulatory network models

Regulatory network models (RNMs) are computational frameworks that
represent biological entities as nodes and their regulatory interactions as
directed edges to simulate complex biological systems and predict their
dynamic behaviour. Their primary focus is on the interactions and regulatory
relationships within a network of interconnected nodes rather than on the
behaviour of individual entities. By identifying stable system states, or
attractors, these models can simulate how perturbations, such as therapeutic
interventions or changes in the cellular microenvironment, shift cells toward
healthy or degenerative phenotypes [127-130].

1.6.2 Agent-based models

Agent-based models (ABMs) are computational frameworks that simulate
the behaviors and interactions of individual agents, e.g., cells and molecules,
within the complex microenvironment of the IVD. In contrast to RNMs, the
primary focus of ABMs is on the behaviors of autonomous agents. These
models are particularly valuable for studying the multifactorial and dynamic
processes underlying disc degeneration, which are difficult to capture in
vivo or in vitro. They have been used to mimic the behavior of IVD cells in
3D environments, integrating multiple biochemical and mechanical stimuli.
This allows researchers to study how IVD cells respond to factors such as in-
flammation, nutrient deprivation, and changes in tissue properties [131, 132].
These models can be used to predict cell death under specific biochemical
conditions and to quantify catabolic shifts in gene expression under adverse
conditions [68, 133].

1.6.3 Finite element modeling

Finite element modeling (FEM) (or Finite Element Analysis) is widely
utilized to solve complex physical or biochemical processes by spatially
discretizing systems. They are used to model the mechanics of the IVD,
allowing researchers to study stress distribution, deformation patterns, and
the biomechanical response of discs under various loading conditions. FEM
enables the creation of detailed models that can represent the heteroge-
neous structure of the IVD, including the AF and NP, and can incorporate
different material properties, fiber orientations, and even stages of degenera-
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tion [134, 135]. FEM can simulate the impact of different spinal postures
and movements on the IVD, helping to identify risk factors for degenera-
tion and develop optimized rehabilitation strategies. The value of FEM
was demonstrated in assessing stress distribution in discogenic back pain,
showing how specific movements affect mechanical loading [136]. The effects
of osteoporotic vertebral degeneration on lumbar spine stability were also
evaluated through 3D FEM, indicating that modified loading conditions can
influence the stability of IVDs. Such models provide valuable insights into
the relationship between degeneration in vertebral bodies and the overall
health of the IVD [137]. Additionally, these methods are utilized to test the
impact of surgical interventions, spinal implants, or regenerative therapies
in a virtual environment before clinical application [138].

1.6.4 Imaging and artificial intelligence techniques

Various imaging and image analysis tools are used to quantify features
from medical or laboratory images. Magnetic resonance imaging (MRI)
remains the gold standard for assessing IVDD due to its superior soft tissue
contrast and ability to visualize disc structure and hydration status [139-141].
Standard T2-weighted imaging (T2WI) is commonly used for qualitative
evaluation, but it has limitations in reproducibility and correlation with
clinical symptoms [142]. Computed tomography (CT) is also valuable for
detecting disc calcification, extrusion, and bony changes, particularly in
cases where MRI is contraindicated [141, 143]. Advanced imaging techniques,
combined with artificial intelligence (AI) such as deep learning models, are
revolutionizing the field of IVD research as they excel in pattern recognition
and predictive modeling. AI models have been trained to classify disc
degeneration according to established grading systems, e.g., Pfirrmann
grading, showing high sensitivity and specificity and supporting clinical
decision-making [144]. They are capable of automatic detection of narrowed
IVD spaces in X-ray images, enhancing the initial screening of IVD disease
and herniation by providing quick and accurate assessments [145, 146]. Other
models, particularly convolutional neural networks (CNNs) and architectures
such as U-Net, are used to automatically segment spinal structures and
measure parameters such as disc height and spinal canal diameter from
MRI scans. These methods improve efficiency, accuracy, and reproducibility
compared to manual analysis [147, 148].
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1.6.5 Multiscale modeling

Multiscale modeling in IVD research integrates several types of compu-
tational approaches to understand the complex structure—function rela-
tionships of the disc across multiple biological scales, from the molecular
and cellular level up to tissue and organ levels [68, 149]. It bridges the
gap between cellular processes, ECM composition, tissue mechanics, and
organ-level function. This allows researchers to study how changes at the
micro-level, e.g. fiber orientation and cell signaling, influence macroscopic
disc behavior and vice versa [68]. These models can also incorporate multi-
phasic mechanics, accounting for solid, fluid, and ionic phases within the
disc. This is vital for simulating osmotic behavior, water-content changes,
and their effects on disc mechanics and degeneration [149, 150].

Computational models are advancing towards a more personalized approach
and future models are expected to simulate patient-specific CEP shape and
environments to more accurately simulate pathophysiological processes such
as water and nutrient transport [48, 151-157].

1.7 Conclusion and outlook

This chapter established the clinical relevance of LBP and outlined the
developmental, biological, and biomechanical characteristics of the IVD that
contribute to its degeneration. It described how the isolated environment of
the IVD is maintained and how disruption of its barriers can permit immune
activation. In addition, the chapter reviewed the principal preclinical, in
vivo, and in silico approaches used to investigate these processes. Together,
these perspectives support the view that IVDD cannot be understood
through a single tissue, mechanism, or model and highlight the EP as an
important interface linking nutrient transport, mechanical function, and
communication between the disc and vertebral body.

Building on this context, Chapter 2 focuses specifically on the CEP, ex-
amining its structure, composition, permeability, mechanical roles, and
changes during degeneration. This transition from a broad overview of
IVD pathophysiology to a detailed assessment of the CEP establishes the
rationale for the experimental and computational investigations presented
later in this thesis.
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CHAPTER —— 2

Cartilaginous Endplates: A
Comprehensive Review of
an Understudied Structure
in Intervertebral Disc
Research
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The cartilaginous endplates (CEPs) 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 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 (AC). 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 fail to
address, or even consider the CEP, despite its key role in nutrition and
mechanical stability within the IVD. Thus, the CEP should be considered
and potentially targeted for future sustainable treatments.

2.1 Introduction

2.1.1 What is the CEP?

The IVD provides the spine with flexibility and operational mechanical
support. Depending on the speed or dynamism 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 CEPs 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, i.e., the bony endplates
(BEPs) [47, 52, 158, 159]. The CEP thickness varies greatly even within
healthy IVDs, according to age, location in the spine (disc level), position
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in the IVD (cranial, caudal) and region in the tissue (central, peripheral).
Its extracellular matrix consists of mainly type II collagen, proteoglycans,
and water [160].

The CEP plays a key mechanical role in preventing the disc from bulging
into the adjacent vertebral body (VB) [161] and providing cranial and caudal
anchorage for the fibers of the inner AF and NP of the innermost part of
the AF (Table 2.1.1) [162-164]. 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 largest avascular
tissue in the human body [48, 165]. While AC relies on diffusion from the
subchondral bone and via synovial fluid for nutrition [166, 167], the CEP
relies on diffusion from neighboring blood vessels. 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 [168]. 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 [169],
e.g., when reporting fluid transport in the IVD [170] or radiological signs of
IVD degeneration [171] even if the authors acknowledge that the vertebral
endplate is a bilayer of cartilage and bone [172, 173]. Arguably, it is difficult
to isolate the CEP from the BEP experimentally, and this must be done very
carefully [78, 174]. Clinically, the distinction of the two tissues 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 [175]. Further, it is the authors’ recommendation to
define the CEP and the BEP independently where possible, or otherwise
explicitly define the vertebral endplate as a construct of two tissues.

2.1.2 Developmental biology of the CEP

The CEP, AF and vertebral bodies develop from the mesoderm, specifically
from the sclerotome [209]. AC is also derived from the mesoderm (Ta-
ble 2.1.1) [176, 177]. In contrast, the NP develops from the notochord [73].
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 [210]. The Sonic

20



H

's1soxe[0s JHD ul (I,D) AydeiSowo) pendurood
"8-0 ‘quosard ore soanyes) aArpeIoUsSop usym A[[RIadse ‘SeInjoniys 9soy) SUIYSMSUIISIP Ul JURAD[DI oIe sarjiepowr Surdewt o[y 4

[€81] AT Aysreoy ur
dN pue JV usamiaq
Arepunoq o1} ur
JueIpRIS © YNM ‘JHD
WO} S[qRYSIM3UIISIPUL
‘THIN PoyySom-z T,

uo osujulod A

[16] D pue spssoa
poolq Sunmoqysrou
woIy uotsnyr(J

[07] AV

I9UUTI e Ie[noseA® pue
AV 9Yy? Jo pary3-auo
I9INO J® IR[NOSBA

[¢2] (ewoj010708)

[e81] dN Pue
AV weamiaq Arepunoq

oYY Ul JueIpRIS © pue
AAI Aaresy ur JoD
EO.@ QOE\N@QE@@ Hm@ﬁo
THIN PoySom-zT,

uo osujuLIRdAH

(28T ‘26 ‘16] dAD

[981] ouoq pue
ONSST) 9JOSs Juede(pr

WOIJ d[RYSMIUIISIP

pue TN PoySom-g T,
U0 osujuIod A

woIj UOISNYIP [L9]] dUoq [eIpuoyoqns

‘[16] stsA1004[3 oyy pue [29T ‘991] pmy
OIJOIORUY [RIAOUAS WIOI UOTSNPI(]

[0g] Temoseay

[187] yuotdoraaap jo
98®)s o[} JO Sso[pIR3aI

[08T ‘99T] Temoseay

e8T-€8T] TIIN

uo oye[dpue Auoq woIj
dHD SurjerjusIapgIp

ut jsisse (L0)

QW) 0129 }I0YSeIYN Se
yons seouonbes oygadg
ore[dpus Auoq

WOJJ d[qRYSMIUT)SIpUT
{(Tam)

SuISRWI 90UBUOSOI
O1joUSRUW POYSIOM-Z,T,
uo osujuIod A

[28T] s[essoa

poolq Sunmoqysiou
WOoIj UOISII(]

621

‘QLT ‘¢L] pooyimpe
ul Ie[noseae

YHIQ 9e IRTNOSBA
[¢2] (um0j0I01DS)

souLgeuy

90IN0S UOTILIINN

Ayrrenosep

ULIOPOSOTA [¢2] pIOUDPOION  [LAT ‘9LT] TLIOPOSOIA ULIOPOSOIA UISLIO ONSSI],

(an) (Ov) (daD)
A,m/\v mSmOHQ@ m5~55Q< waOQﬂDQ mSBOSZ wwdﬁwﬁmo Mﬁﬁzoﬂm< @uﬁ?m@ﬁ@ mﬁogﬁwﬁﬁupﬁo owumﬂwuoﬁpﬁﬂo
~mhwﬁww .<

"SOOURISYIP [e1auad 1y Hed "V Pue ‘dN ‘OV ‘dHD SeNssI) Snourse[rjred oy} usomiaq SoOUaIsyI( :T'T°¢ 9198,

21



[661] &ymSrpuos
ur s[eo ordiymw
10 ‘paared ‘(oo o[3urg

[L61] 1OV

pue ‘zA4X0d
TAXOd ‘9dIVANL
‘TdSVE ‘dINNL
‘NLJ ‘NVOA ‘110D
[g61] (v 3n0)

S[[e2 SI[-1se[qoIqy
‘ULIOJIST ‘Pojesuo[d
pue (JVy JIouur)

S[[@9 OYI[-93420IpUOTD
papunoy

[€6T] 0&F Jo oFerore
U® JO SUOI}BIUSLIO
9)eUINTR M
pousife ‘[161] 1M
A1p 30 %0L

[161] 1ySom
£1p Jo HYVH %01

[g] oeunorer

ur s[[eo 9[surg

(261] TdDV

pue ‘zAX0Jd ‘TAXO0d
‘OdIVANL ‘1dSVd
‘NN ‘NVDA
‘NVOV [86T] 61T
{961] ZSOAO ‘TIVD
‘IdH ‘TAX0d ‘TXVd

[v61] steo
OYI[-9140-0IpUOYI0IT

[16T] yyStom
£Ip 3o %0g

[T6T] yyStom
AIp JOo HVD %0S-%0€

[$91] woryezruesio
H@gasﬁoo

[26T] NId ‘NVOV
‘961] INTEA ‘dSdI

TILAD ‘0T4dD
[941] punoi1 :ou0zZ

doop se1qy uaSe[oo
93} JO UONOLIIP o1}
ur pejeduors A[jysis

pu®R popunol :ou0zZ
pru pue [ewoyedng

[¢67T] yySrom A1p
4q waBer[oo 9%0.-09

[26T] yyStom
A1p £ DV %ST-¢

[797] peSueire
A[wopurey

[16] TV2T0D
TVITOD (NVOV)
ueoa1sse ‘(JINg)
urjoad orpeusdoydiouwr
ouoq ‘(MYH)

OSRULY PojR[NSaI-[RUSIS
TeN[[9OBI)XD

[g] s10qy uele[oo

97} JO Uonwalip

oY) UI poje3uUO[d
AT)S1s pue papunoy

[6ST] 1M

Aap 8w /311 6'988-0°62¢

pue 1] yyStom

A1p Sur/8r 1.1 F 189
[681] YStom L1p

Sw /S 4,87 QT-LET
pue [Ly] 1qSomn

Lp Sw/3n (HvD)
uRDA[SOUTIIRSOIATS
pareIns %p €13 L
[68T ‘79T] %¥'29-T'CC
ﬁgﬁ

[27] mm L1p Suwr/109em

XLIyeUl
TRTN[[9OLID ]

SIOYIRUI QUSY)

A3oroydIowt 100

ua8R([0))

uRIA[S00101g

[161] %0L-%0% [161] %06-%0L [061] %L 0L SW 999 T-GRG'T  JUIUOD I9YBA\
[881] Tur/s[e0
[L8T] Tun/s[(e0 (0T X 6 [L8T] Tur/s[[e0 40T X ¥ 00T X GT-FT [L8T] TuL/S[[@d 40T X &1 A3suap )
(dN) (OV) (ddD)

(V) snsoiqy sninuuy

snsodnd snofonyN

9e[T)Ied IRNOINIY

ore[dpuoe snourge[re)

JIISLIjIRIRY))

uorjisodwod [esrwayoIyg g

H

22



H

[€0g] wt

[RIQOIDA O3 09 OSIP
o} SuLIoyPuUR ‘GGA 9}
09 SpudIXe JVy o)
[802] ®dIN 62°31-95°C

[902] SN/ W ¢1—0T

[€0g] poypelre A[Suoms [€0g] yuottpRIep
wot) SUlyewW SI9qy 01 o7qrydeosns
uoge[[0o Irenorpuodiod pur yrom 91 oeu el

V/N Aq paIoypuy SId(Y USGR[[0D [o[[RIR]
[802] ®dIN 99'T-1 [202] edIN 0&-T  [681] BdIN 8°'1G-S°0
(28T ‘8F

[90g] SN/ ;U ¢ 0T [C6T] SN/ W 10T ‘LF] SN/pW 5;—0T X 99°T

UOT)ORIDIUT DUOY
SOMPOU O[ISUI],

X 61'0F €20 X 60°0F L9°0 x (270 F 9L°0) pu® 4;_0T X LC'T Aypiqe-outiog
[T0g] ostp o1y woxy
so[nosjouw urdA[309301d
a31e[ JO $SO]
quenald pue ‘[G0g ‘F0T
[69T ‘26 ‘|F] osIp ‘69T ‘19T ‘L6 ‘8F] 2s1p
a1} JO MO pue Ojul a1} JO MO pue OjUI uorjouny
9)seM pUe SJUSLIINU 9)SeM pUE SJUSLIINU Ayniqesued
jo KemoeS Arepuodog V/N V/N Jo Aemarel urepy Arewtig
[20z ‘107 ‘F971] SwSmq
IO Juryeruioy
woay osIp 9y} Juesaxd
[8GT] @mssoxd pue ‘[z0¢-008] AAI
Py ySnoIt) o9oejIojur [08T] yuomRAOII 9} SSOIde
[eog] aA dd0-ddd °Y? (woroty-mor) UONNALISIP SS0.138
a1} 09 (JAT oY} IOoTydUR UrejUTeW pue (JAT 93} pojeotiqn] opraoid  WLIOJIUN B UTRJUTRUT uorjouny
pue [z91] A[[e1oge] 03 speo] oAlssordwiod  pue JUOUWLAOW JUIOf pue osIp 9} Jo Ino [eoTuRyDoW
dN °Y3 suguop PURISTIA\ SULIMP PRO[ SINLIISI(] PUR UL MO PINY ISISN] Arewrtig
(dN) (OV) (dad)
(V) snsoiqy sninuuy snsodmd snafony a8e[rres remonay oyeidpus snourSerrire) OT)SIIOYORIRY)

Aiqeswrad pue SOIURYILIA D

23



Hedgehog (Shh) spatiotemporal regulation led by the notochord further
differentiates somite to sclerotome and simultaneously promotes spine seg-
mentation [211]. After sclerotome segmentation, cells proliferate, condense,
and undergo chondrogenesis to form the vertebral bone (through the en-
dochondral bone process), the AF and CEP. This complex regulation is
governed by the coordinated action of Shh, SOX5/6/9, Pax1/9 and BMP
pathways [209].

At birth, the human CEP is thicker and takes up approximately half of
the intervertebral space, which is reduced to about 5% by adulthood [73].
Additionally, blood vessels are present at infancy, but are replaced over
time by cartilaginous extracellular matrix (ECM) and almost disappear by
skeletal maturity [73, 178, 179]. 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 [73, 178]. 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 [212]. 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 two or three years when children start to walk [213-216]. Weight bearing
and movement have been shown to influence the shape of the vertebrae and
IVDs [213]. The CEP is vascularized during fetal development; however,
by the age of 10 there is a substantial decrease in blood vessels, which
are lost by adulthood [40]. Similarly, 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 [40]. In
contrast, AC [166, 180] and the NP [50] are avascular regardless of the stage
of development [181]. 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 activation
of matrix metalloproteinases (MMPs) which degrade the ECM [178, 179].
Furthermore, oxidative stress has been shown to induce CEP calcification
through the p38/ERK/p6 pathway [217], which acts in conjunction with
mitogen-activated protein kinase (MAPK) stimulation. This pathway is also
involved in cartilage calcification in osteoarthritis [218], and is implicated in
embryonical endochondral ossification in coordination with the transforming
growth factor beta (TGF-3) and BMP families [217, 219]. Similarly, AF
and CEP have both been demonstrated to be the source of pathological
fibrocartilage in the NP [220]. Thus, the ability of CEP to move towards
bone phenotype (calcification) and to equivalent AF cell fate (fibrocartilage)
suggests that CEP cells maintain developmental-like plasticity, and con-
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sistent tissue homeostasis to maintain their healthy phenotype. Similarly,
this de-differentiation capacity has been shown in AC, where significant
differential expression in the ERK and BMP pathway genes is observed [221].

2.2 Healthy CEP

2.2.1 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 [179]. The BEP is a layer of porous, coalesced trabecular bone contain-
ing pockets of vascularized bone marrow enabling the two-way transport of
nutrients and cellular metabolic products [222]. 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 [223]. The thicker
peripheral section of the BEP forms a junction between the CEP and AF
with the vertebral body [224].

The structural integration of the CEP into the BEP, AF, and NP varies [158].
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 [158, 203, 225]. This is different than AC—
bone interfaces, where the collagen fibers of the cartilage are perpendicular
to the bone, anchoring the tissue types together [203]. 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 [158, 203]. Also at the BEP, there are capillaries that penetrate
the pores of the subchondral bone and terminate by looping before the CEP
junction [91, 97]. The capillaries are denser at the center of the vertebral
endplates above the NP, which is where the IVD is thickest [204]. As the
mature IVD is considered as avascular, the nutrient and waste exchange
occur by diffusion from these capillaries [182]. Although diffusion can occur
through the outer AF, the CEP is considered as the main gateway for
nutrients into the disc and waste out of it [48, 97, 161, 169, 204, 205]. The
diffusion distance between the CEP and the cells in the center of the NP
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can reach 8 mm [168], which provides a shorter route for diffusion than
through the AF.

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 [203]. The
outer AF connects directly into the bone while the inner AF and NP connect
to the CEP [158, 203, 226]. 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 2.2.1) [203, 227]. Additionally, scanning
electron microscopy (SEM) analysis of ovine discs has shown that that the
collagen fibers of the AF branch, which strengthens the annulus—endplate
(EP) anchorage by increasing the interface area over which shear forces are
distributed [228]. 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 [158, 225]. Collagen fibers in the CEP
differ from both the NP and AF [229]. 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 [164, 229].
Additionally, the collagen 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 [230]. Additionally, 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 [162—
164).

Interestingly, the caudal CEP is usually thinner than cranial one and both
are rich in type II collagen, proteoglycans, and water [164]. Measurements
of cadaveric human lumbar CEPs properties found that collagen content
was 681 + 171 pg/mg dry weight [47], or within a range of 32.9-88.69%
dry weight [189]. In comparison, the collagen content of AC has a smaller
range of 60-70% [192] while that of the NP was around 20% [191]. Collagen
content of the AF was around 70% [191] and has a specific alternating
aligned orientation of an average +30° [193]. The average sulfated GAG
content was 103 £+ 31 pug/mg dry weight [47], or within a range of 4.37%
and 18.48% dry weight [189]. The GAG content is similar to that of AC,
which ranges between 5% and 15% [192], and that of the AF which is
10% [191]. The NP GAG content, on the other hand, is much higher,
ranging between 30% and 50% [191]. CEP hydration was 1.585-1.666 mg
water/mg dry weight, and CEP porosity was 0.648 4+ 0.069 [47]. The water
content of the CEP, which ranges between 22.1-62.4% [164, 189], is much
lower than that of AC, at 70.7% [190], the NP, at 70%—-90%, and the AF,
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Figure 2.2.1: Healthy (A) versus degenerative (B) CEP.

at 50%-70% [191]. Chondrocytes are distributed throughout the CEP and
are responsible for maintaining the ECM and, thus, providing stability to
the tissue [52]. 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 [2, 176]. The cell density of
the CEP is ~ 15 x 10° cells/mL with the highest density closest to the
vertebral bone. Although similar to the cell density of AC (1.4-1.5 x 107
cells/mL [188]) this is nearly four times the cell density of the NP (4 x 10°
cells/mL) and two times that of the AF (9 x 10° cells/mL) [187]. Recent
single-cell analysis of human IVD cells have demonstrated that there are
different IVD cell clusters non-randomly distributed in the AF, NP, and
CEP [231]. 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 components of the pericellular matrix
around the CEP chondrocytes are hyaluronan, proteoglycans and type VI
collagen [232], while interstitial collagen is mainly composed of type II
collagen [233] and proteoglycans, where the type chain, length, and quantity
of GAGs determine the water content [234]. Type X collagen, a calcium-
binding collagen which is a key marker of hypertrophy, increases with age
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and is associated with increased calcification of the CEP [235]. Additionally,
depletion of one of the collagen type II gene (collagen type II (COL2)) alleles
has been shown to promote calcification of the CEP in mice [236]. Unlike
AC, the CEP has a randomly arranged pericellular matrix that does not
follow a columnar organization [164]. In comparison, the NP has single
cells in lacunae [3], and the AF has single cell, paired, or multiple cells in
contiguity [199]. In addition, the CEP is less hydrated and has lower GAG
content than AC [164], which is why it should be considered a different and
unique tissue. Negatively charged proteoglycans represent approximately
15% of the dry weight of CEP tissue [47]. CEP cells exhibit an elongated
morphology aligned to the collagen-rich ECM and are arranged parallel to
the VB, similar to superficial zone chondrocytes of AC, while deep cartilage
AC cells present a round morphology and are arranged perpendicular to
the adjacent bone [2, 176]. In contrast, the NP has fibrochondrocyte-like
cells [194]. 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,
fusiform, and fibroblast-like [195]. Furthermore, AC cells present a decreased
expression of ECM genes (ACAN, COL1A1, COL2A1 genes) relative to
CEP cell expression [2]. Other possible gene markers suggested for the
CEP include ERK, BMP [91]. Genetic markers of AC have been proposed
as GDF10, CYTLI1, IBSP, FBLN1 [196], ACAN, and PTN [197] while
NP markers are considered as PAX1, FOXF1, HBB, CA12, OVOS2 [196],
KRT19 [198], ACAN, VCAN, TNMD, BASP1, TNFAIP6, FOXF1, FOXF2
and AQP1 [197]. Genetic markers of the AF have been indicated as COL1,
VCAN, PTN, TNMD, BASP1, TNFAIP6, FOXF1, FOXF2 and AQP1 [197].

2.2.2 Mechanics and permeability within the CEP

Effects of pressurization on CEP mechanics and permeability

Mechanical forces are crucial in maintaining cartilage homeostasis [237].
Chondrocytes respond to the mechanical environment, which contributes to
the regulation of cell metabolism. As with other cartilage tissues, mechanical
loading, such as compressive, tensile, and shear forces as well as pressure from
fluid flow, is essential for the function of the CEP [238]. While overloading
of the disc will result in vertebral endplate fractures or another injury, lack
of mechanical stimuli will also impair disc homeostasis [239]. 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
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of interstitial fluid in response to compression while preventing the disc from
bulging into the adjacent VB [229, 240, 241]. This fluid pressurization helps
to maintain a uniform stress distribution across the IVD [200]. Thus, the
permeability of the CEP is essential in maintaining the intradiscal pressure.
In contrast, AC mechanically distributes load during joint movement and
provides lubricated (low friction) movement [180]. However, it does not play
an important role in permeability.

The reported permeability of cartilaginous tissue varies significantly. AC
has been reported to have a permeability of 0.76 +0.42 x 10~ m*/Ns [192]
while the NP has a permeability of 0.67 40.09 x 10~ m*/Ns, [233] and the
AF has a permeability of 0.23 £0.19 x 10~'® m*/Ns [206]. The permeability
of the CEP ranges between 1.27 x 10716 and 1.66 x 10~ m*/Ns [47, 48, 182],
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 x 1071 m*/Ns in human CEPs, and explained the significantly lower
measured permeability as due to inhomogeneities and focal cartilage lesions
common in degenerated human samples [204]. 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 x 10 m*/N —s) [47, 91,
204, 242]. However, a more accurate representation would consider the
CEP permeability as a gradient which exponentially increases from the NP
towards the BEP according to proteoglycan content [48]. Early studies
using disulfine blue dye also demonstrated higher permeability across the
CEP at the center than across the lateral regions [169]. However, despite
this, the central region of the NP experiences low nutrition and high lactate
concentrations due to the large diffusion distances across discs, particularly
in the lumbar region [205]. 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 one [164] possibly due to the differences in
loading experience.

Effects of biochemical composition on CEP mechanics and perme-
ability

The biochemical composition is fundamental in determining the material
properties of the CEP, and therefore the permeability and response to
mechanical loading [189, 241]. It has been proposed that there is an optimal
range of biochemical composition that balances both the biomechanical and
nutritional demands of the CEP [189]. To this extent, the CEP must be
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stiff enough to hold the disc together but porous enough to allow for solute
transport. Therefore, the CEP tensile properties have been found to be
inversely related to the transport properties [206]. 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 to the lateral CEP, which is stiffer and thus could withstand a
more significant portion of loading [241].

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 [158], although
the central CEP will experience transverse shear and some tensile stress
when the NP bulges laterally during compression [225]. The tensile modulus
of the CEP was found to be 5.9 + 5.7 MPa, ranging from 0.5-21.8 MPa [189].
In comparison, the tensile modulus of AC ranges from 1-30 MPa [207], NP
from 1-1.66 MPa and AF from 2.56-12.29 [208]. The tensile modulus of the
CEP positively correlates to the collagen content; however, water and GAG
content have been shown to have minimal effects [189]. In contrast, water
content is expected to play a more prominent role than GAG content in the
extrinsic viscoelastic, or poro-elastic, properties, i.e., aggregate modulus and
hydraulic permeability, and diffusion of the CEP, alongside other cartilage
tissues including the NP, AF, and AC [164, 229, 241]. Yet, GAG content
is considered more important in osmotic properties, rather than elastic
properties in the CEP [164]. In particular, multi-physics models showed
that this characteristic might provide the GAG with an important role in
the effective control of the fluxes of fluid between the BEP and the NP, by
the CEP [48]. Interestingly, GAG quantity has been shown to not correlate
with water content [164], 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 [91, 161], while solute transport into
and out of the IVD depends on solute size [97], shape, weight [161], and
charge (Figure 2.2.2). For small molecules, net charge is the determining
factor of diffusivity through the CEP [160]. The charge of the molecules
are important due to the Donnan osmosis effect, in which small positive
ions from the interstitial fluid migrate into proteoglycan-rich tissues [243].
Water enters the tissue to equilibrate the chemical potential, and the tissue
swells as much as allowed by the collagen network and surrounding tissue
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constraints. Thus, electrical charge of small particles impacts the diffu-
sivity [244, 245]. Further, multiphysics models suggest that proteoglycan
content has a greater effect than collagen content on the macroscopic hy-
draulic permeability of the CEP [48]. Nevertheless, when biopsies or cores
of CEP are used it is challenging to control potential GAG loss and tissue
swelling in altered osmotic environments in vitro compared to those seen in
vivo. Thus, future studies where GAG release into media is prevented and
osmotic pressure is controlled are essential to further the understanding of
CEP permeability [246].
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Figure 2.2.2: Healthy CEP diffusivity to different types of solutes, governed pri-
marily by charge for small molecules and by size and shape for larger molecules.

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 [161]. Due to their ability to bend, linear polymers have a relatively
high diffusivity compared to spherical molecules of the same molecular
weight [47]. However, long-chain polymers have a relatively low diffusivity
compared to globular molecules of the same, or even higher, molecular
weight. For example, starch, a globular 10 kD molecule, diffuses more than
polyethylene glycol (PEG), a long-chain 4 kD polymer [161].

Additionally, dynamic loading influences convective solute transport of large
solutes, particularly in less porous CEPs [47, 229, 247, 248]. 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 [47, 246]. In contrast, static compression can decrease diffusivity
and inhibit nutrient transport because the tissue gets compacted, and thus
porosity decreases [229, 238].
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In silico investigation of CEP multiphysics

In silico simulations, such as finite element modeling (FEM) and computa-
tional 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 simulations, simplified
to a boundary condition of the IVD [249], or given homogenized proper-
ties [250]. Since experimental data on the CEP is limited, equations and
material properties determined for the IVD or AC are often used to repre-
sent the CEP [48]. 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.

Nevertheless, models have given insight into how the IVD gains water during
8 hours of rest at night much faster than it loses water during 16 hours 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 [251]. Coined as the “intervertebral disc valve
theory”, this mechanism might explain functional anisotropic, or direction-
dependent, flow resistance mechanism in the CEP [252] and has been backed
up by experimental measurements [252] and independent permeability mea-
surements [182]. 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 [52]. These sim-
ulations 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 [48]. However, there are
contradictory findings on whether the favored direction of flow at the CEP
is in-flow or out-flow [246, 253].

2.3 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
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that occur to the CEP and BEP can alter the mechanical and nutritional
environment of the IVD, triggering degeneration. 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 (morphology, immune phenotyping, proliferation and gene
expression) to bone marrow mesenchymal cells from the same patients [174].
BEP defects have been associated strongly and independently with IVD
degeneration [254], where they have been hypothesized to be an initiating
factor to degeneration of the disc [215, 255-257].

2.3.1 Imaging endplate defects

BEP defects include several key recognizable features, which are normally
identified on MRIs (Figure 2.3.1). CT has been used to identify the presence
of endplate sclerosis in Modic change (MC) but is not usually suitable
for clinical diagnosis or epidemiological studies [258]. Generally, the term
“endplate changes” in literature describing clinical T'1- and T2-weighted MRI
features refers to changes seen in the bone marrow adjacent to the CEP,
typically referred to as MC. Atypical changes that affect the endplate which
are detectable from MRIs can be classified into three categories: focal, corner
and erosive [259]. 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; whilst corner defects are changes in anterior 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 [259]. However, some features, such
as endplate changes in the upper lumbar spine may have a developmental
rather than degenerative origin [260]. Moreover, in a large population-based
study BEP damage was strictly associated with MC, rather than other
endplate defects [261].

MC, although by definition connected to the CEP, are at best an indirect
reflection of CEP status and do not correlate well with histology [262, 263].
The CEP itself is not clearly visible with conventional MRI sequences.
Cartilage has short T2 values, so the CEP signal is not detected or is very
hypointense. Additionally, its size ranges from 0.1-1.6 mm [158], which is
close to the typical pixel size of a sagittal T2-weighted MRI of 0.5 mm? [52].
This poses a significant challenge for identifying the role, if any, of the
CEP in low back pain (LBP) through imaging [264]. In contrast, AC is
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distinguishable from adjacent soft tissue and bone [186]. 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 figure in Law et al. (2013) [183]).
However, this feature is obscured when the AF is hypointense, which is
characteristic of the early stages of degeneration.

(A) Normal BEP and CEP (B) BEP and CEP defects (C) Modic changes

T1-weighted T2-weighted T1-weighted T2-weighted

]

Focal defect Type 1

Corner defect
T2-weighted Type2

Erosive defect Mixed type

2and 3

Figure 2.3.1: Examples of CEP and BEP appearance on 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) Mixed
type 2 and type 3 MC (orange and blue arrows, respectively) extending from the
L5-S1 IVD cranial and caudal BEP.

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 [214]. Considering the limitations of T1- and
T2-weighted sequences and CT for analyzing CEP features, alternative
quantitative MRI approaches have been implemented [265]. UTE MRI
is the most widely reported as an effective means of visualizing the CEP
and can show in wvivo the delineation of the BEP and CEP [183, 184].
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Outside of the clinical setting, both CT and MRI are widely used in ez
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 [266]. micro-computed tomography (uCT) has also been used in
such settings to confirm compositional characteristics of the CEP seen in
MRI such as sclerosis [267], or for detailed morphological and biochemical
characterization using contrast enhanced pCT [27]. These ez vivo imaging
approaches are needed to better understand the role of early CEP changes in
the pathogenesis of IVD degeneration, while clinically applicable sequences
and accompanying analyses capable of detecting early CEP changes are
needed for identifying at-risk patients and early intervention targets.

2.3.2 Significance in LBP

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 [268]. Areas of vertebral endplate damage
may trigger neoinnervation [268-270], with concomitant MC also shown to
be innervated [268, 271-273]. 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 cases [269]
and the CEP specifically can be accessed by nerves and blood vessels in the
case of damage [274].

Endplate sensory fibers may be activated mechanically and chemically 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 pro-inflammatory and neurogenic factors
and the by-products of NP anaerobic metabolism such as lactic acid [172].
Additionally, damage to the endplate alters the distribution of IVD stress and
the response to spinal loading [172, 222], 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 [275].

Although established as a plausible source of nociception, as with other spine
image phenotypes, the observed relationship between visible defects of the
vertebral endplate and the experience of pain is unclear. Multiple grading
schemes for qualitative grading have been put forward [276, 277], but no
consensus exists for endplate MRI image phenotype nomenclature [214],
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which makes it more challenging to interpret 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 UTE [265]
are not widely used in the clinical setting, and few methods for quantitative
image analysis of the endplate have been tested [264, 278].

2.3.3 MC: definition, prevalence, natural course, and pain
association

MC are MRI signal intensity changes of the vertebral bone marrow around
a degenerated IVD [256, 279] and independently associate with chronic
LBP [280-284]. A meta-analysis showed that MC prevalence in LBP patients
is about seven times higher than in the non-clinical population (43% versus
6%). MC occur predominantly in the lower lumbar spine [285]. There
are three interconvertible types of MC depending on their appearance on
T1- and T2-weighted MRI. Modic type 1 changes (MC1) (Figure 2.3.1)
are hypointense on T1-weighted images and hyperintense on T2-weighted
images and represent oedema, fibrovascular granulation tissue, infiltration
of immune cells and expansion of pro-fibrotic stromal cells [279, 286-288|.
Modic type 2 changes (MC2) are hyperintense on T1- and T2-weighted
images and represent fatty marrow conversion with presence of fibrotic
tissue [279, 288]. Modic type 3 changes (MC3) are hypointense on T1-
weighted and T2-weighted images and are sclerotic changes [279, 288]. 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 [281, 289]. 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 [290, 291]. MC can inter-convert
over time [279, 292-295]. MC1 are the least stable, where within four 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 [292].

The association of chronic LBP with MC has been extensively studied and
reviewed [296]. About half of the studies report a significant association
with an odds ratio (OR) ranging from 1.53 (95% confidence interval (CI)
1.02-2.29) to 83.10 (95% CI 4.85-1424) Only one study reported a significant
negative association with MC2 with an OR of —3.2 (CI —5.39-—0.1). The
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association of MC with discography concordant pain has a specificity of >
94% in 5 of 6 studies with an OR of 4.01 (1.52-10.61) in a meta-analysis [172,
296]. Larger lesions had a stronger association with discography-concordant
pain [297]. 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 verte-
brogenic LBP [268, 272]. 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 MC.

2.3.4 Association of BEP changes with CEP changes

Despite the importance of CEP and BEP in the onset of spinal pathologies,
the relationship between CEP and BEP is poorly understood due to the
difficulty of evaluating the CEP with imaging techniques. A study on ca-
daveric lumbar spines using UTE MRI was used to enable investigation of
CEP morphology within IVDs with BEP lesions, demonstrating abnormali-
ties of the CEP were statistically associated with BEP lesions [298]. After
needle induction of IVD degeneration in a rabbit animal model, the CEP
progressively thickened and showed increased collagen accumulation [299].
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 [300]. However, a precise understanding
of the sequelae of changes in the CEP and BEP is still missing. There is
comparably little data available about the integrity and damage of the CEP
in MC. Fields et al. (2014) [268] 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. (2022) [273] 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 [301, 302].
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2.3.5 Mechanisms of CEP damage in MC

While damage to the BEP is believed to be caused mainly through me-
chanical cues, mechanisms of CEP damage are poorly understood [303]. 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 noteworthy because it demon-
strates 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 [304]. Recent studies confirm the
possibility that activated immune cells in MC1 bone marrow can lead to
CEP damage [305]. 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
damage [273, 306]. 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 inhibitory
factor (MIF), and its receptor CD74 [272, 307, 308]. TNF upregulates
MIF in CEP cells, and MIF upregulates the secretion of pro-inflammatory
cytokines by CEP cells, through an autocrine mechanism involving 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 marrow 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 discussed as a potential
etiology of MC1, at least in a subset of patients [291, 309]. This is based on
reports in which disc tissue from microdiscectomy of herniated discs was
analyzed for the presence of C. acnes [291, 310-312]. C. acnes has been
isolated from discs adjacent to MC1 and the presence of this bacteria was
predictive for the development of new MC1 after one year. C. acnes is
assumed to migrate to structurally damaged discs through hematogenous
spread from a distant infection or from the skin and other epithelial surfaces
through the blood after innocuous lesions, e.g., tooth brushing [313, 314].
Disc herniation and endplate damage, both structural damages present 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
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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 MCl-like changes [315-317]. For example,
injecting a C. acnes strain, which had been isolated from a human MC1 disc
triggered hallmarks of MC1 within two weeks after injection, (i.e. MC1-like
MRI changes in the bone marrow, disc degeneration, fibrotic-inflammatory
bone marrow changes, and almost complete resorption of the CEP) [317].

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 pro-inflammatory and neurotrophic factors through a toll-like
receptor 2 (TLR2)-dependent pathway [317-320]. Stimulation 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 [321, 322].
Proteinases and hyaluronidases can directly degrade ECM components of
the CEP. Lipases hydrolyze triacylglycerides into glycerol and free fatty
acids. Free fatty acids, in particular saturated free fatty acids, are highly
pro-inflammatory by signaling through toll-like receptor 4 (TLR4) [323, 324].
Neuraminidases disrupt the ternary complex of toll-like receptors (TLRs)
with the membrane components CD24 and SiglecG/10 and abolish the
inhibition of TLR signaling by SiglecG/10 [325]. Together, C. acnes has the
capacity to cause CEP damage, yet the precise mechanism remains unclear.

2.3.6 Role of CEP damage in MC

Damage to the CEP compromises its function as a sieve for cells and macro-
molecules. In MC, where endplate damages are present, the degenerating
disc can cross-talk with the adjacent bone marrow [304]. Pro-inflammatory
and pro-osteoclastic cytokines that are produced at higher rates from MC
discs can more easily escape into the adjacent bone marrow [303, 304, 326].
Marrow-sided leukocytes can in turn aggravate degenerative changes in
the disc, even without infiltrating the disc itself [303]. 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 [256]. Furthermore, increased concentrations of cytokines and
chemokines produced during disc degeneration [70, 327] could more easily
diffuse out of the IVD into the adjacent bone marrow leading to chemotaxis
gradients and activation of immune cells.
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2.3.7 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 2.2.1). 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 2.3.2) During the development of the
recently published standardized histopathology scoring system for human
IVD degeneration [3], 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 [3]. Within the
CEP the degenerative features identified histologically included scoring for
cellularity, lesions and ECM structure [3]. Cellularity changes seen during
degeneration included: abnormal cellular clusters, empty lacunae, extensive
neovascularization and presence of apoptotic, necrotic and senescent cells [3].
Changes within ECM can be identified histologically, and include loss of
endplate thickness; avulsions from BEP; cracks and fissures; loss of normal
matrix staining; fibrosis and calcification [3]. 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. (2021) [5] identified
physical microdamage in 40% of degenerated CEPs. Further, pain and
disability scores were significantly higher in these micro-damaged CEPs
than in degenerated IVDs without damaged CEPs. Six main patterns of
micro-damage were used to classify the CEPs, including fissures, 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 [5].

Another methodology used to categorize the endplate is the total endplate
score (TEPS) [328]. 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 contact, 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 towards pooling. The TEPS was shown to correlate with
Pfirmann’s grading regardless of the age and levels of disc. Unfortunately,

40



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

2.3.8 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 me-
chanical 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 [239]. 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 [158].
FEM simulations of the disc, performed in the 90s, suggested that initial
failure always occurred in the endplates, demonstrating their vulnerability
within the disc under loading [329]. Nevertheless, 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 [203], which was not predicted by such early FEM
models [329]. Additionally, endplate herniation through the CEP is a key
feature seen in patients and is the most common type of herniation [330, 331].
However, after endplate damage, additional failures could propagate to the
annulus or lead to delamination [329]. 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 development of microstruc-
tural voids at the CEP-BEP border [332]. Microdamage accumulation oc-
curred 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 [158, 203]. Studies have found that in cadaveric
thoracic IVD samples under tension, 71% of primary failures occur at the
CEP-BEP interface [203]. The next most common failure was at the IVD—
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Figure 2.3.2: Hematoxylin and eosin staining of human CEPs demonstrating key
histological features of non-degenerate and degenerate CEP. (A) Non-degenerate
CEP with the BEP in the upper left of the image and the CEP within the NP
region. (B) CEP within the NP region demonstrating excellent maintenance of
eosin staining. (C) CEP-AF enthesis within a non-degenerate region, showing the
BEP at the bottom left and the CEP in the middle connecting into the AF. (D)
CEP within the AF region demonstrating a change in matrix organization at the
bottom of the 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 bony avulsion. Scale bars: 100 pm in (A), (B), (D), (E),
(G), and (H); 200 gm in (C) and (F).
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CEP interface (21%), while the rest failed within the subchondral 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 [203, 225], while failure
strain, calculated from force—displacement 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 [203]. 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 [333]. 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 [333, 334].

The thickness, porosity, and curvature of the CEP also influence the biome-
chanics [203, 225]. Further, Thompson Grade and bone density have been
correlated with failure strength [203]. Additionally, the bone volume frac-
tion, expressed as 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 [203, 222, 335]. In humans, the cranial endplates
have a lower BV/TV than caudal endplates, and therefore they tend to fail
before the caudal endplate fail [222]. The microarchitectural features of
endplate concavity are also significant predictors of failure strength [335].
Specifically, when the concavity of the CEP is wider, more voluminous,
and less steep, it is capable of tolerating higher loads before failure [335].
Overall, CEPs are stronger when they are thicker and denser with a higher
concave curvature that allows more space for the NP [203, 225, 335, 336].
Thickness has even been suggested to be used as a clinical risk measure for
avulsion-type herniation [203]. 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 [335, 336].

2.3.9 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 [212].
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
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are thinner and the BEPs thicker than those of humans [78]. 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 [78]. 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 organization 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 [78]. Additionally, baboon CEPs have been demonstrated to have
similar biochemical content, including GAG, water and collagen, as those
of humans, and thus could also be a good model to study mechanics with
the CEP [200]. Rabbits have also been validated as a model to investigate
initial endplate failure, although rabbit endplates have a higher BV/TV and
a steeper, narrower concavity which should be considered when translating
results to humans [335]. Particular care should be taken with diffusivity
studies, taking into account the difference in thickness and CEP:BEP ratio
compared to the human endplate [78]. Overall, no single animal model
provides a complete representation of the human CEP and caution should
be taken when extrapolating data [212].

2.3.10 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 concentration 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 [91, 205]. The classical paradigm is that any
reduction in CEP permeability leads to nutrient retention and accumulation
of lactate that in turn decreases the pH of the disc. A decrease in pH is
directly related to hydrogen ion concentration. CEP permeability reduction
or loss would impair disc oxygenation [169], and subsequently, reduce cell
survivability and activity, being possibly a major regulator of IVD cell
populations [91].

Increased levels of calcium showed to enhance the cleavage of aggrecan by
ADAMTS-5 [337]. Not only was a decrease in aggrecan observed, but also
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a change in its composition changing from a 1:1 ratio of keratan sulfate to
chondroitin sulfate to a 3:1 ratio [234]. 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 in-
creased denaturation of type II collagen has been shown [338]. Moreover, a
mouse spondylosis model demonstrated that with increased age, apoptosis
of chondrocytes in the CEP lead to a markable decrease in cell density.
Subsequently, the disappearance of the CEP structure [339]. This was
corroborated in human CEP samples. In addition to decreased cell density
and a higher rate of MC in degenerated CEP, expression of matrix metallo-
proteinase 3 (MMP3), matrix metalloproteinase 9 (MMP9), interleukin-1
alpha (IL-1cr) and interleukin-1 beta (IL-13) was increased [340]. In addi-
tion, tissue inhibitor of metalloproteinases 3 (TIMP3) also showed increased
expression in degenerated CEP, suggesting a compensatory mechanism
to regulate the increased a disintegrin and metalloproteinase with throm-
bospondin motifs (ADAMTS) expression. Interestingly, tissue inhibitor of
metalloproteinases 1 (TIMP1) and tissue inhibitor of metalloproteinases
2 (TIMP2), but not TIMP3, were overexpressed in degenerated AF and
NP compared to non-degenerate tissues [341]. CEP chondrocytes have also
been demonstrated to have a different response than AC chondrocytes to
the same stimuli [342]. 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 [343]. Neidlinger-Wilke et al. (2014) [344] showed in an in vitro
model stimulating NP cells with conditioned media of CEPs a significant
increase in interleukin-6 (IL-6), interleukin-8 (IL-8) and MMP3, as well
as matrix metalloproteinase 13 (MMP13). Aggrecan and type II collagen
were significantly decreased in NP cells exposed to the CEP-conditioned
media [344]. Those findings indicate the interactions 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 isolated CEP. In addition, there is strong evidence
of genetic regulation of CEP cell fate through non-coding ribonucleic acid
(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 [345-348]. There is also evidence for epigenetic roles in CEP
degeneration regulation and in extension, IVD degeneration. Overexpres-
sion of the histone methyltransferase enhancer of zeste homologue 2 (EZH2)
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in CEP cells produces reduced expression of COL2, ACAN and SRY-box
transcription factor 9 (SOX9) genes and increased ADAMTS-5 and MMP13
genes in rat CEP cells [349].

Furthermore, reduced CEP permeability, and consequently reduced nutri-
tion and lowered pH, can downregulate both catabolic and anabolic gene
expression of the NP cells negatively affecting ECM homeostasis [91, 205].
Specifically, the messenger RNA (mRNA) expression for ACAN, COL2A1,
and MMP2 in the NP reduces [91]. Additionally, increased Ca?* deposition
leads to the activation of calcium-sensing receptor (CaSR), causing increased
catabolism through the suppression of collagen and GAG synthesis and
can induce calcification of CEP tissue through upregulation of alkaline
phosphatase (ALP) [337]. Further, deposition of Ca?" in the IVD has been
associated with increased parathyroid hormone-related protein (PTHrP)
signaling, which drives calcification [350].

Calcification and influence on permeability

Increased Ca?t deposition in the CEP is seen with increased IVD degen-
eration in humans [337, 350]. 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 [52]. Further, calcification can lead to lower porosity,
hydration, and permeability [47]. With lower porosity and hydration, diffu-
sion is impaired, and thus, dynamic loading has a greater effect on nutrient
transport [47, 246]. Static compression, however, reduces the CEP porosity
and leads to reduced oxygen and greater lactate accumulation in the disc,
limiting nutrient transport and gas exchange [238, 246]. Altered nutrient
transportation through the CEP has thus been suggested to be a significant
factor in the pathogenesis of IVD degeneration [351]. Preserving sufficient
metabolite transport through the CEP is essential for the IVD to maintain
its ECM and biochemical environment [204]. Degenerative changes in the
CEP could lead to up to 70% decrease in CEP permeability and, ultimately
cell death [164]. Overall, within calcified discs, dynamic compression im-
proves disc nutrition while static compression impairs nutrition and leads
to further degeneration. However, calcification is not always present in
degenerated discs. When the CEP degenerates, GAG and collagen concen-
tration decrease, which causes higher porosity and thus increased solute
transport [189, 352]. Dynamic compression has been shown to have less
effect on higher porosity CEPs [47, 205]. Nevertheless, the decreased matrix
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content also decreases the tensile modulus of the CEP, losing its ability to
withstand mechanical forces [189].

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 [164]. This
agrees with findings that CEPs with low permeability have high levels of
collagen, aggrecan, and minerals which can physically block the solutes [91].
Shirazi-Adl et al. (2010) [97] demonstrated that IVD cells start dying
when CEP permeability decreases below 30% and the death rate increases
exponentially as CEP permeability decreases further. The NP is the tissue
most severely affected by CEP permeability changes [48]. While the NP
periphery is adjacent to the CEP, its center can be as far as 810 mm in the
IVD [91]. While there is also some diffusion through the outer AF, it is not
enough to compensate for an impermeable CEP due to calcification [47].

While calcification and dehydration have been shown to reduce the perme-
ability of the CEP [91, 161], 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 transport. 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 [161]. That, in turn, leads to reduced nutrient supply to the cells
and, ultimately IVD degeneration [97, 161, 205]. 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 concentration
in the IVD is controlled by diffusion. Diffusion occurs regardless of fluid
velocity [242], especially when mechanical loading is present [157]. Further,
some studies claim that severe nutritional deprivation does not appear until
calcification causes a 50% blockage [48]. This level of blockage only occurs
at late stages of degeneration, which contrasts other hypotheses that the
depletion of CEP ECM might promote early degenerative mechanisms in
the IVD through local cell starvation in the NP [48]. 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 Ca?* could induce IVD degeneration [204].
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Nonetheless, there is evidence that there is a strong positive correlation
between CEP porosity and hydration [47, 161]. Within extreme IVD de-
generation, the CEP permeability barrier would be negligible due to the
infiltration of blood vessels into the disc after damage. Therefore, both hy-
potheses could be correct depending on the age of the subject, degeneration
level of the CEP, degree of calcification, and vascularization. This topic re-
quires more intensive research to fully understand the effects of calcification
on the IVD. Additionally, it is important to consider the poromechani-
cal interactions among the BEP, the CEP and the NP to understand the
mechanotransport of nutrients [48].

2.4 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, 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 [91]. Intradiscal biolog-
ical 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 [91].
Yet, increasing the cell number without increasing the nutrient supply is
unsustainable because it will lead to the supply—demand disturbance, as
previously mentioned [91]. A FEM 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, i.e. whether it is healthy, calcified, or thinned [205]. 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 [353]. Other methods suggested include
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enzymatic treatment, such as trypsin or hyaluronidase, to remove large pro-
teoglycans from the CEP [353]. However, chemical injection with enzymes
is also used to induce degeneration in animal models [327]. 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 six weeks [354]. Dolor et al. (2019) [352] treated
the CEP with matrix metalloproteinase 8 (MMP8) to reduce the matrix
and enhance solute uptake and nutrient diffusion. MMPS is selective for
type II collagen and aggrecan, which are the two main matrix components
of the CEP. However, these are also the main components of the NP,
and therefore it is crucial that using MMPS8 or another enzyme does not
induce degeneration within the NP or AF due to off-target digestion or
matrix fragments triggering a catabolic response. One method Dolor et al.
(2019) [352] 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, studies have
shown that incorporating the CEP into a tissue engineered disc improves
the performance [355]. While development of functional NP and AF re-
placements is important, these tissues must be integrated into the CEP to
allow for successful and functional IVD replacement [353, 356]. Studies have
shown that using direct contact co-culture of AF [356] or NP cell-seeded
scaffolds [357] with chondrocyte-seeded scaffolds produced native interface
characteristics. However, although type I collagen, type II collagen, and ag-
grecan distribution were like native tissue, the apparent mechanical strength
was b7-times weaker than in native tissue segments, which means it would
not function well under daily mechanical loads [355]. Obtaining comparable
mechanical properties of a native disc has been a large problem in tissue
engineered scaffolds [125, 358]. Gullbrand et al. (2018) [355] 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 poly(e-caprolactone) (PCL) foams which was
combined with the NP and AF components [355]. 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 [355], which is a focus area of CEP treatments [353].
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

49




occurs in the NP [63]. Although Gullbrand et al. (2018) [355] observed
improvements in tensile properties, 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 [359].

Bioprinting is also a popular technique for developing tissue engineered
constructs but has the same issue of sub-optimal mechanical properties [125].
Printing using bioinks with reinforcement structures such as carbon fibers
or alumina platelets has been considered for recreating load-bearing tissues
such as the CEP, although low printing resolutions can limit the functional-
ity [125]. 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 three-dimensional (3D) printed scaffolds [358].
Nevertheless, mechanics of chemically modified decellularized ECM also
have weak mechanical properties that do not approach the Young’s modulus
of native tissues [358]. Further, scalability and reproducibility alongside
high manufacturing costs are limiting in the bio fabrication of IVD con-
structs [125].

Recently, Liu et al. (2011) [174] have identified the presence of progenitor
cells in the CEP. After culturing in agarose, cells isolated from degener-
ated human CEPs were found to be positive for stem cell markers OCT-4.
NANOG, and SOX-2 as well as common bone marrow mesenchymal stem
cells (BM-MSCs) markers CD105, CD73, CD90, CD44, CD166 and Stro-
1 [174]. 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 [360]. Thus, CEP progenitor cell-derived exosomes could be a
possible therapeutic tool in the treatment of IVD degeneration.

Several studies have also found potential targets for the treatment of the
CEP with regard to IVD degeneration, although additional 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 [55]. EZH2 inhibition has also shown promise as a therapeutic
target to combat CEP degeneration through upregulation of SOX9 [349].
Managing oxidative stress and damage could be another novel therapy target.
For this, research has found inhibiting reactive oxygen species (ROS) reduced
apoptosis in CEP cells under oxidative stress [343] and, similarly, enhancing
the NrF/Keapl pathway in CEP cells increases antioxidants that can combat
damage from ROS [361]. Certain microRNAs (miRNAs), specifically miR-
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495-3p [347] and miR-34a [345], have been found to play a role in ECM
degradation and chondrocyte apoptosis, respectively. Therefore, silencing
these miRNAs could be a novel treatment for CEP and IVD degeneration.

2.5 Conclusion

The CEP is a unique tissue distinct from other cartilaginous tissues in
morphology, gene expression, and mechanical and transport properties. 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 fundamental role in
nutrient transport [48, 362]. However, most data regarding intervertebral
disc degeneration (IVDD) 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 techniques [183, 184] as well as the standardization of
histopathology scoring in the CEP [3] 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 particularly
in modeling and simulations [48]. However, as detailed in this review, the
CEP differs from AC in function, cellular response, biochemical content, and
material properties [2, 164, 176, 187-189, 207, 342]. Thus, future research
should aim to characterize the CEP itself, and avoid assumptions that the
CEP will behave and/or respond the same as AC.

Much is still unknown about the mechanics and transport properties of the
CEP, and reported values show a large variation. The wide range of reported
values is due to various testing methods, environmental conditions, species,
and degree of degeneration [47, 48, 182, 204, 230], and thus highlights the
need for standardized, reproducible methods and guidelines for investigating
the CEP. Likewise, the authors recommend to standardize specifying the
terms cartilaginous endplate (CEP) and bony endplate (BEP) and advise
avoiding the term vertebral endplate. 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 contro-
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versy 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 Ca?t in the environ-
ment [48, 91, 157, 161, 204, 242], and/or due to early depletion of the CEP
ECM (possibly related with MC) disrupting the functional fluid exchange
between the vertebrae and NP under mechanical loads [48].

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 treatment of the IVD, as the nutrient and waste
transport must be functional for any therapy targeting the NP or AF to be
successful. Thus, any long-lasting and sustainable therapy aiming to reverse
IVD degeneration should target the CEP first or simultaneously with the
NP and AF to rescue the IVD from a pathological environment.
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CHAPTER —— 3

Research Goals and
Methodological Strategy




This chapter outlines the overall research objectives aimed at investigat-
ing endplate (EP) degeneration in the intervertebral disc (IVD) through
experimental and computational approaches, as well as how they are ad-
dressed by this thesis as part of the Disc4All consortium. The chapter also
details the main methodological protocols, including bovine EP harvest-
ing, cell isolation, culture media preparation, hydrogel carrier fabrication,
bioreactor development, computed tomography (CT)-based modeling, and
computational fluid dynamics (CFD) analysis.

3.1 Challenges in understanding the role of the
endplate in low back pain (LBP)

Chapter 2 identified several interconnected challenges that continue to limit
understanding and treatment of IVD and EP degeneration, particularly
when considering the endplate as a heterogeneous structure composed of dis-
tinct subregions (Figure XX). Most IVD research has focused on the nucleus
pulposus (NP) and annulus fibrosus (AF), while the cartilaginous endplate
(CEP) and the bony endplate (BEP) remain understudied, as shown by the
targeted PubMed bibliometric analysis (Figure 3.1.1). In research, the CEP
is frequently combined with the BEP, or is represented using properties
derived from articular cartilage (AC). Inconsistent terminology, difficulty
isolating the thin CEP without causing damage or compositional changes,
limited availability of healthy human tissues, and substantial variations in
species, spinal level, degeneration, loading, and testing conditions hinder
comparisons between studies, emphasizing the need for standardized and
reproducible methods. Conventional clinical imaging cannot reliably dis-
tinguish the CEP from the surrounding tissues, while Modic change (MC)
provide only an indirect indication of EP (EP = CEP + BEP) condition,
and their relationship with pain remains uncertain. Computational models
similarly tend to omit the CEP, homogenize its properties, or reduce it
to a boundary condition, and no animal model fully reproduces human
EP anatomy, composition, mechanics, and transport. Fundamental uncer-
tainty also remains regarding the interactions among calcification, matrix
degradation, permeability, inflammation, nutrient deprivation, and tissue
failure. Collectively, these challenges demonstrate the need for a multiscale
framework that examines cellular responses, intact tissue interactions, EP
microarchitecture, mechanical loading, and fluid transport using comple-
mentary experimental, and computational approaches. This framework
forms the rationale for the research objectives and methodological strategy
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presented in this chapter.
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Figure 3.1.1: Annual number of PubMed publications matching title/abstract
searches for IVD and related anatomical structures—NP, AF, CEP, and BEP—
from 1990-2025. Publication counts were obtained using the NCBI Entrez API. In
2025, the results were LBP, 5,254; IVD, 1,531; NP, 645; AF, 191; CEP, 62; and
BEP, 11.

3.1.1 The Disc4All consortium: Mission, objectives, and
activities

The Disc4All consortium was a multidisciplinary, international research net-
work funded through the European Union’s Horizon 2020 Marie Sktodowska-
Curie Actions Innovative Training Networks programme (Grant Agreement
No. 955735). The consortium brought together 15 Early Stage Researchers
(ESRs) across 11 primary institutions and eight partner organizations, cre-
ating a collaborative network that integrated expertise from academia,
industry, and clinical practice. Its overarching aim was to address the trans-
lational gap in the understanding and management of LBP by investigating
the multifactorial mechanisms underlying intervertebral disc degeneration
(IVDD). To achieve this aim, Disc4All combined expertise in molecular
biology, biomechanics, computational modeling, data science, and clinical
medicine to develop a holistic, patient-specific approach to spinal health.

The consortium focused on integrating large-scale biological and clinical

datasets, developing advanced computational and in silico models to inves-
tigate disc degeneration and predict disease progression, translating these
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approaches into clinically relevant decision-support tools, and providing
interdisciplinary training to a new generation of researchers. This doctoral
thesis was conducted within the Disc4All project, contributing to the inves-
tigation of the role of EP sub-tissues, with a particular focus on nutrient
and waste transport to and from the IVD through these sub-tissues. As
part of the consortium, several experimental and computational protocols
were standardized and optimized to ensure compatibility across the research
projects of the ESRs, enabling cross-referencing of results and facilitating
the comparison and integration of findings.

3.2 Research aim and specific objectives

The overall aim of the research carried out in this PhD is to investigate
the degeneration mechanisms of the EP in the IVD through a combined
experimental and computational approaches. The study aims to bridge
the gap between cellular responses, tissue-scale biomechanics, and fluid
transport phenomena within the EP, ultimately contributing to a better
understanding of EP degeneration and its role in IVD pathology. To achieve
this overall goal, the following specific objectives were tackled.

This overall aim is broken down into several specific objectives. The first
specific objective is to developing a computational modeling framework
capable of reconstructing EP geometry from CT scans. This will enable the
quantitative analysis of morphological features such as porosity, permeability,
and structural heterogeneity. The second objective pertains to the evaluation
of the biological and structural changes in full EP explants exposed to pro-
inflammatory cytokines (tumor necrosis factor (TNF) and interleukin-1 beta
(IL-1p8)). This will enable the simulation of degenerative conditions and the
quantification of biochemical and histological alterations. The third objective
is the characterization of the mechanobiological response of EP cells cultured
within three-dimensional (3D) gel carriers under controlled mechanical
compression. This will enable the assessment of loading conditions and
their influence on cell viability, metabolism, and extracellular matrix (ECM)
production. The fourth objective is to design and manufacture an ex vitro—in
stlico workflow to investigate the effect of fluid-induced wall shear stress
(WSS) on EP explants.

Through these objectives, this research seeks to establish a multiscale frame-
work linking mechanical and transport phenomena to biological outcomes in
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the EPs, thereby providing new insights into its degeneration mechanisms
and potential therapeutic targets.

3.3 Thesis outline and chapter overview

This thesis is divided into four parts (Figure 3.3.1). Part I establishes the
foundation of the thesis and comprises Chapters 1 and 2, which introduce
the clinical and scientific background, review the current state of the art,
and define the knowledge gaps addressed in this work. Part II presents the
research strategy and consists of Chapter 3, which outlines the research
objectives, hypotheses, and overall study design. Part III forms the core of
the thesis and comprises Chapters 6—7, which present the multiscale experi-
mental and computational investigations. The organization and objectives
of these chapters are described in more detail in the following subsection.
Finally, Part IV (Chapter 8) integrates the findings from all preceding
chapters discusses the overall contributions, limitations, and future research
directions.

Chapter 4 presents a semi-automated computational workflow that was
developed to characterize the bovine BEP microarchitecture. Twenty-eight
samples from four bovine subjects were imaged using micro-computed
tomography (uCT) and divided into central and peripheral zones. Porosity,
pore radius, connectivity, and tortuosity were quantified, and used as inputs
to estimate zone-specific transport and mechanical properties based on
literature-derived relationships. The workflow also assessed spatial, intra-
subject, and inter-subject variability using advanced statistical analysis.

Chapter 5 presents a novel ex vivo multi-tissue culture system to investigate
cytokine-driven degeneration across the intact IVD and vertebral interface.
A previously validated signal transduction network model was used to
predict tissue responses under degenerative and cytokine conditions. To
validate these predictions, intact bovine explants containing the NP, AF,
CEP, and BEP were cultured under standard, degenerative, and cytokine-
stimulated conditions. Structural, biochemical, cellular, and molecular
changes across the different tissues were then evaluated using imaging,
biochemical assays, histological analyses, quantitative cell density assessment,
and immunohistochemistry (IHC).

Although this study established a robust platform for investigating tissue-
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Figure 3.3.1: Structural overview of the thesis, showing the progression from
foundational knowledge to integrated conclusions and the specific scale, focus, and
contribution of each chapter.
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level responses to cytokine stimulation, evaluating biological responses at
the individual cell level proved challenging, as molecular analyses such as
quantitative polymerase chain reaction (QPCR) could not be reliably per-
formed. To gain a better understanding of how cells respond to mechanical
and degenerative cues within their microenvironment, a collaborative study
was undertaken with colleagues from the Disc4All consortium using a com-
plementary experimental setup specifically designed to investigate cellular
responses under controlled loading conditions, as presented in Chapter 6.
Human CEP cells were encapsulated in either 2% agarose or blended agarose—
collagen hydrogels and cultured under unloaded or dynamic-compression
conditions, with and without TNF stimulation. Cell viability, metabolism,
matrix production, gene expression, inflammatory mediators, and mechan-
otransduction markers were assessed. Regulatory-network and finite-element
models were also used to simulate cellular signaling, hydrogel deformation,
mechanical forces, and fluid transport.

Chapter 7 presents a custom perfusion bioreactor that passes different
culture media through bovine osteochondral EP punched out sample (from
here on abbreviated as “punch”) under controlled pressure or flow conditions.
The system incorporated a recirculating peristaltic pump, flow dampener,
medium reservoir, pressure and flow sensors, and real-time data acquisition.
In addition, an automated CFD pipeline was developed to characterize the
mechanical environment within the punches during perfusion. Together,
the bioreactor and CFD pipeline establish an integrated experimental and
computational platform for future studies investigating fluid transport and
mechanobiological responses in the osteochondral EP. Pilot experiments on
the setup were performed.

3.4 Tissue and cell harvesting protocol

In this thesis, both human-derived and bovine-derived biological materi-
als were used to address the various objectives and investigate the EP at
cellular and tissue levels. Human EP cells were isolated from small IVD
fragments obtained from organ donors or patients undergoing surgery fol-
lowing traumatic incidents. These samples provide clinically relevant human
cell populations while avoiding the use of healthy donor tissue solely for
research purposes. For whole-tissue experiments, full EP explants were
obtained from bovine sources. The bovine EP was selected due to its high
structural and compositional similarity to human tissue, its wide availability,
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and its suitability for experimental manipulation as mentioned in Chapter 1.
The use of bovine explants also offers an ethically preferable alternative to
sourcing intact healthy human EPs.

3.4.1 Endplate harvesting from bovines

The harvesting protocol was adapted from Samantha C.W. Chan et al. [363]
and Shaghayegh B. et al. [364] where EP explants were harvested from
bovine tails obtained from a local slaughterhouse on the day of harvesting.
The tails were collected without skin to minimize the risk of contamination
(Figure 3.4.1). All tools and surfaces were sterilized before the procedure,
and the dissection was carried out on a sterile workstation prepared with
sterile sheets placed over a sturdy table suitable for mechanical manipulation.
The cutting board was sprayed with 70% ethanol, wrapped with a sterile
sheet, and positioned on the workstation. Surgical instruments, including
scalpels, tweezers, chisels, hammers, and bone saw blades were sprayed with
ethanol and arranged on the sterile surface.

A 1% Betadine solution or 70% ethanol was prepared in a large container
(4 L total volume). The entire bovine tail was immersed in this disinfectant
solution for approximately five minutes, then briefly dried with sterile gauze
before being placed on the sterile surface. The proximal and distal ends of
the tail, which contain excessively large and small IVDs, respectively, were
removed. Surrounding muscle and ligament tissues were carefully dissected
using scalpels and tweezers to expose the vertebral column. The position
of each IVD was identified by gently flexing the tail, as the NP could be
recognized as the softest region between vertebral bodies.

To isolate the EPs, a chisel and hammer, or surgical oscillating bone saw
(NS1011 from Ruijin) when available, were used to cleave one side of the IVD
approximately 2 mm into the adjacent vertebra. The NP was transected
with a scalpel, and the same procedure was repeated on the opposite side of
the disc to separate it completely. The remaining NP and AF were carefully
removed with a scalpel and tweezers, leaving the bony and cartilaginous
EP structures intact (Figure 3.4.1). Each isolated EP was transferred
into a Petri dish containing phosphate-buffered saline (PBS). Residual
bone fragments were trimmed away using a scalpel or chisel, and PBS was
regularly applied to the tail to prevent desiccation during dissection. This
process was repeated until the desired number of IVDs, typically six with
diameters between 10 and 20 mm, was obtained.
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Figure 3.4.1: Fresh bovine tail (a) for EP harvesting where (b) shows the EP still
attached to the tail, (c) shows the EP after extraction and (d) shows the EP after
cleaning.

Following dissection, the EP samples were rinsed thoroughly using a pressure
pump with sterile PBS or shaken well in a falcon tube to remove residual
tissue debris and blood. The cleaned EPs were then punched using an 8
mm bone biopsy puncher. To reduce potential microbial contamination,
each EP was briefly dipped in the disinfectant solution, rinsed with PBS,
and transferred to sterile Petri dishes. The EPs were then sequentially
incubated for five minutes in two separate Petri dishes containing PBS
supplemented with antibiotic-antimycotic (AA) or penicillin/streptomycin
(10x) and taken under a laminar flow hood for further processing.

3.4.2 Cell extraction

Cells were isolated from previously harvested EP tissue using sequential
enzymatic digestion with pronase and collagenase II. The tissue was first
cut into small fragments in a sterile Petri dish and washed twice with PBS
to remove any debris. The minced tissue was then transferred into a T75
culture flask containing 25 mL of low-glucose Dulbecco’s Modified Eagle
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Medium (LG-DMEM) supplemented with 10% fetal calf serum (FCS) and
47 mg of sterile pronase. The tube used for transfer was rinsed with the
remaining pronase solution to ensure complete recovery of the enzyme, and
the wash was added to the same flask. The flask was placed on a shaker
inside a humidified incubator (37°C, 5% CO3) and gently agitated at 12
rpm for one hour to initiate tissue digestion.

After the pronase digestion, the content of the flask was transferred to a
50 mL Falcon tube, filled with PBS, and centrifuged to pellet the tissue
fragments. The supernatant was aspirated, and the pellet was washed once
more with PBS. Residual tissue adhering to the flask was also rinsed with
PBS to recover all fragments. The washed pellet was then resuspended in 25
mL of LG-DMEM containing 10% FCS and collagenase type II (285 U/mg;
137 mg per gram of tissue, corresponding to approximately 39,000 U), and
the suspension was returned to the shaker in the incubator for overnight
digestion (approximately 12 hours).

Following enzymatic digestion, the cell-tissue mixture was filtered through a
100 pm cell strainer to remove undigested material, then washed once with
PBS. The isolated cells were resuspended in 5-10 mL PBS and counted using
a hemocytometer or automated counter. Depending on the experimental
needs, the cells were either cryopreserved at passage zero (P0) or seeded
directly into T-flasks at an appropriate density in LG-DMEM supplemented
with 10% FCS and 1% AA solution for expansion.
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CHAPTER —— 4

Semi-Automated
1CT-Based Modeling of
Vertebral Bony Endplate
Microporosity and
Mechanical Properties:
Linking Microstructure to
Inferred Mechanical
Performance

This chapter is published as:

Alminnawi, Ahmad, et al. Semi-Automated ;1CT-Based Modeling
of Vertebral Bony Endplate Microporosity and Mechanical Properties:
Linking Microstructure to Inferred Mechanical Performance. JOR Spine
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The bony endplate (BEP) plays a role in regulating both mechanical load
transfer and nutrient transport to the intervertebral disc (IVD), functions
strongly influenced by its microstructural porosity. Variations in porosity
impact bone strength, elasticity, and solute diffusion, affecting its overall
mechanical competence. A semi-automated modeling workflow was estab-
lished to quantify pore geometry and connectivity of the BEP and relate
them to zone-specific mechanical and transport properties using relation-
ships previously established in the literature. Six to eight BEPs from four
bovine subjects were imaged using micro-computed tomography (uCT).
The central zone and two peripheral zones of each BEP were segmented
and their microstructure, including tortuosity, porosity, and pore radii, were
quantified using the pipeline to assess BEP heterogeneity. These metrics
were then used to infer the BEP’s zone-dependent density, Young’s modulus,
compressive strength, and shear modulus. The BEPs showed spatial, intra-
subject, and inter-subject morphological variability, which affected their
predicted mechanical and transport properties. These findings highlight the
limitations of purely idealized BEP representations in silico simulations and
support the incorporation of uncertainty modeling strategies that account
for physiologically relevant variations in the BEP. This semi-automated
modeling approach represents a tangible step toward more realistic in silico
simulations of vertebral endplate function.

4.1 Introduction

Degeneration of the IVD and vertebral endplate is associated with com-
promised mechanical load transmission and impaired nutrient transport,
contributing to disc degeneration, low back pain, and adjacent tissue fail-
ure [179, 225, 365, 366]. The vertebral endplate is divided into a BEP,
which lies on the subchondral trabecular bone (STB) of the vertebral body
(VB), followed by a layer of cartilage called the cartilaginous endplate
(CEP) that is usually calcified towards the BEP and uncalcified towards
the IVD. The entire endplate plays a central role in the aforementioned
pathological processes by governing both load transfer and solute exchange
to the avascular IVD. These functions are highly sensitive to the endplate’s
microstructural porosity and connectivity, which has been investigated ex-
perimentally [57, 99, 116, 367] as well as through computational modeling
and simulations [242, 368-370]. Even modest alterations in endplate porosity
have been shown to substantially reduce mechanical strength while simulta-
neously modifying transport pathways [43, 242, 371, 372], highlighting the
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need for accurate microarchitectural characterization.

Trabecular
bone

Bony
endplate

Cartilage
endplate

Annulus
fibrosus

Ligaments
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Figure 4.1.1: Intervertebral disc sandwiched between its vertebral bodies (a) showing
the path of nutrients (blue) and waste (purple) between the disc and the blood
vessels in the vertebral bodies (b), diffusing through the microporosity of the bony
endplate (c).

The BEP, despite its thinness (0.2-1 mm [172, 373, 374]) (Figure 4.1.1),
contributes 30-60% of bone mass in the VB and bears 45-75% of the
compressive loads [375]. In dense bone, even modest increases in porosity
can disproportionately reduce tensile and compressive strength, elasticity,
and toughness [375-379]. For example, porosity accounts for approximately
70% of the reduction in elastic modulus and more than half of the decrease
in yield stress of cortical bone [377]. It is well established that increasing
porosity leads to a reduction in bone strength and elasticity, typically
following power-law relationships [377, 380-383] as these properties are
affected by the structure, geometry, and organization of the pores [383-385].

Beyond its load-bearing role, the BEP has a highly porous microarchitecture,
which is specialized for fluid transport and load distribution [43, 372, 386—
389] as it is the last vascular structure before the IVD. The BEP-CEP
interface is considered the primary pathway for nutrient delivery and waste
removal in the IVD, the largest avascular structure in humans [39, 40,
43, 44, 48, 390, 391]. Porosity is increasingly regarded as a quantifiable
and predictive marker of bone fragility, with potential to identify at-risk
individuals not captured by standard osteoporosis classifications [392, 393],
especially since degeneration, microcracks, and Schmorl’s nodes are common
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through the BEP and are linked to disc pathology [255, 394-397]. As BEP
microstructure directly governs mass transport between the culture medium
and the IVD, interpreting experimental measurements after organ culture
perturbation without the microstructural information at the BEP level is
inherently limited as was shown by Crump et al. [367].

Recent advances in imaging now enable accurate visualization of BEP
morphological heterogeneity. pCT has become the gold standard for high-
resolution bone microarchitecture visualization at the sub-micron scale,
and computed tomography (CT)-based analysis of BEP pore geometry
and connectivity can support model-based predictions of its mechanical
and transport parameters. A computational modeling approach offers key
advantages over direct experimental measurement. It is non-destructive,
preserving sample integrity for downstream analyses such as histology and
immunohistochemistry. More importantly, it enables flexible spatial seg-
mentation within each sample, allowing spatially resolved analysis and
yielding a richer, more comprehensive characterization of spatial, intra-
subject, and inter-subject variations in mechanical and transport properties.
This facilitates detailed assessment of tissue heterogeneity and supports
the integration of organ culture models with computational simulations.
In this study, we applied a semi-automated pipeline to analyze 84 zones
obtained from 28 BEPs across four bovine subjects. The workflow enabled
reproducible segmentation of bone microporosity and direct quantification
of morphological parameters, including tortuosity, porosity, and pore radii.
These measures were then used to infer pore-dependent mechanical and
transport properties, including permeability, tortuosity, Young’s modulus,
compressive strength, shear modulus, and density across the BEP samples.
These properties, coupled with the generated three-dimensional (3D) meshes,
provide a foundation for future sample-specific computational models and
enable mechanistic simulation-based predictions of BEP influences on the
disc health, for example, within IVD organ culture models [367].
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4.2 Methods

4.2.1 Biological BEP acquisition and microstructural imag-
ing

Bovine bony endplate harvesting and preparation

® @ @

3 . 1 Tail Per 6-8 Vertebrae 1 Punch
4 Bovine Subjects Bovine Subject Per Tail Per Vertebra

Figure 4.2.1: Workflow illustrating the sample preparation: a bovine tail was
harvested (a) and processed by removing skin, muscles, and ligaments (b), followed
by isolation of vertebrae (c). Cylindrical punches were extracted to be scanned
using uCT, and three zones were highlighted (one central and two peripheral)
for subsequent analysis. The bovine and vertebra illustrations were created in
BioRender. Ivanets, M. (2026) https://BioRender.com/p4sbp46.

In this study, bovine BEPs were used to test and validate the pipeline, as they
have been extensively used as a substitute for human studies in lumbar disc
research because of their availability and experimental reproducibility [78,
398-401]. To minimize ethical and animal-welfare concerns, four fresh,
full-length bovine tails were obtained from the local slaughterhouse on the
day of slaughter, and VBs were harvested from each tail using modified
protocols previously published [363, 364]. Briefly, the tails were acquired
without skin to reduce the risk of contamination and sterilized with betadine
solution before being placed under the laminar flow hood for processing.
All muscles, ligaments, and outer connective tissues were removed using a
scalpel and tweezers. Intact VBs, including BEP, STB, and cortical bones,
were extracted from the middle section of each tail. These VBs were then
placed into containers with phosphate-buffered saline (PBS) and shaken
3—6 times until the bone appeared white, indicating the complete removal
of the bone marrow and blood clots. On average, two 8 mm punched out
sample (from here on abbreviated as “punch”) were then taken from each
VB (Figure 4.2.1), at the caudal and cranial BEP sites, using a T-handle
bone trephine biopsy punch with ejector. After accounting for samples lost
during handling, a total of 28 VB punches were harvested (6-8 per subject).
As different tail segments were obtained from the slaughterhouse for each
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bovine subject, vertebral level could not be standardized across samples
and the punch numbers were therefore assigned as identifiers regardless of
vertebral level. Using uCT imaging and 3D meshing, three microstructural
parameters were quantified, with porosity as the primary focus due to its
dominant role in governing transport and mechanical properties [242, 402],
alongside tortuosity and mean pore radius.

uCT imaging

The VB punches were fixed in 4% formaldehyde for 48 hours and sub-
sequently immersed in a 40% ioxaglate (Hexabrix®) solution for up to
two weeks. Hexabrix, an anionic, low-osmolarity, and low-viscosity con-
trast agent [403], is electrostatically repelled by the negatively charged
glycosaminoglycans (GAGs) in cartilage [404, 405]. This differential distri-
bution enhances contrast between calcified and non-calcified regions [406],
thereby improving tissue delineation in the scans. Each VB punch was
subsequently wrapped in parafilm and scanned using a high-resolution uCT
scanner, the Phoenix Nanotom® by Baker Hughes (Waygate Technologies).
The punches were scanned with in-house optimized settings using a diamond-
coated tungsten target and a 0.2 mm Aluminum filter at a voxel size of
4-7 pm. Each VB punch was scanned at a voltage of 60 kV and a current
of 170 nA at an exposure time of 500 ms. 1800 images were acquired over
360° using the fast scan mode. During reconstruction, the beam harden-
ing correction (BHC) was set to 8 and the inline median filter, the region
of interest (ROI) CT filter, and the filter volume were turned on. 16-bit
tagged image file format (TIFF) images were exported immediately after
reconstruction.

Bone porosity consists of two distinct systems: vascular channels (Haver-
sian and Volkmann canals) and the lacuno-canalicular network. However,
connected vascular porosity is the dominant contributor to mechanical and
transport properties, as the volume fraction of lacunae and canaliculi is
negligible in comparison [407]. Therefore, the pore network of interest in this
study primarily comprises the larger vascular channels, which are resolvable
at a voxel size of 4-7 pym.
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4.2.2 Semi-automated pipeline

The full set of algorithms covering all tools mentioned below is available
for download on our biomech website at http://www.biomech.ulg.ac.be/
software/ and in the public GitHub repository [408], along with a user
manual and the full unprocessed output dataset to support reproducibil-
ity. The Python-based pipeline (Figure 4.2.2a), implemented in Jupyter
notebooks and integrated with 3D Slicer 5.0.3 [409, 410], generates 3D pore
structures from pCT datasets, through a nine-step procedure. The steps
are numbered 00 to 08 in the user manual and the scripts are numbered
accordingly in the repository. A description of the steps is provided in the
following subsections.

(a) .nrrd files Threshold values Primary mesh Final mesh Metrics Extraction
A A A
. Thresholdin ROIs : Repairin Ray Castin, Morphological
Preprocessing 8 Segmentation P e Y g y o g'
(b) (c) (d) (e) Quantification
Scripts 00-01 Scripts 02-03 Script 04 Script 05 Script 06 Script 07 Script 07
CT scanned User
Images Specifications
(b) |
u HUANG: 57.78
INTERMODES: 65.75
™ ===~ ISO_DATA: 73.72
KITTLER_ILLINGWORTH: 53.80
LI 0.00
MAXIMUM_ENTROPY: 253.05
MOMENTS: 93.65
OTSU: 71.73
RENYI_ENTROPY: 105.60
=== SHANBHAG: 253.05
Sof Y T Y TRIANGLE: 65.75
oft tissues + YEN: 1.99
empty space Bone  Contrast agent

Figure 4.2.2: Porous tissue structure extraction and mesh generation workflow. (a)
Overview of inputs and outputs at each step. (b) Automatic thresholding histogram
produced by all twelve methods, showing the three ranges: empty space combined
with soft tissues, bone, and contrast agent. (c¢) a VB punch with the 3 ROI zones,
the central and two peripheral ones. (d) The cleaned final mesh generated for a
zone in the VB punch, representing the pores. (e) The skeletonization and ray
casting approach measuring pore radii.
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Structure extraction and mesh generation pipeline

In preprocessing, the exported TIFF files were imported to 3D Slicer and
stacked using the ImageStacks module of SlicerMorph [411]. They were
converted into two volumetric datasets (.nrrd files), one low quality dataset
with voxel spacing of 16-28 pm for quick manual handling and confir-
mation (script 00), and another high-quality dataset with voxel spacing
automatically extracted from metadata to be used in the pipeline (script
01). Segmentation was performed using a two-step automatic thresholding
strategy, optimized by evaluating 12 global thresholding algorithms, that
were Otsu [412], Huang [413], Intermodes [414], IsoData [415], KittlerIlling-
worth [416], Li [417, 418], MaxEntropy [419], Moments [420], RenyiEn-
tropy [419], Shanbhag [421], Triangle [422], and Yen [423] (Figure 4.2.2b).

Threshold ranges were determined on a sample-specific basis. For each
sample, all the automatic thresholding methods were evaluated (script
02), each producing a candidate intensity threshold. For the lower bound,
the candidate threshold closest to the first local minimum of the intensity
histogram was selected. Voxels with intensities below this threshold were
subsequently excluded. The thresholding algorithms were reapplied to the
truncated intensity distribution (script 03). For the upper bound, the
candidate threshold closest to the second peak of the histogram was selected,
provided that the associated peak frequency was lower than that of the lower-
bound region. Two intensity intervals were defined: first, from minimum
intensity to the lower bone threshold as “void pores”, and second, from
the upper bone threshold to maximum intensity as “Hexabrix-filled pores”.
The voxels that fall within these two ranges were segmented and merged
to generate a unified pore segmentation. Since the void and Hexabrix
segmentation intensity ranges are separated by bone intensities, and to
mitigate partial volume effects at pore interfaces, a one-voxel morphological
dilation was applied to the unified segmentation.

To reduce the computational load associated with analyzing the vertebral
BEP samples, and to evaluate the heterogeneity of each sample, cylindrical
ROIs were defined interactively within each scan to isolate three zones of
the BEP: one central and two peripheral zones (Figure 4.2.2¢). This step
was done semi-manually on the low-quality dataset by drawing a line that
represents the starting point of the ROI and the direction of the cylinder
base (script 04). Each ROI has a height of 1 mm and a radius of 0.5 mm and
is labeled as “zone” in the following sections. The unified pore segmentation,
corresponding ROIs, and the high-quality dataset were subsequently used
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(script 05) to reconstruct the local pore geometries into high-resolution
stereolithography (STL) surface meshes for the 84 zones.

To ensure high quality, the meshes were processed using MeshLab (PyMesh-
Lab 2023.12.post2t library) (script 06). Processing included surface recon-
struction [424] using a screened Poisson approach (depth = 8, scale = 1.1),
and standard operations which included removal of duplicate and zero-area
elements, merging of close vertices, elimination of non-manifold configura-
tions (e.g., T-vertices and non-manifold edges) and self-intersections, as well
as reclosing the resulting holes (if present) to ensure surface continuity. Small
disconnected components were discarded using size-based filtering (20% of
the zone bounding box) and, finally, meshes were checked for watertightness
(Figure 4.2.2d).

Geometric and morphological quantification

Following mesh reconstruction, geometric and morphological parameters
were computed directly from the mesh to ensure consistency with any
downstream computer simulations (not included in this study). Porosity
was calculated as the ratio of pore mesh volume to the total volume of the
cylindrical ROI. A wavefront-based approach [425] was used to skeletonize
the mesh and produce the centerlines that represent the pore network
(Figure 4.2.2¢). Local pore radii were estimated by casting perpendicular rays
from each skeleton anchor to the mesh surface. A ray-triangle intersection
test was performed, and the apparent pore radius was computed as the
distance between the anchor and the first intersection with the mesh surface.

Porosity and pore size alone are insufficient to characterize fluid and particle
transport in porous media. A critical prerequisite is percolation, defined as
the presence of at least one continuous pore pathway from the caudal to
the cranial surface and enabling through-flow categorized as “percolating
pores”. Accordingly, vertices at the cranial-most and caudal-most extents
(Figure 4.2.2e, top and bottom, respectively) were identified using a 2%
tolerance (0.02 mm). Pore path lengths were then determined by computing
all unique paths within the skeletonized graph that connected these two
vertex groups using a depth-first search initiated from branch endpoints
(Script 07). Absence of percolation suggests that the sample was not
permeable at that zone.

Scripts 00 to 07 can be executed independently for each sample or executed
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using Papermill (Scripts A to D), which enables parameterization and batch
execution of the pipeline across multiple samples as explained in the user
manual.

Porosity-dependent mechanical and transport properties estima-
tion

In geology and material sciences, tortuosity characterizes the path of fluid
flow through porous media with complex microstructures, thereby influencing
mass transport [426-429]. Geometric tortuosity quantifies the deviation of
pore pathways from a straight line, reflecting the extent to which they twist,
turn, or branch, thereby increasing the effective path length relative to the
zone thickness. It is commonly quantified as the ratio of the actual path
length a molecule or fluid must traverse within the porous network to the
straight-line thickness of the material (Equation 4.1). By definition, this
ratio is always greater than or equal to 1, with a value of 1 representing
an ideal straight path and non-percolating zones would have an undefined
(infinite) tortuosity. In our case, the actual path length was defined as the
average percolating pore centerline length, while the straight-line path was
taken as the zone height to calculate tortuosity 7:

T=— (4.1)

with L being average pore centerline length, and H being the zone height.
The Kozeny-Carman equation is widely used to predict permeability in
porous media and has been proven to be accurate for the BEP of the
IVD [242]. Although it exists in several forms, all are derived from principles
of classical Navier-Stokes fluid mechanics. When tortuosity is explicitly
considered, the equation can be expressed as follows:

¢3
k= g (42)

where k is the intrinsic permeability, ¢ is the porosity, and c is the Kozeny-
Carman dimensionless constant. S is the specific surface area of the pores
defined as the ratio of the surface area of the solid-pore interface (4;) to
the volume of the solid phase (V):
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S = (4.3)

Ai
v,

The volume of the solid phase can be calculated as the difference between the
ROI volume and the volume of the pores. The Kozeny-Carman dimensionless
constant reflects the influence of pore shape and arrangement on flow
resistance. It is commonly assigned a value of 5 in studies of bone tissue
engineering [430-432]. The intrinsic permeability is expressed in units of
area (m? in International System of Units (SI)) but is more widely reported
in Darcy (D), where 1 D ~ 0.987 x 107'2 m? [433, 434]. One Darcy
corresponds to the permeability of a 1 cm? cross-section, 1 cm in length,
that permits a flow of 1 cm?3/s of a fluid with a viscosity of 1 cP under a
pressure gradient of 1 atm/cm.

In this study, mechanical and transport properties were predicted from mor-
phology using established empirical models. Porosity significantly influences
all properties of the bone. Density (p) decreases linearly with increas-
ing porosity, while elasticity (Young’s modulus F), strength (compressive
strength o), and shear behavior (Shear modulus ) exhibit exponential
decay, consistent with the Spriggs equation [380-383]. In addition, the three
moduli depend on both density and strain rate (£) of the measurement
protocol, as exemplified in the equations below (Table 4.2.1).

P

L-1- 4.4
p ¢ (4.4)
E = App®®eb? + B (4.5)
0w = Agp®et + B, (4.6)
G = Agp®©e®e 4+ B (4.7)

In these equations, A, a, b, and B are empirical constants characterizing the
relationship of each modulus with density and strain rate. pg (=2.2 g/cm?)
denotes the density of bone without porosity derived from cortical bone,
which typically has a porosity around 5% and is approximately an order of
magnitude lower than that of the BEP [402, 435-437].

The BEP is described as a layer of densely fused trabeculae [172, 371, 438,

439] and commonly assigned homogeneous and isotropic material properties
as is the case for trabecular bone in the literature [371]. Accordingly,
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trabecular bone empirical relationships were applied at the mesoscale on
the BEP zones. The relationship between porosity and density is consistent
across multiple studies in the literature. An explicit equation for shear
modulus (G) has been reported in only one study and was adopted here [440].
For Young’s modulus (F) and compressive strength (o), multiple studies
propose differing parameters (summarized in Table 4.2.1); therefore, 3D
regression models were created using nonlinear curve fitting to arrive at
consensus relationships to predict the corresponding moduli.

4.2.3 Statistical analysis

The statistical methods were developed in consultation with the KU Leuven
Biostatistics and Statistical Bioinformatics Centre. The dataset had a three-
level hierarchical structure representing 84 zone observations, from 28 VB
punches nested within 4 subjects (Figure 4.2.1). To account for subject-
specific variability and the hierarchical structure of the data, nested random-
intercept linear mixed-effects models (LMMs) were used with restricted
maximum likelihood (REML). The models were implemented in R 4.5.3 (R
Core Team, 2026) using the 1me4 package [446] and the full reproducible
code is available in the GitHub repository [447]. Each measured value
(tortuosity, porosity, and mean pore radius) was included as the dependent
variable and zone was included as a fixed effect with two levels: central
and peripheral. Because multiple zone measurements were obtained from
each punch and multiple punches were sampled from each subject, random
intercepts were included for subjects and for punches nested within the
subject. Fixed effects were tested using Satterthwaite’s method, and the
estimated effect size, standard error (SE), 95% confidence interval (CI), and
p-value were reported for the fixed effects.

Statistical power for the tortuosity, porosity, and mean pore radius analysis
was estimated using a Monte Carlo simulation approach [446] based on
the fitted LMM. For each simulated dataset, the significance of the zone
effect was assessed by refitting the model using REML and obtaining p-
values via Satterthwaite’s method. Power for the observed experimental
design was estimated as the proportion of simulations (n = 500) in which
a significant zone effect was detected (p < 0.05). Normality was assessed
for sufficiently powered models, as tests of normality are unreliable in
underpowered ones. Power curves were then generated by repeating this
procedure across expanded designs varying the number of subjects under
balanced and unbalanced BEP sampling while preserving the observed
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Table 4.2.1: Reported mathematical relationships between geometric properties
and trabecular bone mechanical properties. E: Young’s modulus; p: density; oy:
compressive strength; ¢: strain rate.

. Corr. Sample
Prop. Ref. Equation type Model cooff. origin
Power function . Human
Carter [441] (E = aphe®) E = 379003006 - tibia
=
a . Power function _ 1.56 20.047 Human
= Linde [442] (E = apbee) E = 2232p"°% 0.84 tibia
- . Linear density .0.047 Human
.3: Linde [442] (E = (a+ bp)e®) E = (—321 4+ 2164p)¢ 0.84 tibia
'é Quadratic Human
E Linde [442] density E = 3101p2£0-044 0.82 tigia
sa) (E — (IpQé’::C)
Linde [442] (Cblt‘“aiggi’;ty E = 6093p3£0-034 0.66 Eﬁi‘;‘”
Linde [442] Linear strain rate E = pl43(1534 + 103¢) 0.89 Human
(E = pP(a+c2)) =f ’ tibia
Carter and Hayes Human
Linde [442] type E = 6227p3£0-06 0.66 o
tibia
(E = ap3£9-06)
Enns- Power function FE = 0.79 2?;:;?5 and
Bray [443] (E = ap®?DA%?) 20290p°-63 D A0-0099¢-0.55 T tibiae
Human
Power function . tibia and
Carter [444] (0w = apbe®) oy = 68p2£0-06 _ o8
E femurs
= Power function Human
= : _ 1.65:0.073
E Linde [442] (0w = apbec) ou = 40.2p"-0°¢ 0.93 tibia
T . Linear density . Human
< —(_ 0.073
E’J Linde [442] (0w = (a+ bp)E©) oy = (—5.8+37.1p)e 0.93 tibia
o Quadratic
@ Linde [442] density o4 = 52.1p2£0-070 0.92 g&l:an
(ou = ap®e®)
. Linear strain rate _ 153 . Human
Linde [442] (0w = pb(a+ c&)) ou = pt°3(25.0 + 2.26¢) 0.93 tibia
. Power function . Human
Linde [442] (0w = ap?£006)  Tu = 51.5p2¢0-06 0.92 tibia
Enns- Power function Bovine
(0w = ou = 24.1p1-07TDAC-83¢0-11 .87 femurs and
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*DA is the degree of anisotropy, assumed to be 1.35 by the authors.
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within-subject hierarchical structure. The number of subjects required to
achieve at least 80% power was identified, providing guidance for planning
larger future studies.

4.2.4 Verification using a ground-truth object at the macro
scale

To verify the accuracy of the workflow described above, an object with
known ground truth properties was used. A triply periodic minimal surface
(TPMS) scaffold with a primitive geometry (Figure 4.A.1) defined by the
equation cos(z)+ cos(y) +cos(z) = 0 was 3D printed and scanned at a voxel
resolution of 4 um. The scaffold was calcium phosphate (CaP)-based, 3D
printed via vat polymerization in a layer-by-layer manner while exposed
to ultraviolet (UV) light to initiate resin polymerization. The scaffold
measured 6 mm in both diameter and height, and had a unit cell size
of 2.19 mm, and a designed porosity of 77.5% and an as-manufactured
porosity of 66.6% + 5.5%, as previously described by Bouakaz et al. [448].
The manufactured macrochannel diameters were measured in CTAnalyzer
(CTAn, version 1.20.8.0, Bruker microCT, Kontich, Belgium) using the
built-in measuring tool by drawing linear distances across the pores, where
the largest channels measured 2 mm.

In this context, it is important to distinguish between two types of voids
present in the printed scaffold. The intended scaffold pores, being the
macrochannels defined by the TPMS design, have characteristic diameters
at the millimeter scale. Manufacturing variability can introduce additional
pores at the micrometer scale, for example, through surface roughness or local
defects. These micropores are not part of the functional scaffold architecture
and cannot be reliably measured by manual methods. As a result, the
verification focused on the macrochannels, which are the relevant structural
features and can be measured consistently. This verification supports the
geometric performance of the workflow under controlled conditions. However,
it does not fully establish segmentation accuracy in heterogeneous biological
bony endplate tissue.
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4.3 Results

4.3.1 The semi-automated workflow was verified against
ground-truth objects

The workflow reported a maximum channel diameter of 1.9 mm, correspond-
ing to an accuracy of 95% compared to the results obtained using established
tools such as CTAn. The calculated porosity was 71%, representing a poros-
ity accuracy of 93.4% relative to the designed value. This value lies within
the as-manufactured range and differs by only 0.8 standard deviations from
the reported mean.

4.3.2 Porosity varies between central and peripheral regions,
while pore geometry remains constant

Subjects ® Bovine1 ® Bovine2 ® Bovine3 ® Bovine4
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Figure 4.3.1: Boxplot of the raw data showing the IQR, mean (red circle), median
(horizontal line), and the 1.5 x IQR (whiskers) of the regional morphological
properties in the BEP. The red diamonds and error bars represent model-based
estimates from LMMSs. Regional differences between central and peripheral zones
in tortuosity (a), porosity (b), and mean pore radius (c). Central and peripheral
zones are not independent observations and their statistical significance is based
on the LMM. P < 0.001 is indicated by ***.

Percolation was observed in 39 of the 84 samples. Among the evaluated
regions, 54% of central zones and 43% of peripheral zones exhibited percola-
tion. Zones without percolation had undefined tortuosity and were excluded
from subsequent tortuosity analysis (Figure 4.A.2).

The estimated effect of the zone on tortuosity (Figure 4.3.1a) was not
statistically significant (p = 0.441). The model effect difference was —0.3403
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(95% CI: —1.2519 to 0.5712, SE of the difference = 0.4369), corresponding
to mean tortuosity values of 4.5650 £+ 0.51 (SE) in the central zone and
4.9053 £ 0.46 (SE) in the peripheral zone. The zone explained only 1.6%
of the total variability, subject-to-subject variability accounted for 23.1%,
differences between VB punches within the same subject accounted for 0%,
and residual variance accounted for the remaining 75.3%.

Porosity (Figure 4.3.1b) differed significantly between zones (p < 0.001).
The model effect difference was 0.0669 (95% CI: 0.0311 to 0.1026), with a
low standard error of the difference (SE = 0.0179) indicating high precision.
The estimated mean porosity was 0.3746 £ 0.05 (SE) in the central zone and
0.3077 £ 0.05 (SE) in the peripheral zone. The zone explained only 4.6% of
the total variability, differences between punches within the same subject
accounted for 46.8%, subject-to-subject variability accounted for 21.6%,
and residual variance accounted for the remaining 27.0%. The distribution
of standardized residuals indicated that the porosity data satisfied the
assumption of normality.

Skeletonization of the BEP zones revealed a highly complex pore network.
The extracted centerlines contained an average of 4,810 anchors per sample,
with a minimum of 575 anchors in any given zone. Each anchor represents
a local geometric inflection point, indicating a change in pore direction or
radius. The effect of zone on mean pore radius (Figure 4.3.1c) was not
statistically significant (p = 0.2). The model effect difference was —1.728 pm
(95% CI: —4.4 to 0.94 pm, SE of the difference = 1.33 pm), corresponding
to estimated mean radius of 19.37 4+ 2.49 pym (SE) in the central zone and
17.64 +2.37 pm (SE) in the peripheral zone. The zone explained only 0.6%
of the total variability, differences between punches within the same subject
accounted for 58.2%, subject-to-subject variability accounted for 10.3%, and
residual variance accounted for the remaining 30.8%.

Under the observed effect size and variance structure, and based on 500
simulations at a = 0.05, the estimated tortuosity statistical power of the
current design was 0.14 (95% CI 0.11-0.18), for porosity it was 0.96 (95%
CI 0.94-0.97) and for the mean pore radius it was 0.25 (95% CI 0.21-0.29).

In simulations varying the number of subjects while preserving the observed
within-subject sampling structure, for unbalanced designs, with an average
of 7 BEPs per subject (Figure 4.A.3) similar to the current design, power
increased gradually until it reached 0.80 with 55 subjects for tortuosity and
0.88 with 22 subjects for mean pore radius. Balanced designs would require
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fewer subjects, for example, with exactly 7 BEPs per subject, power reached
0.85 with 30 subjects for tortuosity and 0.82 with 20 subjects for mean pore
radius (Figure 4.A.4).

4.3.3 Not all BEP pores are interconnected, which affects
predicted permeability
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Figure 4.3.2: Differences in intrinsic permeability of the BEP at each punch. The
average permeability of each BEP in each punch in each subject is represented by
a grey bar with navy blue dots representing peripheral zone values and orange dots
representing central zone values. The x-axis values represent identifiers assigned to
the punches and do not correspond to the vertebral level.

Considering only percolating pores, the predicted mean intrinsic permeability
was 3.58 D+3.99 D at the central zones and 3.18 D£3.03 D for the peripheral
zones (Figure 4.3.2).

4.3.4 Inferred density and mechanical properties of the BEP
are zone-dependent

To predict mechanical properties from these morphological measures, mul-
tiple mathematical models were used in this study. To consolidate these
results into a single predictive framework, 3D regression models for Young’s
modulus and compressive strength were generated by fitting continuous
surfaces over the density—strain rate space (Figure 4.A.5). These surfaces
provide continuous predictions of Young’s modulus F and compressive
strength o, as functions of both density and strain rate, with coefficients of
determination (R?) of 0.95 and 0.99, respectively.
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The predicted mean central and peripheral densities of the BEP were
1.36 & 0.33 g/cm? and 1.51 + 0.29 g/cm?, respectively (Figure 4.3.3a).
The predicted Young’s modulus was 12.09 + 5.9 GPa for the central zone
and 15.04 + 6.45 GPa for the peripheral zone (Figure 4.3.3b), while the
predicted compressive strength was 69.07 4+ 26.67 MPa for the central zone
and 81.74 4+ 26.49 MPa for the peripheral zones (Figure 4.3.3c), and the
predicted shear modulus was 0.83 £ 0.21 GPa for the central zone and
0.93 + 0.19 GPa for the peripheral zone (Figure 4.3.3d).

4.4 Discussion

This study introduces a semi-automated pipeline for quantitative character-
ization of BEP microarchitecture, providing a workflow to quantify porosity
and pore morphology in BEP samples, generate 3D mesh structures, and
predict their mechanical and transport properties based on relationships
amalgamated from the literature. This enables reproducible assessment
across anatomical zones and provides a robust foundation for accurate mod-
eling and simulation in vertebral applications. The workflow uses uCT scans
of Hexabrix-stained VB punches to enhance contrast between bone and
surrounding soft tissues. The tool was verified using a ground truth TPMS
scaffold with a primitive geometry, achieving 95% and 93.4% accuracies for
radius and porosity measurements, respectively, comparable to the standard
tools in CTAn. These results reflect the tool’s performance on the intended
geometric features rather than defects or manufacturing-induced microp-
ores. They suggest that the workflow reliably captures the macrostructural
characteristics of a complex porous scaffold, which aligns with the scale and
type of features quantified in the biological samples.

BEP pores vary widely in the literature, from a few micrometers up to several
hundred micrometers. In humans, the most commonly reported average pore
diameter ranges from approximately 20 to 60 pum [168, 204, 449-451]. Data
for bovine BEPs are more limited, with reported pore diameters ranging
from 15 to 84 pm [452]. One study directly compared bovine and human
BEPs using imaging measurements and found the average diameters to be
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33 um and 58 pm, respectively [449]. In the present study, we differentiated
between central and peripheral zones, and the average pore diameters of
bovine BEPs were 38.74 pm and 35.28 pum in the central and peripheral
zones, respectively. No significant difference was observed between the zones,
which is consistent with the reported values.

Not all pores within the zones were true percolating pores, as some were
disconnected blind pores that terminated within the tissue, or lateral pores
that terminated at the zone sides. This could be the result of the specific
zone selected for analysis, as previously mentioned, and they were excluded
from the tortuosity and permeability calculations. Percolation was detected
in less than half of the samples and varied between zones, with 54% of central
zones and 43% of peripheral zones exhibiting connectivity. Tortuosity did
not differ significantly between central and peripheral zones, but there
was a noticeable subject-to-subject variability (23.1%), whereas differences
between punches within the same subject were negligible. This suggests that
inter-subject differences have a stronger influence on tortuosity than regional
pore network geometries. This may be partly due to the exclusion of zones
where tortuosity was undefined, but given that the study was underpowered
for this parameter, the results should be interpreted with caution pending
confirmation in larger cohorts.

Porosity, in contrast, exhibited significant spatial variation (p < 0.001), with
central zones showing higher mean porosity than peripheral zones. Although
zone location accounted for only 4.6% of the variability, differences between
punches within the same subject contributed 46.8%, and subject-to-subject
variability accounted for 21.6%. Since this study was sufficiently powered
for this parameter, the observed variation in porosity can be confidently
attributed to both intra-subject and inter-subject heterogeneity as dominant
contributors.

Analysis of mean pore radius further emphasized the importance of intra-
subject variability. Although the mean pore radius did not differ significantly
between central and peripheral zones, differences between punches within the
same subject accounted for 58.3% of the variability. Inter-subject differences
were comparatively smaller (10.3%), indicating that the local geometry of
individual pores could be largely determined by the vertebral level. These
results should also be interpreted with caution pending confirmation in
larger cohorts given that the study was underpowered for this parameter.
The high number of average anchor points in the skeletonized BEPs (repre-
senting local geometric inflection points, indicating changes in pore direction
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or radius) also supports the notion that the BEP is not a homogeneous
structure but instead exhibits considerable spatial and morphological vari-
ability throughout. Collectively, these results suggest that the BEP exhibits
both spatial heterogeneity (central vs peripheral regions) and pronounced
inter-sample and inter-subject differences dominating porosity and pore
size characteristics, while tortuosity is influenced more by inter-subject
variability.

As previously mentioned, one of the possible applications of the presented
pipeline is increasing the level of sample-specificity in numerical simula-
tions currently used to interpret experimentally obtained organ culture
results [367]. The presented pipeline can predict mechanical and trans-
port properties based on the obtained morphological parameters, which
in the case of porosity have been shown here to vary significantly across
and within subjects. Considering only the percolating zones, the intrinsic
permeability of the BEP was predicted to be higher at the central zones
compared to the peripheral zones. The predicted density of the BEP,
1.36 g/cm? £ 0.33 g/cm? and 1.51 g/cm® +0.29 g/cm? for the central and
peripheral zones, respectively, align with values reported in the literature,
0.75-2.1 g/cm? [453-456].

The bovine model was selected in this study because it is widely used in
IVD organ culture and endplate-related experimental workflows, it is readily
available as fresh tissue, and it allows reproducible sample collection with
controlled processing [78, 398-401]. These practical and methodological
advantages were important for the imaging-to-quantification pipeline. At
the same time, we acknowledge that bovine coccygeal segments are not the
primary load-bearing spinal levels and are exposed to a different mechanical
environment than human lumbar vertebrae. Because endplate microarchi-
tecture adapts to mechanical demand, differences in loading history may
influence porosity, connectivity, and pore orientation, and therefore the ab-
solute values of predicted mechanical and transport properties. Accordingly,
the present results should be interpreted as specific to the bovine BEP
samples analyzed in this study. This, however, does not take away from the
main objective of this study, which is demonstrating the semi-automated
pipeline for analysis of pCT images of the BEP, and the illustration of
how the proposed pipeline can be applied within organ culture workflows
to derive sample-specific mechanical and transport properties to inform
specimen-specific loading or fluid flow simulations.

Biological segmentation remains challenging due to partial-volume effects,
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heterogeneous mineralization, and less distinct tissue interfaces. The TPMS-
based verification performed in this study primarily demonstrates the ro-
bustness of the pipeline for detecting geometric segmentation under the
assumption of uniform tissue mineralization. Limited biological replicates
(n = 4) reduced the statistical power to detect zone effects for tortuosity
and mean pore radius, implying that the absence of statistical significance
does not rule out biological zone effects on these parameters. Future work
should therefore integrate this imaging pipeline with direct mechanical and
permeability measurements on biological specimens, using human lumbar
sections if feasible, to validate and refine the approach. Additionally, com-
bining this pipeline with computational models of the CEP and the nucleus
pulposus could enable a more comprehensive assessment of the mechanical
and transport properties of the IVD as a whole.

The BEP plays a critical dual role in both mechanical load regulation and
nutrient transport to the IVD, functions that depend strongly on its pore
geometry and connectivity. Even small increases in porosity can substan-
tially reduce local bone strength and elasticity while also influencing solute
diffusion. Accurate characterization of this microarchitecture is therefore es-
sential for predicting mechanical competence, permeability, and disc health.
The semi-automated processing pipeline presented here enables efficient,
reproducible characterization of BEP microarchitecture. This pipeline pro-
vides sample-specific morphological values that can be used as inputs for
computational simulations of vertebral BEP function. The segmented BEP
mesh can be directly imported into a computational workflow where the
quantified morphological, mechanical, and transport properties replace the
idealized or literature-averaged parameters that are currently typically used.
Grounding these numerical models in empirically derived structural pa-
rameters would enable more accurate predictions of stress transfer, strain
localization, and load-bearing capacity by capturing the true heterogeneity
of the BEP microstructure in mechanical simulations. Additionally, the
predicted permeability and measured pore architecture would reliably inform
solute diffusion and fluid flow models, thereby improving computational
predictions of nutrient transport to the IVD in transport simulations. Disc
organ culture under bioreactor conditions would particularly benefit from
integrating this tool into the experimental workflow. Incorporating sample-
specific characterization allows investigators to explicitly account for the
variability in inferred properties of the BEP, which is experimentally difficult
to fully separate from the CEP [367]. Hence, this workflow represents a step
toward more realistic in vitro and in silico modeling of vertebral endplate
functions.
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CHAPTER —— 5

Cytokine-Mediated
Responses Across Endplate
Subregions in Intervertebral
Disc Multi-tissue Explants

This chapter has been submitted for journal publication as "Cytokine-
Mediated Responses Across Endplate Subregions in Intervertebral Disc
Multi-Tissue Explants"



The endplate (EP) is essential for maintaining intervertebral disc (IVD)
homeostasis by regulating nutrient transport to the nucleus pulposus (NP).
Structural or biochemical alterations in the EP, including its non-calcified
cartilage endplate (ncCEP), calcified cartilage endplate (cCEP), and bony
endplate (BEP) sublayers, can impair this function and contribute to disc
degeneration and low back pain (LBP). While most studies focus on the
NP and annulus fibrosus (AF), increasing evidence suggests that early EP
degeneration is a key initiator of disc pathology.

This study combined in silico modeling with a novel ez vivo multi-tissue
culture system to investigate cytokine-driven degeneration across the intact
IVD-vertebral interface. A previously validated signal-transduction network
model predicted that degenerative environmental conditions alone are in-
sufficient to induce chondrocyte degeneration without cytokine stimulation.
To experimentally corroborate this, intact bovine explants comprising NP,
AF, cartilaginous endplate (CEP), and BEP were maintained in a compos-
ite culture system that preserves native tissue interfaces, an approach not
previously reported. Explants were cultured for 14 days under standard,
degenerative, and cytokine-stimulated conditions using tumor necrosis factor
(TNF) or interleukin-1 beta (IL-13). Tissue responses were assessed using
computed tomography (CT), glycosaminoglycan (GAG)-to-deoxyribonucleic
acid (DNA) ratios, extracellular GAG release, histological grading, quanti-
tative cell density analysis, and immunohistochemistry (IHC).

In silico predictions were confirmed experimentally, as degenerative condi-
tions alone did not induce significant changes classically associated with
degeneration, whereas cytokine exposure consistently triggered these changes.
TNF stimulation resulted in increased extracellular GAG release and pro-
nounced chondrocyte loss, while IL-13 primarily altered the extracellular
matrix (ECM) state with comparatively lower GAG release. Histological
analyses revealed reduced proteoglycan staining in the CEP and NP/AF
tissues under cytokine conditions without complete structural disruption.
IHC revealed significant changes in the expression of anabolic and catabolic
markers in the CEP within 14 days, whereas no significant changes were
observed in the NP/AF.

These findings suggest that cytokine signaling is a critical driver of EP-
associated degeneration and reveal distinct, tissue-specific responses to TNF
and IL-15. The development of a multi-tissue ex vivo culture system that
preserves the IVD—vertebral interface provides a new platform for studying
early degenerative mechanisms and enables more physiologically relevant
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investigation of cross-tissue interactions during disc degeneration.

5.1 Introduction

LBP affects approximately 80% of individuals in Western countries dur-
ing their lifetime, accounting for nearly five million disability-adjusted
life years (DALYs) in young adults, making it the leading cause of mor-
bidity worldwide [457-459]. Among the various components of the spine,
the EP has received comparatively little attention in the scientific litera-
ture [460], despite its critical role in maintaining the health of the IVD.
Whilst calcification-induced reduction in EP permeability leads to decreased
nutrient supply to the disc [461, 462], matrix degradation and microfissures
within the EPs facilitate infiltration of blood vessels and nerve fibers from
the subchondral bone into the otherwise immune-privileged IVD [457]. This
makes EP changes the principal contributing factors in LBP [463, 464].

The EP is a layered composite structure consisting of the BEP, a semiporous
region of thickened cancellous bone that is part of the vertebral body (VB),
and the CEP. The CEP is subdivided into the ncCEP region, associated
with the IVD, and the cCEP region, which serves as a transition between the
VB and IVD. As a thin layer of hyaline-like cartilage, the CEP separates the
IVD from the VB [460, 465, 466], acting both as a mechanical barrier that
prevents the NP from bulging into the VB and proteoglycans from leaching
out [467], and is the principal conduit for nutrient and waste transport to
sustain the avascular NP [460, 467].

Cytokines, particularly TNF and IL-13 [468-470], are key mediators of
catabolic processes in cartilage and IVD and are upregulated in degenerating
tissue. These cytokines are produced by resident chondrocytes within the
CEP, and the NP and AF cells throughout the IVD [471, 472], and drive
matrix degradation via stimulation of matrix-degrading enzymes. In the
IVD, elevated TNF and IL-18 correlate with increased degeneration, whereas
healthy tissues show low levels of IL-13, which is balanced by expression
of its natural antagonist IL-1Ra, whilst TNF shows minimal expression.
IL-15 and TNF have been implicated in disc degeneration and herniation,
promoting catabolic activity, neurotrophic factor expression, and altered
matrix synthesis [469, 472-475]. However, within the native human IVD,
IL-15 appears to play a greater role due to limited TNF receptor expression
in vivo [468, 476]. Yet, the majority of studies to date have focused on
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the response of NP cells and tissues to these cytokines [477-482], with
some studies on AF cells and tissues [480, 482-484], but limited work to
date has investigated the response and roles of these cytokines within
the EPs [460, 485, 486]. In particular, the specific regulatory roles of
TNF and IL-18 within the EP subregions remain poorly defined, with no
studies to date investigating intact multi-tissue explants. Notably, most EP
experimental models rely on isolated cell cultures or single-tissue explants,
which fail to capture the structural and functional coupling between the IVD,
CEP, and BEP. This isolation does not adequately represent its in vivo
function. Interactions across this multi-tissue interface are likely to play a
central role in the initiation and progression of degeneration, particularly in
response to cytokine stimuli. However, to date, no studies have investigated
cytokine-driven EP degeneration in an intact multi-tissue IVD-VB system
that preserves these native interfaces.

Therefore, this study developed a novel ex vivo explant culture model
that maintains the IVD-VB architecture, including NP/AF, CEP, and
BEP. This platform enables, for the first time, the investigation of spatially
resolved, cytokine-mediated degenerative responses across the EP subregions
within an integrated multi-tissue environment.

5.2 Methods

5.2.1 Predictive computational model of chondrocyte degen-
eration with and without cytokines

Chondrocyte degeneration was assessed in silico in degenerative media
with and without cytokines using a previously validated in silico signal-
transduction network model developed for cartilage degeneration in os-
teoarthritis [127, 128]. The resulting chondrocyte states were compared
against reference profiles representing healthy and degenerative phenotypes.
The model integrated coupled gene regulatory and protein signaling subnet-
works, comprising 74 normalized parameters (0 to 1 scale) that collectively
represent approximately 300 direct and indirect biochemical interactions
governing cellular behavior. Model outputs included gene-level (slow) and
protein-level (fast) activities, with global activity defined as their prod-
uct [127, 128, 487].
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The analysis was performed using a Monte Carlo approach with 10,000
random initializations, each of which was run until a stable steady state
was reached. Of these steady states, 11 were classified as healthy and subse-
quently used as the initial conditions for the simulations. These 11 healthy
initial states were perturbed by clamping selected nodes to values reflecting
in vitro conditions for 1,000-time steps. After the clamp was released, the
model was simulated until a new steady state was reached. To account
for the stochasticity of the model, each perturbation was performed in 100
independent runs for each of the 11 initial states, resulting in 1100 runs
for each environment. Although degenerative conditions differ from healthy
conditions in both osmolarity and pH [488], the latter was not incorporated
as a variable in the in silico model because there is insufficient quantitative
experimental data to reliably parameterize and validate its effects on the
signaling network. Nevertheless, pH was included in the subsequent in vitro
experiments to address this knowledge gap and provide evidence that may
support the incorporation of pH into future in silico models. Therefore,
degenerative conditions without cytokines were simulated as low osmolar-
ity conditions, captured in the model through overexpression of transient
receptor potential cation channel subfamily V member 4 (TRPV4), based
on in-house experiments and literature reports [489-491]. Degenerative
conditions with cytokines additionally included the overexpression of the
generic cytokine variable in the model.

Following clamp release, the system evolved to a new steady state and
was classified by comparison against predefined healthy and degenerate
(hypertrophic-like disease) reference attractor states. The degenerate states
are defined as having high global activity of RUNX2, COL-X, matrix
metalloproteinase 13 (MMP13), and IHH, along with low global activity
of SRY-box transcription factor 9 (SOX9), NKX3.2, COL-II, aggrecan
(ACAN), and proteoglycans, whereas healthy states exhibited the opposite
activity profile as previously reported by our group [127, 128]. Simulation
code is available at http://www.biomech.ulg.ac.be/software/.

5.2.2 Bovine disc model

The bovine IVD is increasingly recognized as a valuable model for studying
the mechanobiology, cell biology, and pathogenesis of human IVD degener-
ation, owing to anatomical and biochemical similarities in cell phenotype,
composition, and mechanical properties [492]. Research indicates that bovine
CEP closely resembles that of humans in composition and organization,
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including proteoglycan distribution and gene expression profiles [493], in
addition to responses to cytokines, particularly TNF and IL-13 [494-496].
In view of these similarities and the ethical and practical limitations of
obtaining healthy, intact human VB-IVD samples, bovine tails were used
to study the cytokine effects on the CEP over a 14-day experiment in either
standard disc culture media or media modulated to mimic the degenerate
environment [488] (Figure 5.2.1).
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Figure 5.2.1: Chronological overview of the experimental procedures from the
tissue extractions at day —3 to the sampling and storing at days 0 and 14, and
the downstream analysis performed subsequently. Standard and degenerate media
are made of LG-DMEM supplemented with FCS, with cytokine-treated groups
denoted by “+ TNF” or “4 IL-18". More details for the media composition can be
found in Table 5.2.2.

5.2.3 Tissues/cells extraction and isolation

The tissue harvesting protocol was adapted from published methodology [497,
498] where three fresh whole-length bovine tails were acquired from the
local abattoir (Bramall & Son, Sheffield). The tails were acquired without
skin to reduce the chance of contamination and immediately sterilized
with betadine solution and placed under the laminar flow to be processed.
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Muscles, ligaments, and outer connective tissues were dissected to expose the
vertebrae and IVDs, and around 10 intact IVDs with 8.4 mm + 2.6 mm of
adjacent vertebrae on each side were excised from the middle section of each
tail. These IVDs were then washed 3—6 times with phosphate-buffered saline
(PBS) to remove the bone marrow and any blood clots. The vertebral-IVD
explants were then cut using a veterinarian oscillating bone saw (NS-1011
Oscillating Bone Saw Medical from Wuhu Ruijin Medical Instrument and
Device Co., Ltd.). A total of 91 samples were harvested across 3 bovine tails
(Table 5.2.1). Samples were randomly assigned to the different experimental
groups (Appendix Table 5.A.1). The IVD tissue side of each of the samples
was then dipped in sterile 3% w/v agarose prepared in PBS to reduce GAGs
depletion and tissue swelling [499].

Table 5.2.1: Number of explants obtained per bovine stratified per environment.
At day 0 (3 days post-harvesting) and standard, degenerate, degenerate + IL-15,
or degenerate + TNF at day 14.

Day Treatment Test Bovine 1 Bovine 2 Bovine 3
AG/DNA -
0 Day0 G G/. 5 3
CT-histology 3 3 -
Standard GAG/DNA 4 4 3
CT-histology 3 3 3
GAG/DNA 3 3 3
Degenerate )
14 CT-histology 3 3 3
AG/DNA 4 4
Degenerate + IL-15 GAG/ 3
CT-histology 3 4 3
AG/DNA 4
Degenerate + TNF G G/. 3 3
CT-histology 3 4 3

Total: 91

w
%]
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5.2.4 Culture conditions

Whereas the in silico model compared healthy and degenerative environ-
ments by altering osmolarity, the experimental study compared standard
and degenerative culture conditions. This approach was chosen because
tissue culture studies commonly use standard culture conditions as the
reference group [495, 496] rather than attempting to recreate a fully healthy
intervertebral disc environment, facilitating comparison with existing litera-
ture. Furthermore, the objective of the experimental work was to evaluate
tissue-level responses rather than isolated cell behaviour. Sample avail-

91




ability was limited, which precluded the inclusion of an additional healthy
experimental group.

The basal media for all cultures was Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco), supplemented with 10% v/v FCS (Gibco: A5256701).
During the initial 24 hours, all samples were placed in a 5% oxygen hypoxia
glove box (Don Whitley Hypoxia station) with standard high-glucose medium
(4.5 g/L). This step allowed the cells and tissues to recover from mechanical
disruption during harvesting and sudden loss of native nutrient supply.
Subsequently, the medium was switched to standard low-glucose (1 g/L)
DMEM to prevent high-glucose-induced damage to CEP cells [500] and
maintain a more physiological glucose level. Culture under low glucose
and 5% O9 was maintained for 48 hours before the samples were allocated
randomly to experimental conditions. Following the initial 3 day pre-culture
to enable tissues to recover from extraction, this was defined as ‘day 0’ of
the experiment and n = 6 samples from bovine 1 and bovine 2 were taken
for downstream analysis as “day 0 controls” as described later, while all
remaining samples were split into 4 groups: standard medium, degenerate
medium, degenerate 4+ IL-15 medium, and degenerate + TNF medium
(Table 5.2.2). The key difference between the standard and the degenerate
media is the pH levels that were imparted with the differences in the Sodium
Bicarbonate concentrations [488]. Both standard and degenerate media
had an osmolarity (OSM) of 325mOsm/kg, whilst the pH of the standard
medium was 7.2 and of the degenerate media was 6.8, as reported recently
for NP media [488]. All cultures were performed in 6-well plates filled
with 10 mL of the designated medium, and swelling was minimized via the
application of the agarose ‘dip’. All media were stored and refreshed three
times per week until day 14, after which time all remaining samples were
collected for downstream analysis.

5.2.5 Downstream analysis

At day 0 and at day 14, samples were split into 2 groups; one group was fixed
using 4% w/v formaldehyde (Sigma Aldrich 1.04003) and stored at room
temperature prior to imaging using a micro-computed tomography (uCT)
scanner. Following CT analysis, samples were ethylenediaminetetraacetic
acid (EDTA) decalcified in 20% EDTA /Tris-buffered saline (TBS) and
embedded in paraffin wax and processed for histology and THC to study
the microscopic anatomy of biological tissues. Samples of the second group
were separated into their component tissue parts (VB, CEP, IVD) and
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Table 5.2.2: Tissue culture media used throughout the experiment, where high-
glucose was used for freshly harvested samples from day —3 till day —2, and
standard media applied from day —2 to day 0, and standard, degenerate, and
degenerate with cytokines were used from day 0 till day 14. DMEM.

HIGH-GLUCOSE MEDIUM

Component

Amount (Final concentration) Supplier and Product Code

high-glucose Dulbecco’s

Modified Eagle Medium (500 mL) As Gibco: 10569010
(HG-DMEM) supplied
Pen/Strep (50 U/mL) Gibco: 15070-063
Amphotericin B (2.5 pg/mL) Sigma: A2942
L-Ascorbic acid
2-phosphate .
sesquimagnesium salt (50 ugg/mlL) Sigma: A5960
hydrate
FCS 10% v/v Gibco: A5256701
STANDARD MEDIUM
Component Amount (Final concentration) Supplier and Product Code
LG-DMEM (500 mL) As Gibco: 11885084
supplied
Pen/Strep (50 U/mL) Gibco: 15070-063
Amphotericin B (2.5 pg/mL) Sigma: A2942
lI-Ascorbic acid
2-phosphate .
sesquimagnesium salt (50 pg/mL) Sigma: A5960
hydrate
FCS 10% v/v Gibco: A5256701
DEGENERATE MEDIA
Component Amount (Final concentration) Supplier and Product Code

LG-DMEM powder
Sodium bicarbonate
Pen/Strep
Amphotericin B
1-Ascorbic acid
2-phosphate
sesquimagnesium salt
hydrate

FCS

L-Glutamine

IL-183

TNF

4.99 g per 500 mL
0.213 g per 500 mL
(50 U/mL)

(2.5 pug/mL)

(25 pg/mL)

10% v/v

1% v/v

1 ng/mL (for
degenerate + 1L-153
medium)

1 ng/mL (for
degenerate + TNF
medium)

Gibco: 31600-083
Sigma: S-6014
Gibco: 15070-063
Sigma: A2942

Sigma: A5960

Gibco: A5256701
Gibco: 25030-024

Peprotech
(200-01B-10UG)

Peprotech
(300-01A-50UG)
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snap frozen in liquid nitrogen, then stored at —80°C for GAG and DNA
quantification. Additionally, the spent media from the technical replicates
were pooled for each bovine subject and stored at —80°C to calculate the
GAGs released by the cells into the media.

CT scanning

Although it is difficult to display the structure of the CEP, NP, and AF
on CT scans due to its poor contrast in soft tissues [501], the high res-
olution provided by the Phoenix Nanotom® by Baker Hughes (Waygate
Technologies), in addition to short three-dimensional (3D) scanning time,
enabled a detailed examination of the bone tissue integrity and the detection
of any boundary artifacts. To better visualize the non-calcified cartilage
in the explants, Hexabrix was used as a contrast agent since it interacts
electrostatically with the negatively charged GAGs present in cartilage and
IVD [502, 503]. The formaldehyde-fixed samples were submerged and incu-
bated in 40% Hexabrix for 48 hours at room temperature, enabling imaging
of the IVD [504]. The samples were then wrapped with parafilm and fitted
into holders to ensure they were fixed in place while being imaged in the CT
scanner using in-house optimized settings (Table 5.2.3), for osteochondral
tissues with a resolution of 9 um. The exposure time was 500 ms, and 1800
images were acquired over 360°. The free and open source software, 3D Slicer
5.0.3 [505, 506], was used to visualize the scans and analyze them. Defects
in the CEP-BEP interface were noted, and the maximum thicknesses of the
BEP, CEP, and soft tissues (comprising both NP and AF) were calculated
in each sample.

Although the endplates, especially the bony endplate regions, have been
defined in different ways in the literature [507], standardized definitions
were adopted for CT-based segmentation. The soft tissues, NP/AF, were
identified as the medium CT intensity regions with smooth texture at one
extremity of the explant. The CEP was divided into ncCEP, characterized
by very low CT intensity between bone and soft tissue, and cCEP, the
highest intensity layer separating the IVD from the VB; these two regions
were separated by the tidemark, and the cCEP was separated from the
BEP by the cement line. The BEP and subchondral trabecular bone (STB)
showed similar intensities, but STB exhibited larger, marrow-filled pores.
The epiphyseal growth plate, present only in younger bovines and humans,
appeared as an uncalcified layer separating STB from metaphyseal trabecular
bone (MTB). This clear definition allowed consistent measurement of
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maximal thickness for each compartment (Figure 5.2.2). For subsequent
analyses, “soft tissues” (Figure 5.2.2 tissue “a”) included NP, and AF, “CEP”
included cCEP and ncCEP (Figure 5.2.2 tissues “b” and “c” respectively),
whereas the VB region comprised BEP, STB, growth plate, and MTB
(Figure 5.2.2 tissues “d”, “e”, “f”, and “g” respectively).

Excess Hexabrix

Figure 5.2.2: A labeled sample of the scanned explant in the pCT where lowercase
letters represent the different tissues (a) NP/AF, (b) ncCEP, (c¢) ¢cCEP, (d) BEP,
(e) STB, (f) growth plate, and (g) MTB. Scale bar = 1 mm.

Glycosaminoglycan (GAG) quantification

Downstream, the frozen samples were digested in papain solution from
papaya (Sigma Aldrich P3125) for 12 hours at 60°C. The papain digestion
solution was made using 0.31 mg/mL dithiothreitol (DTT) (Thermo Scien-
tific R0861) and 1 U/mL of buffer solution that contained 20 mM sodium
phosphate monobasic (Sigma Aldrich S9638), 20mM sodium phosphate diba-
sic (Sigma Aldrich S0876), and 1 mM EDTA-2H50. The digested samples,
in addition to the collected media, were then used separately to quantify
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Table 5.2.3: In-house optimized settings of uCT scanner for osteochondral tissues
standardized and used for all the explant samples.

X-ray Source Parameters Acquisition Parameters Reconstruction Parameters

Voltage 60 kV exposure time 0.5 s bhc* 8
Current 170 pA voxel size 9 pm inline median
filter 0.2 mm fast scan yes filter region of

Aluminum interest (ROI)
CT filter
target  Diamond-coated filter Volume
Tungsten

*bhe: Beam Hardening Correction

GAG using the dimethylmethylene blue (DMMB) (Sigma Aldrich 341088)
assay [508] with known concentrations of standard bovine cartilage chon-
droitin sulphate C solution (Sigma Aldrich C6737). The absorbance of the
samples and the standards was measured at 525 and 595 using an enzyme-
linked immunosorbent assay (ELISA) multimode plate reader (TECAN
Infinite® 200 PRO). The difference of absorbance was used to construct the
standard curve [509] and the coefficient of determination (R?) was calculated
to assess the linear regression line, which was 0.995 for both the GAGs in
the tissues and GAGs in the media. Media of samples collected from each
subject were pooled by condition prior to the quantitative analysis.

Deoxyribonucleic acid (DNA) quantification

To enable normalization to DNA content, the papain-digested samples used
for GAG assessment were used to quantify DNA using the PicoGreen'" assay
(Quant-iT™ PicoGreen"" dsDNA Assay Kits and dsDNA Reagents, Catalog
number P7589, Thermo Fisher Scientific) following the instructions of the
manufacturer. The fluorescence wavelengths were measured at excitation
of 480 nm and emission of 520 nm on the same ELISA multimode plate
reader. The standard curve was created using known concentrations of
A-DNA stock solution, and the R? was calculated, which was 0.998 for DNA.
The GAG/DNA ratio was then determined.
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Histological examination

Fixed samples were decalcified in 20% EDTA (Sigma Aldrich ED2SS) for
three months, with 2-3 solution changes per week. Samples were then
embedded in paraffin (VWR International 10048502) and sectioned at 5
pum using a Microtome HM355S (Thermo Fisher Scientific). Sections were
mounted on Superfrost Microscope Slides (AG00008032E01MNZ20, Thermo
Fisher Scientific) for histological staining. Four different staining techniques
were used to assess the structure and composition of the explants. The slides
were dewaxed using Histo-Clear (National Diagnostic HS-200) and methanol
before being dipped in their respective stain and counterstains: Alcian blue
(AB)/Nuclear Fast Red, safranin O (SafO)/Fast Green, hematoxylin and
eosin (H&E), and Masson’s trichrome (MTC). For all stainings, sections
were first deparaffinized in Histo-Clear and rehydrated through graded
alcohols to distilled water. For Alcian Blue staining, sections were incubated
in 0.5% Alcian Blue solution (A3157 Sigma) at pH 1 for 60 minutes, rinsed,

and counterstained with Nuclear Fast Red (642425 Klinipath) for 5 minutes.

For Safranin O/Fast Green staining, sections were stained with hematoxylin
for 1 minute, then acid alcohol for 5 seconds. Subsequently, sections were
stained with Fast Green (Klinipath; 80051; color index 42053) for 5 minutes
and 1% acetic acid for 30 seconds, followed by Safranin O staining (Klinipath
640780) for 10 minutes. For H&E staining, sections were stained with
hematoxylin (Sigma Aldrich H9627) for 5 minutes, washed under running
water, and counterstained with eosin (Clin-Tech 640381) for 7 minutes. For
Masson’s Trichrome staining, sections were refixed with Bouin’s solution
(Polysciences 16045) at 60°C for 1 hour, stained sequentially with Weigert’s
Iron Hematoxylin (Sigma HT1079) for 10 minutes, Biebrich Scarlet red
(Sigma HT151) for 5 minutes, a 1:1 mixture of phosphotungstic (Sigma
HT152) phosphomolybdic acid and (Sigma HT153) for 10 minute, and
Aniline Blue (Sigma, B8563) for 5 minutes, followed by differentiation in
1% acetic acid for 1 minute. After staining, all sections were rinsed between
steps in dH20, and after staining was performed, then dehydrated through

graded ethanol, Histo-Clear, and mounted with Pertex (Histolab 00801-EX).

All samples were processed and stained on the same day using the same
staining solution batches to ensure consistent conditions and comparable
results. All samples were imaged using a brightfield microscope (Olympus
IX83, Olympus Corporation, Tokyo, Japan) equipped with an Olympus
DP73 digital camera and Olympus cellSens Dimension image acquisition
software (version 1.18).
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Stained area and staining intensities in AB, SafO, and MTC images were
quantified using Fiji ImageJ [510]. To reduce background-related false
positives, AB and MTC images were color-shifted to red, and SafO images
to blue. Color deconvolution [511] was then performed to digitally isolate
the stains using built-in ImageJ parameters specific to each stain. The CEP
was traced to define the ROI. Binary masks were generated by applying
automatic thresholding to the primary stain channel, using the Huang, Rényi
entropy, and Mean methods for AB, SafO, and MTC, respectively. The
stained area percentage within the ROI was measured from the binary mask,
while the mean color intensity was extracted directly from the primary stain
channel. The full set of algorithms covering these tools is available in a
public GitHub repository [512], along with a user manual.

Since no standardized degeneration scoring system exists specifically for
the bovine EP, the system used (Table 5.2.4) was an adaptation based
on commonly reported parameters from several human and large animal
models [513-517], focusing only on the CEP and BEP regions. Each sample
was assigned a score from 0 to 3 for each of six criteria related to EP
degeneration, where 0 indicated no degeneration, 1 indicated early/mild
degeneration, 2 indicated moderate degeneration, and 3 indicated severe
degeneration, resulting in a total possible degeneration score of 18. CEP
cellularity was assessed based on clustering, as well as features of neovascu-
larization. Cellular degeneration was evaluated by identifying hallmarks of
apoptosis, necrosis, senescence, and cell loss. CEP lesions were characterized
by cartilage erosion, localized thinning, fissures, erosions or nodes, and avul-
sion from the BEP. ECM structure of the CEP was evaluated for cartilage
thinning, structural disorganization, loss of boundary demarcation (tide-
mark and cement lines), fibrocartilage infiltration, and calcification. BEP
cellularity was evaluated based on bone marrow composition, specifically the
presence of red bone marrow (RBM) versus adipocytes indicative of fatty
yellow bone marrow (YBM), as well as signs of neovascularization. BEP
lesions included changes in demarcation, enthesis integrity, and erosions
or nodules. Finally, the ECM of the BEP structure was assessed for the
presence of erosive nodules, trabecular remodeling, changes in thickness,
cartilage or fibrocartilage formation, subchondral bone sclerosis, and bone
remodeling, including osteophyte formation.
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Table 5.2.4: Hematoxylin and eosin (H&E) degeneration scoring system based on
large animal models [514-516], focusing on cellularity, lesions, and extracellular
matrix (ECM) structure of CEP (a) and BEP (b).

(a)

Location CEP
Categories Cellularity Lesions ECM Structure
Markers Cellular proliferation Cartilage erosion, Cartilage thinning,
(clusters), localized thinning, structural
Neovascularization fissures, erosions or disorganization,
nodes, avulsion from boundary
BEP demarcation,
fibrocartilage
infiltration, and
calcification.
0 Single cells within None. Uniform thickness
absence of lacunae, with no signs with a distinct
degeneration  of necrosis, apoptosis, boundary with BEP.
or senescence.
1 Few instances of Few areas of localized Some localized
early/mild multiple nuclei within erosion. thinning and
degeneration lacunae, with possible disorganization.
signs of apoptosis and
cell shrinkage.
2 Several of multiple Moderate thinning, Moderate calcification,
moderate nuclei are present presence of fibrocartilage
degeneration  within lacunae, but fissures/nodules, and infiltration, and
without clustering, localized avulsion structural
possible signs of from the BEP. disorganization.
apoptosis, necrosis,
and cellular
senescence, moderate
cell loss, and
neovascularization.
3 Abundant clustering Significant loss of Extensive calcification
severe of clonally derived thickness, large and fibrocartilage
degeneration  cells, with evidence of fissures, and extensive infiltration.

cell loss, and possible
signs of apoptotic,
necrotic, and
senescent cells, and
extensive
neovascularization.

areas of avulsion from
the BEP.
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(b)

Location BEP
Categories Cellularity Lesions ECM Structure
Markers Bone marrow Demarcation, enthesis Erosive nodules,
alterations and state, erosions or trabecular remodeling,
neovascularization. nodules, and changes in thickness,
osteophyte formation. cartilage formation,
sclerotic subchondral
bone, cartilage or
fibrocartilage, bone
remodeling, and
osteophyte formation.
0 Hematopoietic bone A distinct boundary = Thin subchondral
absence of marrow. RBM with the CEP. bone plate with
degeneration instead of YBM distinct vertebral
trabecular elements.
1 Localized areas of Scattered Small node with
early/mild fibrovascular /fatty irregularities at the rupture of the BEP.
degeneration YBM at sites of CEP CEP interface. Limited areas of
damage. fibrocartilage
infiltration into the
subchondral bone,
with or without a
sclerotic margin.
2 Moderate-sized areas Moderate Moderately sized
moderate of fibrovascular irregularities at the nodes and/or erosions,
degeneration and/or fatty bone CEP boundary. with adjacent sclerosis
marrow extending or fibrovascular
into the VB. changes in the bone
marrow. Sclerosis of
the subchondral bone
plate.
3 Extensive Erosive nodules Extensive bony
severe fibrovascular bone extending into the sclerosis.
degeneration marrow changes. vertebra, with a BEP

compression fracture.

Images of the full CEP section were taken using the Multi-position Mosaic

feature.

The CEP ROI was then traced as mentioned above (section:

“Histological Examination”), and its area was calculated, and the nucleus
of each cell in the ROI was labeled using the multi-point tool. All nuclei
were labeled, including the ones showing signs of apoptotic, necrotic, and/or
senescent cells, but empty lacunae were disregarded. The count was then
measured and divided by the area to get the cell density of each sample.
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Immunohistochemistry

Additional sections were prepared as described above (section: “Histo-
logical Examination”) and mounted on charged slides for IHC. THC was
performed using 3,3’-diaminobenzidine tetrahydrochloride (DAB) (Sigma
Aldrich D5905) staining following the protocol described by Binch et al. [518].
The sections were deparaffinized, rehydrated, and endogenous peroxidase ac-
tivity was blocked prior to antigen retrieval. Antigen retrieval was performed
using one of three methods: none, enzyme, or heat (Table 5.2.5). For en-
zyme retrieval, sections were incubated in TBS containing 0.1% (w/v) CaCls
dihydrate (Honeywell 223 506) and 0.01% (w/v) a-chymotrypsin (Sigma
Aldrich 1002472729) for 30 minutes at 37°C. For heat retrieval, sections
were submerged in 0.05 M Tris (Fisher T/3710/60) at pH = 9.5 preheated to
60°C, irradiated in an 800 W microwave for 5 minutes at 40% power, left to
stand for 1 minute, irradiated for another 5 minutes at 20% power, and then
left to cool for 15 minutes at room temperature. Following antigen retrieval,
sections were washed in TBS. Non-specific antibody-protein interactions
were blocked using normal serum matched to the secondary antibody species
for 1 hour at room temperature in a humidified staining tray to prevent
drying. Primary antibodies were applied overnight at 4°C. The sections
were incubated with primary antibodies against anabolic matrix staining
markers collagen type II (COL2) [519] and ACAN [520] in addition to
catabolic cytokines IL-15 and TNF, and matrix-degrading enzymes matrix
metalloproteinase 3 (MMP3) and a disintegrin and metalloproteinase with
thrombospondin motifs 4 (ADAMTS4) [508-511] (Table 5.2.5). Parallel sec-
tions were incubated with species-matched immunoglobulin G (IgG) controls
(rabbit, Abcam ab37415; mouse, Abcam ab18394; Goat, Abcam ab37373) at
equivalent concentrations. The following day, sections were washed in TBS
and incubated with secondary antibodies (Table 5.2.5) for 30 minutes. After
further TBS washes, avidin—biotin complex (ABC) Elite reagent (Vector
Laboratories PK-7100) was applied for 30 minutes. Sections were washed
again in TBS, and DAB solution (0.08% H2O2 with 0.65 mg/mL DAB in
TBS) was applied for 20 minutes. Sections were then washed under running
cold tap water for 5 minutes, counterstained with Mayer’s hematoxylin
(Leica Biosystems 3801582E) for 1 minute, and blued under running tap
water for another 5 minutes. Finally, sections were dehydrated in ethanol,
cleared in Xylene (Sigma Aldrich 214736), and mounted with coverslips using
Pertex (Leica Biosystems 3808707E). Each TBS wash was repeated 3 times
for 5 minutes, and the primary and secondary antibodies were purchased
from Abcam, Cambridge, UK, or Invitrogen (Table 5.2.5). Quantification of
immunostaining was performed using a QuPath [521]-based semi-automatic
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pipeline [522] optimized for low-cellularity tissues. To enable assessment of
the CEP response and potential cross-talk with adjacent tissues, regions of
interest were defined for the NP/AF, CEP, and BEP of each sample. The
stain vector was automatically estimated, cells were automatically detected,
and the classifier was trained using 15 representative regions to distinguish
positive cells, negative cells, and false detections. Samples containing fewer
than 150 cells were excluded to prevent statistical bias, and immunopositiv-
ity was expressed as the percentage of positive cells for each antigen and
tissue region.

Table 5.2.5: Primary and secondary antibodies used for immunohistochemical
(IHC) staining with their clonality, dilution, and antigen retrieval methods.

Target antibody Clonality Dilution Antigen Secondary Dilution
retrieval  antibody

MMP3 Rabbit 1:400 Enzyme Goat anti rabbit  1:500

(ab53015) polyclonal (ab6720)

Aggrecan Mouse 1:200 Heat Rabbit anti 1:500

(ab3778) monoclonal mouse (ab6727)

Collagen type Mouse 1:100 Enzyme Rabbit anti 1:500

II (ab3092) monoclonal mouse (ab6727)

ADAMTS4 Rabbit 1:200 None Goat anti rabbit  1:500

(ab185722) polyclonal (ab6720)

1L-13 Mouse 1:100 Heat Rabbit anti 1:500

(Invitrogen Monoclonal mouse (ab6727)

M421B)

TNF Rabbit 1:200 Heat Goat anti rabbit  1:500

(ab6671) polyclonal (ab6720)

Statistical analysis

GraphPad Prism version 9.0.0 for Windows (GraphPad Software, Boston,
Massachusetts, USA) was used to conduct normality tests and statistical
analyses. A normality test was performed to determine the type of statistical
tests that could be conducted on the results of each downstream analysis.
GAG/DNA passed both the Shapiro-Wilk and the Kolmogorov-Smirnov
normality test, and, therefore, parametric significance tests were used to
assess the effects of the environments on the samples. GAG/DNA in the
tissues had only one variable, which was the environment, so a one-way
analysis of variance (ANOVA) was performed, while GAG/DNA released
in the media had an additional variable, time, so a two-way ANOVA test
was performed. After the ANOVA test, Tukey’s multiple comparisons test
was performed to check which environment exactly differs from the rest.
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Due to the bounded nature of the degeneration scores (0 to 18) and IHC
percentage data (0 to 100%), the non-parametric Kruskal-Wallis test was
performed, followed by Dunn’s multiple comparisons test.

5.3 Results

5.3.1 In silico modeling predicts cytokine requirement for
degeneration

Simulating degenerative conditions in the absence of cytokines predicted a
negligible transition to a degenerative phenotype, with fewer than 1% of
chondrocytes affected (2/1100). In contrast, inclusion of cytokines resulted
in a complete shift, with 100% of chondrocytes exhibiting a degenerative
phenotype. At the protein level within the in silico model (Figure 5.A.1a),
25 out of 74 components were significantly different from healthy controls
under degenerative conditions without cytokines, whereas 55 differed from
degenerated controls. With cytokines, this pattern was reversed, with 55
components differing from healthy controls and only 1 from degenerated
controls. A similar trend was observed at the gene level within the in
silico model (Figure 5.A.1b). Without cytokines, 21 components differed
significantly from healthy controls and 46 from degenerated controls. While
with cytokines, 47 components differed from healthy controls, and only
1 from degenerated controls. When assessed globally (Figure 5.3.1 and
Figure 5.A.1c), degenerative conditions without cytokines resulted in 35
components differing from healthy controls and 73 from degenerated controls.
In contrast, with cytokines, all 74 components differed from healthy controls
and none from degenerated controls.

5.3.2 Downstream analysis

CT scanning showed structural stability after 14 days of culture
within ex vivo models

CT scans revealed that the primary difference among the three bovine
subjects was the absence of a visible growth plate in the VB of bovine 2. In
contrast, all samples from bovines 1 and 3 exhibited a clearly identifiable
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Figure 5.3.1: Normalized global activity of all the monitored components as
predicted by the in silico model for the reference healthy chondrocytes (healthy
control), chondrocytes in degenerative conditions without cytokines, chondrocytes in
degenerative conditions with cytokines, and the reference degenerated chondrocytes
(degenerated control). Controls have been defined in previous studies [127, 128].
The heatmap shows the deviation (in absolute values) of each component from the
reference healthy environment.
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growth plate, located consistently within approximately 2 mm from the
BEP, with average distances of 2.32 mm for bovine 1 and 1.82 mm for bovine
3. Although some samples from bovine 2 had bone heights exceeding 11 mm,
no visible growth plate was detected. This suggests that bovine 2 may have
been more skeletally mature. However, structural features of the growth
plate region were still distinguishable in these samples. These features were
located at a similar position relative to the BEP as in bovines 1 and 3, with
an estimated closed growth plate distance of 2.05 mm in bovine 2, based
on anatomical landmarks (Figure 5.A.2). One sample of bovine 2 of the
degenerate + IL-153 condition had multiple Schmorl’s nodes where the BEP—
CEP boundary was not well defined. That sample had extreme thinning of
the cartilage, and so did one sample of the same bovine of the degenerate +
TNF condition, although that one did not show Schmorl’s nodes, so these
two samples were discarded from the analysis as the features represented
donor variation rather than effects of culture conditions. All other samples
showed a clear distinction between the bone, cartilage, and soft tissues.
Aside from the STB, the thickness of each tissue was comparable between
the samples without statistical significance, regardless of the environment
(p > 0.05) (Figure 5.3.2). One sample of the same bovine in the degenerate
+ IL-18 condition did show a small section with unusual calcification, but
still had clear tissue boundaries. The thickness of each tissue for all the
samples were on average, 3.9 mm for the soft tissues, 0.345 mm for the
ncCEP, 0.304 mm for the cCEP, 0.701 mm for the BEP, and 2.072 mm for
the STB.

GAG/DNA did not change in the tissues during culture, but TNF
induced GAG release to the medium

On average, all three bovine cultures showed comparable GAG/DNA levels
in the tissue on day 0, and all cultured samples for 14 days in standard
medium, and degenerate groups with no significant differences in GAG/DNA
seen between bovine donors (Figure 5.3.3a).

There were clear significant effects of both environment and time on the
cumulative GAG/DNA secretion (P < 0.001 for both environment and time)
(Figure 5.3.3b). Post-hoc analysis, using Tukey’s multiple comparisons test,
showed that at days 3, 5, and 7, none of the pairwise comparisons reached
statistical significance (P > 0.05). From day 10 onward, the degenerate +
TNF condition exhibited significantly higher cumulative GAG/DNA release
compared to standard conditions (P = 0.009, P = 0.001, and P < 0.001 for
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day 14.
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days 10, 12, and 14, respectively) while the degenerate and degenerate +
IL-1p differences remained insignificant compared to standard conditions at
all measured days.
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Figure 5.3.3: Quantification of (a) GAG/DNA in the tissues of the digested explants
for the three bovines in each environment where standard, degenerate, degenerate +
IL-13, and degenerate + TNF media are all measured at day 14, and (b) cumulative
GAG/DNA released in each medium by all three bovine explant samples, note media
samples for equivalent treatment groups were pooled at each time point for analysis.
Statistical analysis was performed and significant effects of environment and time
were observed for cumulative GAG/DNA release (b) where in the GAG/DNA in
the degenerate + TNF media were significantly greater compared to the standard
group at days 10, 12, and 14.

Histological examination showed decreased matrix staining when
cultured in cytokine-simulated media

Macroscopically, AB, SafO, and MTC stainings were more intense in the
samples of day 0 conditions, followed by standard, then degenerative samples.
The distinction between the CEP and surrounding soft tissues was more
evident under day 0 conditions, with the soft tissues exhibiting stronger
AB staining than the CEP, while the CEP exhibited stronger SafO staining
compared to the NP/AF regions. By day 14, this contrast was reduced.
While still observable in the standard medium samples, it was notably
diminished in the degenerative conditions (Figures 5.3.4a, 5.3.5a, and 5.3.6a).

The staining area and the staining intensity were quantified for both the
CEP and the soft tissues (NP/AF). Concerning the CEP, quantification of
the stained area for AB showed similar percentages across all conditions (p >
0.05) (Figure 5.3.4.bi). However, staining intensity significantly decreased in
the three degenerate media treatment groups, particularly in the degenerate
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+ TNF medium, while remaining comparable between the day 0 condition
and the standard medium following 14 days (p = 0.414 for standard, p <
0.001 for degenerate, p < 0.001 for degenerate + IL-13, and p < 0.001 for
degenerate + TNF compared to day 0) (Figure 5.3.4.bii). Concerning the
NP/AF tissues, the stained area for AB also showed similar percentages
across all conditions (p > 0.05) (Figure 5.3.4.ci) but the staining intensity
dropped significantly in all conditions compared to day 0 (p = 0.03 for
standard, p = 0.001 for degenerate, p = 0.001 for degenerate + IL-13, and
p = 0.003 for degenerate + TNF compared to day 0) (Figure 5.3.4.cii).

In contrast, SafO exhibited a significant reduction in both stained area
(Figure 5.3.5.bi) and intensity (Figure 5.3.5.bii) across all media compared
to the day 0 condition, with the most pronounced decreases observed in
the 3 degenerate media conditions, especially the degenerate + IL-138 and
degenerate + TNF (for stain area percentage p = 0.019 for standard,
p < 0.001 for degenerate, p < 0.001 for degenerate + IL-13, and p < 0.001
for degenerate + TNF compared to day 0 while for stain intensity p = 0.028
for standard, p = 0.001 for degenerate, p = 0.001 for degenerate + IL-13,
and p < 0.001 for degenerate + TNF compared to day 0). Concerning the
NP/AF tissues, SafO exhibited a significant reduction in both stained area
(Figure 5.3.5.ci) and intensity (Figure 5.3.5.cii) across all media compared
to the day 0 (for stain area percentage p = 0.001 for standard, p < 0.001 for
degenerate, p < 0.001 for degenerate + IL-15, and p < 0.001 for degenerate
+ TNF compared to day 0 while for stain intensity p = 0.004 for standard,
p < 0.001 for degenerate, p < 0.001 for degenerate + IL-13, and p < 0.001
for degenerate + TNF compared to day 0).

MTC showed consistent stained area percentages across the day 0 condi-
tions, standard, and degenerate media, with higher values in the cytokine
conditions (p < 0.05 for standard, p < 0.05 for degenerate, p = 0.025 for
degenerate + IL-13, and p = 0.031 for degenerate + TNF compared to day
0) (Figure 5.3.6.bi). Yet, MTC staining intensity significantly declined in
all media, most notably in the degenerate + IL-15 condition (p = 0.05 for
standard, p = 0.007 for degenerate, p < 0.001 for degenerate 4+ IL-13, and
p = 0.002 for degenerate + TNF compared to day 0) (Figure 5.3.6.bii). Of
the degenerate media, degenerate + I1.-18 showed the least AB intensity,
while degenerate + TNF showed the least MTC intensity, and both degen-
erate + IL-18 and degenerate + TNF equally showed the lowest intensity
in SafO compared to the degenerate medium without cytokines. Concern-
ing the NP/AF tissues, MTC showed consistent stained area percentages
(Figure 5.3.6.ci) and staining intensity (Figure 5.3.6.cii) across all conditions
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Figure 5.3.4: AB stain (a) representative samples with (i) the quantified percentage
stained area and (ii) staining intensity in the (b) CEP and the (c) NP/AF between
the 5 different media conditions. The box shows the location of the magnified
region below each figure. Scale bar = 1 mm for the figures and 100 pm for the
magnified regions. Standard, degenerate, degenerate + IL-13, and degenerate +
TNF media are all measured at day 14. *=P < 0.05.
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Figure 5.3.5: SafO stain (a) representative samples with (i) the quantified percentage
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region below each figure. Scale bar = 1 mm for the figures and 100 ym for the
magnified regions. Standard, degenerate, degenerate + IL-13, and degenerate +
TNF media are all measured at day 14. *=P < 0.05.
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(p < 0.05 compared to day 0).

There was no clear division between the ncCEP and the NP in AB and H&E
due to their similar biochemical composition. Therefore, MTC staining was
used to differentiate between the CEP and the NP since the intensity of
the blue stain was relative to the collagen content, where the NP was pale
blue, almost white, while the CEP showed dark staining; however, staining
intensity of the CEP was indistinguishable from the AF staining intensity
(Figure 5.3.7).

All the samples showed a well-organized subchondral bone with a clear
cement line that divided the cartilaginous part and the osteogenic part
of the sample. Tidemarks were visible in most of the explant samples,
especially in H&E staining, where they appeared as a thin, wavy purple line
(Figure 5.3.7a). That was clearly shown in the SafO staining, where the
bone was dark blue while the cCEP was pale bluish-pink (Figure 5.3.7b).

All the samples showed uniformly distributed scattered BEP osteocytes and
dense CEP chondrocytes, but only the day 0 and standard medium samples
had uniform organization of CEP chondrocytes, while the degenerative
samples showed more clustering of these cells (Figure 5.3.8).

They all showed an abundance of chondrocytes and osteocytes in their
respective regions. Osteoclasts and Osteoblasts were present in a very small
number, but appeared to be more in the degenerative samples than the day 0
conditions and standard medium samples, although this was not quantified.

Degeneration scoring of the vertebral endplate (Figure 5.3.9) revealed a
clear and progressive increase across experimental conditions. Statistically
significant differences were observed between all sequential groups, with
scores increasing from day 0 to standard culture, from standard to degenerate
conditions, and further from degenerate to cytokine-treated groups (all
p < 0.001) (Figure 5.3.10).

Specifically, histological features of degeneration in both cytokine-induced
conditions (degenerate + IL-13, and degenerate + TNF) were significantly
higher than day 0 and standard conditions (P < 0.001) (Figure 5.3.10a).
Histological features of degeneration in the degenerate + IL-15 was also sig-
nificantly higher than the degenerate condition without cytokines (P < 0.05),
while degenerate + TNF did not show a significant difference compared to
the degenerate condition without cytokines (Figure 5.3.10a). No significant
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Figure 5.3.6: MTC stain (a) representative samples with (i) the quantified per-
centage stained area and (ii) staining intensity in the (b) CEP and the (¢) NP/AF
between the 5 different media conditions. The box shows the location of the
magnified region below each figure. Scale bar = 1 mm for the figures and 100
pm for the magnified regions. Standard, degenerate, degenerate + IL-13, and
degenerate + TNF media are all measured at day 14. *=P < 0.05.
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Figure 5.3.7: Histological staining of (a) H&E, (b) SafO, (¢) AB, and (d) MTC
in addition to (e) the uCT scan counterpart, where A traces the tidemark and 1
represents the cement line. This is a sample from the standard condition.

Day 0 Standard Degenerate Degenerate + IL1-B Degenerate + TNF

Figure 5.3.8: MTC staining showing uniformly distributed chondrocytes in day 0
and standard medium samples vs clustered chondrocytes in samples in degenerative
media with and without cytokines. The arrows indicate the clustering of 3 or more
chondrocytes.
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Figure 5.3.9: Two representative examples (rows) of the H&E stained CEP and
BEP Sections by degeneration score from 0 to 3 (columns) based on the system
presented in Table 5.2.4. Scale bar = 50 ym.

difference was observed between the degenerate + IL-15 and degenerate +
TNF groups (p > 0.05) (Figure 5.3.10a), indicating comparable effects of
both cytokines on endplate degeneration.

The day 0 chondrocyte cell density in the CEP averaged approximately
300 cells/mm?. Relative to day 0, a significant reduction in cell density
was observed in degenerate (p = 0.014), degenerate + IL-15 (p = 0.007),
and degenerate + TNF (p < 0.001) conditions (Figure 5.3.10b), while no
significant difference was found between day 0 and standard (p > 0.05)
(Figure 5.3.10b). Similarly, compared to standard conditions, cell density
was significantly reduced in degenerate (p = 0.038), degenerate + IL-17
(p = 0.020), and degenerate + TNF (p < 0.001) (Figure 5.3.10b).

No significant differences were detected among degenerate, degenerate +
IL-13, and degenerate + TNF groups (all p > 0.05) (Figure 5.3.10b),
indicating that although degenerative conditions and cytokine exposure
reduced cell density relative to baseline and standard culture, their effects
were not significantly different from each other.
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Figure 5.3.10: (a) Degeneration scoring grades for the three bovines in their different
environments. (b) The chondrocyte cell density of the CEP in the three bovines
in their different environments. Standard, degenerate, degenerate + IL-153, and
degenerate + TNF media are all measured at day 14. *=P < 0.05.

ITHC showed responses in CEP and NP/AF tissues but not in
BEP

Immunohistochemical analysis (Figure 5.3.11) revealed distinct spatial pat-
terns across anabolic, catabolic, and matrix-degrading markers. Anabolic
markers were primarily localized to the CEP, with ACAN showing the
highest immunopositivity in the CEP, moderate staining in the NP and
AF, and low levels in the BEP, while COL2 was strongly expressed in
all regions, with the highest levels in the BEP. Catabolic markers were
predominantly detected in the NP/AF and CEP, with both IL-18 and TNF
showing strong immunopositivity in these regions and comparatively lower
expression in the BEP. In contrast, matrix-degrading enzymes were more
prominent in the BEP and NP/AF, as ADAMTS4 expression was high in
these regions but low in the CEP, and MMP3 followed a similar trend, with
the highest immunopositivity in the BEP, moderate levels in the NP/AF,
and low expression in the CEP.

Cytokine stimulation produced highly tissue-dependent effects across an-
abolic and catabolic markers (Figure 5.3.12). In the CEP, regarding anabolic
markers, ACAN remained the most abundant marker, showing a decreasing
trend following culture, but did not reach significance between conditions
(P > 0.05) (Figure 5.3.12a-i). For COL2, there was an increasing trend
following culture where immunostaining was significantly higher in the
standard conditions (p = 0.013) and the degenerate + IL-15 conditions
(p = 0.0045) compared with day 0, and was significantly higher in the degen-
erate + 1L-15 conditions compared with the degenerate conditions without
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Figure 5.3.11: Immunohistochemical cell positivity and negativity of anabolic mark-
ers ACAN and COL2, catabolic markers IL-15 and TNF, and matrix-degrading
markers ADAMTS4 and MMP3 in the CEP, BEP, and NP/AF. The black arrows
(—) show the positively stained cells in each tissue for each antibody. When positive
and negative cells were not present within the same field of view, representative
regions were shown separately within the same panel and divided by a diagonal
line, with the positive results shown in the bottom triangle. Scale bars = 20 pm.

116



cytokines (P = 0.02) (Figure 5.3.12a-ii). Among catabolic cytokines, IL-13
immunopositivity showed a decreasing trend in all conditions compared to
day 0, especially in degenerate + IL-15 conditions (P = 0.04), but failed to
reach significance in other conditions (Figure 5.3.12b-i). For TNF, there was
a decreasing trend in immunostaining for all conditions except degenerate +
TNF conditions compared to day 0, but they failed to reach significance (Fig-
ure 5.3.12b-ii). For matrix-degrading enzymes, ADAMTS4 immunostaining
was significantly lower in all cytokine conditions (degenerate + IL-15 and
degenerate + TNF) compared to day 0 (P = 0.002 with both conditions)
(Figure 5.3.12¢-1). MMP3 showed an increasing trend under degenerative
conditions with and without cytokines compared to day 0, but failed to
reach significance (Figure 5.3.12c-ii).

In the BEP, regarding anabolic markers, ACAN decreased overall compared
to day 0 but did not reach significance (Figure 5.3.13a-iii). In contrast,
COL2 immunostaining increased compared to day 0, where it was significant
compared to standard conditions (P = 0.02). There was also a significant
decrease in the Degenerate +TNF condition compared to the standard
condition (Figure 5.3.13a-iv). Regarding catabolic cytokines, no significant
differences in IL-15 or TNF immunostaining were detected between the ex-
perimental conditions (p > 0.05 for all comparisons) (Figure 5.3.13b-iii and
5.3.13b-iv, respectively). Similarly, for matrix-degrading enzymes, no signifi-
cant differences in ADAMTS4 or MMP3 immunostaining (Figure 5.3.13c-iii
and 5.3.13c-iv, respectively) although MMP3 showed a decreasing trend in
all conditions compared to day 0.

In the NP/AF tissues, regarding anabolic markers, no significant differences
were observed for ACAN or COL2 immunostaining between the experimental
conditions (p > 0.05 for all comparisons) (Figure 5.3.14a-v). However,
COL2 did show an increasing trend among all conditions compared to day
0 (Figure 5.3.14a-vi). Similarly, regarding catabolic cytokines, no significant
differences in IL-15 or TNF immunostaining were detected between the
experimental conditions (p > 0.05 for all comparisons) (Figure 5.3.14b-v
and 5.3.14b-vi respectively), but there was an increasing trend in IL-15 in
all conditions compared to day 0. Similarly, for matrix-degrading enzymes,
no significant differences in ADAMTS4 or MMP3 immunostaining were
observed between any experimental conditions (p > 0.05 for all comparisons)
(Figure 5.3.14c-v and 5.3.14c¢-vi respectively), but there was a decreasing
trend in MMP3 across all cultured conditions relative to day 0.

117




* BOVINE 1
* * ‘ 4 BOVINE 2
* BOVINE 3

(a-i) (a-ii) [

@ 2
3 8
L1
3
S
1

Y
3
1

% immunopositivity ACAN
3
1
>
e L
>
>
% immunopositivity COL2

N
S
1

T T T T T v T ¢ T T
Day0  Standard Degenerate Degenerate Degenerate Day0  Standard Degenerate Degenerate Degenerate
+IL1B +TNF +IL1B +TNF

T
i

T
e

3
8
]
3
S
1

@
3
1

80+

EY
3
1

60 . * LA

IS
3
1

. 40 T —_—
T
= ? X —~ 204 AL 4 * Ak

A _ A A
A — A

>

% immunopositivity IL1
% immunopositivity TNF

i T T T T T T T T
Day 0 Standard  Degenerate Degenerate Degenerate Day 0 Standard  Degenerate Degenerate Degenerate
+IL1B +TNF +IL1B +TNF

(c-ii)
* 100+

A A

>

: = A *
. A [ — s : is

H N 20
A
T

—_— N 0

T - T T T T T T
Day 0 Standard  Degenerate Degenerate Degenerate Day0  Standard Degenerate Degenerate Degenerate
+IL1B +TNF +IL1B +TNF

Figure 5.3.12: Immunopositivity of (a) anabolic markers ACAN and COL2, (b)
catabolic markers IL-13 and TNF, and (c) matrix-degrading markers ADAMTS4
and MMP3 in the CEP. *=P < 0.05.
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Figure 5.3.13: Immunopositivity of (a) anabolic markers ACAN and COL2, (b)
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and MMP3 in the BEP. *=P < 0.05.
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5.4 Discussion

In this study, we combined computational modeling with a novel multi-tissue
ex vivo explant system to investigate the drivers of early EP degeneration.
While the two approaches probe partially distinct perturbations, both con-
verged on the same conclusion: physicochemical degenerative cues alone were
insufficient to drive chondrocyte degeneration without concurrent cytokine
stimulation. In silico simulations predicted that chondrocytes remained
stable under degenerative environmental conditions, whereas the addition of
cytokines led to a complete transition toward a degenerative phenotype. This
prediction was corroborated experimentally, where intact bovine IVD-VB
explants exposed to IL-18 or TNF exhibited marked proteoglycan loss and
reduced cellularity, while degenerative conditions alone resulted in minimal
changes. These findings position cytokines as a necessary trigger for early
EP degeneration.

Distinct cytokine-specific responses were observed, indicating differential
roles in degeneration. TNF induced rapid and pronounced matrix degrada-
tion, as evidenced by increased GAG release and substantial reductions in
proteoglycan staining. In contrast, IL-18 produced more moderate but con-
sistent changes, including reduced staining intensity, increased histological
degeneration relative to degenerative culture without cytokines, and trends
toward increased matrix remodeling activity. These findings suggest that
TNF primarily drives acute and rapid catabolic responses, whereas IL-153
contributes to sustained matrix degradation. Such differences are consistent
with established roles of these cytokines in cartilage biology, where TNF
is associated with rapid apoptosis and matrix breakdown [523-525], and
IL-15 with regulation of proteolytic enzymes [526-529].

Despite clear histological evidence of proteoglycan loss under cytokine stim-
ulation, a hallmark feature of cartilage ECM breakdown [530, 531] and disc
degeneration [532-535], tissue-level GAG/DNA ratios remained unchanged.
This apparent discrepancy is explained by concurrent reductions in cell
density, particularly in TNF-treated samples, where loss of DNA offset
reductions in GAG content. At the same time, elevated GAG levels in
the culture medium suggested active matrix degradation. This dissociation
between retained tissue GAG and increased extracellular release is indicative
of an early-stage degenerative process, in which matrix components are
lost to the environment before complete depletion within the tissue [536—
539] and is consistent with previous studies showing that IL-18 and TNF
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do not have a significant effect on the GAG content in the cartilage tis-
sue [526]. Such patterns are consistent with early disc degeneration, where
biochemical alterations precede structural disruption. The greater GAG
release observed under TNF further supports its role as a potent catabolic
driver, whereas IL-18 appears to promote matrix turnover without equiva-
lent matrix loss [523, 527]. This difference may reflect interactions between
cytokines and matrix components, as GAGs have been reported to modulate
cytokine availability, although this mechanism requires further investigation.

Degeneration exhibited a distinct spatial pattern, with the CEP showing
the earliest and most pronounced changes. Proteoglycan depletion, reduced
staining intensity, and altered cellular organization were most evident in
the CEP, while the BEP and soft tissues (NP/AF) showed comparatively
limited changes over the same time frame. Quantitative histological analysis
further demonstrated that reductions in staining intensity occurred without
substantial loss of stained area, indicating that matrix composition was
altered prior to structural disruption. Cytokine-treated samples also showed
increased chondrocyte clustering and reduced cell density, consistent with
cellular stress and early degeneration. In contrast, collagen-rich structures
remained relatively preserved, suggesting that early degeneration primarily
affects the non-collagenous matrix. Together, these findings support a model
in which degeneration in the CEP is characterized by early biochemical and
cellular changes before structural breakdown becomes apparent.

A major strength of this study is the use of an intact multi-tissue IVD-VB
explant model that preserves the native bone—cartilage—disc interface. Tis-
sue thicknesses of CEP and BEP across all conditions fell within established
physiological ranges reported in the literature [460, 465, 466, 540—544] con-
firming structural consistency across samples. This uniformity strengthens
the interpretation that observed degenerative changes are attributable to
experimental conditions rather than baseline anatomical variability. Unlike
previous models that rely on isolated cells or simplified tissue systems,
this approach maintains continuity between the NP/AF, CEP, and BEP,
enabling investigation of cross-tissue signaling and transport processes in a
physiologically relevant context.

Literature specifically addressing cytokine-driven degeneration of the EP
remains limited [460, 465, 466, 542, 543]. Most studies have focused on
Modic changes or have used isolated CEP cells and simplified systems, which
do not capture the complexity of the native tissue interfaces [545, 546][547,
p. 1]. Only a small number of studies have directly examined cytokine
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effects on CEP tissue, primarily using diced tissue [548, 549] or digested cell
cultures [550, 551], and have identified pathways such as NF-xB activation
and matrix-degrading enzyme upregulation. While these findings align with
the catabolic responses observed in the present study, they lack the structural
and interfacial context preserved in the current model. By contrast, the
current work investigates cytokine-induced degeneration within an IVD-VB
explant, providing a platform to study inter-tissue interactions and early
degenerative processes in situ. To date, there are only two other studies that
have directly addressed cytokine-induced degeneration of the CEP. One
related TNF to the activation of NF-xB pathways and a disintegrin and
metalloproteinase with thrombospondin motifs 5 (ADAMTS-5) upregulation,
in diced CEP tissue [548], and the other related IL-15 to cell activity and
cartilage-related proteins [549]. The findings of both studies align with our
results. Two other studies also used digested CEP cells, but did not focus
on cytokines; they investigated TGF-£3 [550] and IGF-1/CA12 [551] to
enhance anabolic processes and prevent calcification.

Some limitations should be considered in this study. The culture system
was static and did not incorporate mechanical loading, which plays a key
role in disc physiology and EP function. Washing the samples could lead to
changes compared to in vivo conditions. The duration of culture was limited
to 14 days, restricting analysis to early degenerative changes. Only single
cytokine concentrations were evaluated, and additional cytokine mediators
may contribute to disease progression, although these cytokines will likely
induce further cytokine secretion from the tissues [488]. Furthermore, while
bovine tissue provides a relevant structural model, species-specific differences
may influence cellular responses. Future studies incorporating mechanical
stimulation, extended culture durations, and broader molecular analyses
would further enhance the applicability of this model. It should also be
noted that the in silico model, originally developed and validated in the
context of osteoarthritic chondrocytes [127, 128, 487], simulates degenerative
stress via low osmolarity, while the experimental design modulates pH as
the primary degenerative cue, as the low osmolarity is modeled in both
standard and degenerative media conditions. Although both parameters
are characteristic of the degenerative IVD niche [499], and the directional
predictions of the model were borne out experimentally, the two systems are
not identical surrogates of one another. Future work should aim to integrate
both osmolarity and pH perturbations within a single computational and
experimental framework, and to establish whether the model’s network
topology adequately represents CEP chondrocyte biology, given known
phenotypic differences between CEP and articular chondrocytes.
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In conclusion, this study demonstrates that cytokines are key drivers of early
EP degeneration, with TNF and IL-15 exerting distinct but complementary
effects on matrix degradation and remodeling. By integrating computational
modeling with a structurally validated, multi-tissue explant model, this work
provides new insight into the mechanisms underlying EP pathology and
establishes a physiologically relevant platform for investigating therapeutic
strategies targeting cytokine-driven disc degeneration.
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CHAPTER —— 6

Cells in Gels: Mechanical
Stimulation of Cartilaginous
Endplate Cells in Gel-Based
Carriers

This chapter is based on published content:

Crump, Katherine B., Alminnawi, Ahmad, et al. Exploring Mechan-
otransduction and Inflammation in Human Cartilaginous Endplate Cells
in Blended Collagen—Agarose Hydrogels Under Cyclic Compression. Gels
11.9 (2025): 736;

Crump, Katherine B., Alminnawi, Ahmad, et al. TNF induces
catabolism in human cartilaginous endplate cells in 3D agarose culture
under dynamic compression. Scientific Reports 15.1 (2025): 15849.




Building on the previous chapters, which established the anatomical, bio-
logical, and biomechanical importance of the endplate (EP) and developed
experimental and computational tools to investigate tissue-level transport
and mechanics, this chapter focuses on the mechanobiological behavior of
human cartilaginous endplate (CEP) cells. Specifically, it investigates the
response of cells cultured in three-dimensionals (3Ds) hydrogel systems un-
der inflammatory and dynamic compression conditions. Intervertebral discs
(IVDs) and EPs cells exhibit distinct mechanobiological responses under
pro-inflammatory conditions compared to healthy conditions, indicating
that degeneration alters normal mechanotransduction pathways [552-555].
Mechanical loading can also play a central role in regulating the anabolic
and catabolic balance of the cellular environment [331, 556, 557]. This
strong dependence on mechanotransduction makes in vitro investigation
of the CEP particularly challenging, as it requires advanced 3D culture
systems capable of reproducing physiologically relevant mechanical stim-
uli [558]. Consequently, there remains a limited understanding of CEP
cell mechanobiology, particularly of how these responses are altered during
degeneration.

As previous chapters focused mostly on the tissue level characterisation and
testing, they did not allow reliable characterization of cellular responses.
To address this limitation and gain a better understanding of the molecu-
lar mechanisms governing EP cell behavior, complementary studies were
undertaken within the Disc4All consortium using a 3D hydrogel-based cul-
ture system specifically designed for controlled mechanical loading and
cellular-level analyses. These collaborative studies combined experimental
and computational approaches to investigate how carrier composition, in-
flammatory stimulation, and dynamic compression influence cell phenotype,
matrix production, catabolic responses, mechanosensor expression, and the
mechanical and transport environment experienced by the cells.

This chapter presents the essential findings from these collaborative studies
while focusing on the contributions made by this doctoral candidate. In
the first study, I contributed to the development and execution of the in
vitro experiments, including the optimization of the loading platform and
experimental protocols. In the second study, I contributed to the develop-
ment of the in silico finite element modeling (FEM) used to characterize the
mechanical loading and fluid transport within the hydrogel constructs. To-
gether, these studies demonstrate how integrating experimental observations
with computational modeling provides a more comprehensive understanding
of CEP cell mechanobiology and supports the overarching objective of the
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Disc4All project to develop mechanistic, multiscale models of intervertebral
disc degeneration.

6.1 Study 1: tumor necrosis factor (TNF) induces
catabolism in human CEP cells in 3D pure
agarose culture under dynamic compression

6.1.1 Overview of study 1

Agarose has been the gold standard biomaterial for 3D culture of carti-
laginous tissues because of its biocompatibility, its ability to maintain a
rounded cell morphology indicative of a healthy cartilaginous phenotype,
and its adequate strength to withstand compressive loading [558-562]. The
first study investigated the mechanobiological response of human CEP cells
cultured in 3D agarose hydrogels under inflammatory stimulation and dy-
namic compression. To elucidate the effects of pro-inflammatory cytokines
on the mechanobiology of the CEP, human CEP cells were embedded in
2% agarose constructs, subjected to cyclic compressive loading resulting in
a strain of up to 7%, and stimulated with TNF to evaluate the combined
effects of mechanical and inflammatory cues on cellular behavior. The
study demonstrated that TNF induced a time-dependent catabolic response
characterized by reduced anabolic gene expression and increased secretion of
proinflammatory proteins associated with intervertebral disc degeneration
(IVDD), whereas the applied dynamic compression alone was insufficient to
elicit a pronounced anabolic response or suppress inflammatory signaling.
These findings suggested that the applied loading regime and the agarose
scaffold did not provide sufficient mechanical stimulation to fully activate
integrin-mediated mechanotransduction pathways.

Within this study, my contribution focused on the in wvitro component,
including the development and optimization of the experimental protocols,
preparation of the hydrogel constructs, and execution of the mechanical
loading experiments that formed the basis of the biological analyses.
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6.1.2 In vitro materials and methods of study 1

Human CEP cells were isolated from IVD tissues collected from patients
undergoing trauma surgery who had no history of back pain or IVD degen-
eration and, therefore, were considered to have a healthy phenotype. The
study was approved by the ethics committee of the University Hospital of
Bern, Bern, Switzerland, with informed consent obtained from patients or,
when necessary, their relatives. The CEP tissue was identifiable as translu-
cent cartilaginous tissue. Cell extraction involved a two-step enzymatic
digestion where they were placed in pronase for 1 hour, then digested with
collagenase II overnight. Cells were expanded until passage three or four
in monolayer culture before being used for the experiments. The cells were
encapsulated in 2% wt/vol agarose hydrogels. The cells were mixed with
the agarose solution to achieve a final concentration of 7.5 x 106 cells/mL.

The cell-agarose mixture was pipetted into silicon molds (6 mm diameter, 3
mm height). Cell-containing hydrogels were cultured in standard medium
(low-glucose Dulbecco’s Modified Eagle Medium (LG-DMEM) with 10%
fetal bovine serum (FBS)) for five days to allow for phenotype recovery and
the formation of a pericellular matrix (PCM).

Following the recovery period, constructs were transferred to custom-made
unconfined chambers within a custom-made bioreactor (Figure 6.1.1). The
experimental medium was serum-free LG-DMEM supplemented with various
factors (ITS+, non-essential amino acids, L-ascorbic acid 2-phosphate, and
dexamethasone). The construct were subjected to four conditions over
a period of 7 or 14 days, which were the control unloaded, the control
dynamic compression, TNF unloaded, and TNF dynamic compression. The
construct were dynamically compressed at 7% strain and supplemented with
10 ng/mL according to the assigned conditions. This strain was selected
because it is within the physiological anabolic range [563, 564] (<20%) and
did not cause cracks or breakage during initial tests. Loading occurred at a
frequency of 1.5 Hz for one hour per day, five days per week, for two weeks.
Each chamber contained six construct and was subjected to a total load
of 1.2 N per compression cycle, resulting in an approximate force of 0.2 N
experienced by each construct. The construct were collected at days 0, 7,
and 14 for downstream analysis.

Cell Viability was assessed using Calcein-AM (live) and Ethidium Ho-

modimer (dead) staining and quantified via confocal laser scanning mi-
croscopy (cLSM). Cell Metabolic Activity was evaluated using resazurin
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sodium salt solution, with results normalized to deoxyribonucleic acid (DNA)
content. glycosaminoglycan (GAG) and DNA were quantified in the hy-
drogels after papain digestion. Total GAG content was measured using
1,9-dimethylmethylene blue, and DNA content was measured using Hoechst
33258 dye. Media samples were collected at each medium exchange (every
2-3 days), and the GAG released into the medium was quantified using the
same method. Gene Expression was also analyzed using quantitative poly-
merase chain reaction (qPCR), where ribonucleic acid (RNA) was extracted,
reverse transcribed to complementary DNA (¢cDNA), and qPCR was per-
formed. Gene expression was quantified for key anabolic (aggrecan (ACAN),
COL2A1), catabolic (matrix metalloproteinase 3 (MMP3), interleukin-6
(IL-6)), and mechanobiological markers (transient receptor potential cation
channel subfamily V member 4 (TRPV4), ITGA5, ITGB1). The relative
gene expression was determined with the 2-22¢* method, normalized to
the housekeeping gene 18S. Additionally, Secretome (Luminex) analysis was
performed on the collected media samples to quantify 73 secreted proteins
using bead-based multiplex immunoassays for absolute cytokine quantifica-
tion. Phosphoprotein (Luminex) analysis was conducted on protein lysates
from two donors to assess 21 phosphorylated proteins using multiplex assays
for semi-quantitative measurement.

6.1.3 Results of study 1

The study results showed demonstrated a clear distinction between the
strong catabolic response induced by TNF stimulation and the negligible
response caused by dynamic compression in human CEP cells cultured
in 2% agarose hydrogels. Cell viability remained stable throughout the
7 and 14 days of culture, showing no significant change in any condition
where variability in cell viability was greater between individual donors
than between the treatment conditions. Cell metabolic activity, total GAG
content, and GAG content normalized to DNA content remained constant
and were not significantly different across any experimental condition. DNA
content also showed no significant differences between groups (Figure 6.1.2).
However, GAG release into the media trended toward an increase on Day
14 in all conditions except the unloaded control.

Treatment with 10 ng/mL TNF had a significant effect on gene expression,
shifting the cells toward a catabolic phenotype. TNF-stimulated constructs
showed a trend toward decreased expression of genes for proteoglycans and
collagens. Specifically, COL2A1 expression was significantly decreased in all
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Constructs

Medium channels

Figure 6.1.1: Experimental setup with (a) strain-controlled bioreactor, (b) power
supply and controllers, and (c) custom-made chamber. (d) shows the custom-made
chamber with 6 agarose constructs and media solution channels.
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Figure 6.1.2: Cell metabolism and GAG/DNA content in human CEP cells remained
constant over time. (a) Cell metabolic activity normalized to corresponding DNA
content, shown as the fold change from Day 0 and the Day 7 control unloaded
condition. (b) GAG content normalized to corresponding DNA content, shown as
the fold change from Day 0 and the Day 7 control unloaded condition. (¢) GAG
content measured in the secretome throughout culture. (d) DNA content in ug of
CEP cells in agarose after 7 and 14 days in culture. (¢) GAG content in ug of CEP
cells in agarose after 7 and 14 days in culture. (f) Cell metabolic activity of CEP
cells in agarose after 7 and 14 days in culture. Shown are the medians, n = 4-5.

TNF-stimulated hydrogels compared to controls after 7 and 14 days. ACAN
expression, which codes for proteoglycan, was significantly decreased in
TNF-stimulated conditions at specific time points (Day 7 unloaded and Day
14 dynamic). Expression of the inflammatory cytokine IL-6 and the matrix
metalloproteinase MMP3 was upregulated after 7 days of TNF stimulation,
an effect that disappeared after 14 days. IL-6 expression was significantly
increased in TNF-stimulated dynamically compressed hydrogels compared
to controls. Dynamic compression at 7% strain had no significant effect
on the expression of any gene, nor did time duration. Crucially, the gene
expression of mechanosensors TRPV4 and integrin subunits a5 (ITGAS5)
and f1 (ITGB1) was not significantly altered by either TNF stimulation or
dynamic compression (Figures 6.1.3-6.1.4). This suggests that the cultured
cells were largely unresponsive to mechanical loads.

TNF treatment exerted a much greater effect on the secretome than the
duration of culture or dynamic compression. Dynamic compression had no
significant effect on the secretome when compared to unloaded hydrogels.
TNF significantly increased the secretion of multiple pro-inflammatory
factors associated with pain, herniated discs, and degeneration. interleukin-1
beta (IL-13), RANTES (CCL5), IL-6, interleukin-8 (IL-8), ST2, 11.-9, IL-13,
1L-18, and IL-22 were all upregulated. Inflammatory adhesion molecules
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Figure 6.1.3: Heatmap of the p values determined through Kruskal-Wallis analysis
for gene expression according to culture duration, loading, and TNF treatment in

human CEP cells.
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Figure 6.1.4: Relative expression of ACAN, ADAMTS-5, COL2A1, COL6A1,
COL1A2, COL10A1, IL-6, ITGA5, ITGB1, MMP3, SOX9, and TRPV4, shown as
fold changes relative to Day 0 and the Day 7 control unloaded condition. Data are
shown as medians, n = 4-5. *p < 0.05.
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ICAM-1 and VCAM-1 were highly upregulated (2.38- and 4.78-fold greater
than the control, respectively) following TNF stimulation. Secretion of
M-CSF and matrix metalloproteinase 9 (MMP9) was significantly increased.
Beta-defensin 1 (DEFB1), an antimicrobial factor not previously studied in
the IVD, was secreted 4.23x higher in TNF-treated conditions. IP10, a factor
correlated to herniation, and IFN-v were also significantly increased following
TNF stimulation. Secretion of angiogenic and neurotrophic proteins, which
are implicated in painful disc degeneration, significantly decreased over time
in the TNF-stimulated conditions. VEGF, a key regulator of angiogenesis,
showed a significantly decreased secretion after 14 days, relative to 7 days.
NGF, a neurotrophic factor associated with nerve ingrowth, was increased
after 7 days but returned to control levels after 14 days. This same short-
term upregulation followed by a return to baseline was also seen in MMP-1
and I1.-6 secretion. Interestingly, the secretion of the chemokine CCL2
(MCP-1) was downregulated in response to TNF stimulation, significantly
in the unloaded hydrogels after 7 days (Figures 6.1.5-6.1.7).

6.1.4 Discussion of study 1

This study showed that TNF induced a catabolic, time-dependent response,
supporting its role in IVDD. TNF downregulated anabolic genes involved
in extracellular matrix (ECM) maintenance while increasing inflammatory
proteins associated with pain, herniated discs, bacterial defense, and Modic
change (MC), leading to reduced tissue integrity and impaired nutrient
transport. Although some inflammatory and neurotrophic factors decreased
over time, suggesting partial cellular adaptation to prolonged inflammation,
TNF remained the primary driver of degeneration. In contrast, dynamic
compression (7% strain) did not produce the expected anabolic response,
likely because the 2% agarose construct was unable to effectively transmit
mechanical signals to activate cell mechanosensors such as integrins. Over-
all, the study demonstrated that agarose is well-suited for investigating
inflammatory responses in human CEP cells. However, despite being consid-
ered the “gold standard” biomaterial for 3D culture of cartilaginous tissues,
agarose is bioinert and lacks the cell adhesion motifs required for integrin
mediated cell ECM interactions and subsequent mechanotransduction [558].
Consequently, it is not an ideal scaffold for investigating cellular responses to
mechanical loading. This highlighted the need for biomaterials that better
support cell-matrix interactions,overcoming the methodological limitations
of agarose. To address this, recent studies explored blended hydrogels
incorporating ECM components such as type I collagen [558, 565, 566],
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Figure 6.1.5: TNF promotes secretion of pro-inflammatory factors in human CEP
cells. (A) Venn diagram showing the proteins detected in the secretome of the
control static, control dynamic, TNF static, and TNF dynamic conditions. Proteins
detected in all four conditions are listed next to the diagram. (B) Volcano plots
comparing control versus TNF treatment, Day 7 versus Day 14, and static versus
dynamic compression. Proteins were classified using a significance threshold of
p < 0.05 and a fold-change threshold of 1.5 after normalization to the control static
condition and Kruskal-Wallis analysis.
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laminin [566], methacrylated gelatin [567], and hyaluronic acid [568]. In
particular, collagen—agarose hydrogels have been shown to enhance mechan-
otransduction in chondrocytes compared with agarose alone, making them
a promising platform for studying the mechanobiology of CEP cells

6.2 Study 2: Exploring mechanotransduction and
inflammation in human CEP cells in blended
collagen—agarose hydrogels under cyclic com-
pression

6.2.1 Overview of study 2

The second study investigated whether blended collagen—agarose hydrogels
could provide a more physiologically relevant platform for studying the
mechanobiology of CEP cells. Human CEP cells were cultured in agarose
carriers blended with Type I collagen, as it is among the most commonly used
hydrogels and the most prevalent ECM protein in mammalian tissues [565].
The cell-laden hydrogels contained 2% agarose and 2 mg/mL type I colla-
gen, subjected to dynamic compression, and stimulated with TNF, similar
to the previous study described in Section 6.1. The study demonstrated
that the blended hydrogels maintained the mechanical strength of agarose
while providing the biofunctionality of type I collagen, increasing cell ad-
hesion and focal adhesion kinase (FAK) activation while sustaining high
cell viability and preserving the rounded morphology of chondrocyte-like
cells [558, 565]. Although the addition of collagen did not produce a signifi-
cant mechanobiological response to dynamic compression under the applied
loading conditions, the blended hydrogels exhibited a fourfold increase in
stiffness. In addition, cells cultured inside these blended hydrogels showed
enhanced expression of the cartilage marker SOX9 and the mechanosensitive
ion channel TRPV4, indicating an improved culture environment compared
with agarose alone. Within this study, my primary contribution was to the
in silico component. I developed the FEM of the hydrogel constructs to
characterize their mechanical behavior and fluid transport under dynamic
compression, providing computational insight into the mechanical environ-
ment experienced by the embedded cells. These models complemented the
experimental findings by relating scaffold properties and loading conditions
to the local mechanical stimuli that regulate cellular mechanobiological
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responses.

6.2.2 In vitro and in silico materials and methods of study
2

To test whether blended collagen—agarose hydrogels could provide a more
physiologically relevant platform for studying the mechanobiology of CEP
cells, the previously described experimental conditions were repeated using
identical human CEP cells, following the same sourcing, extraction, passag-
ing, and seeding procedures. In this experiment, the cells were encapsulated
in a blended 2% agarose and 2 mg/mL type I collagen hydrogels. The
constructs were again split into four groups that are the unloaded control,
dynamic control, unloaded TNF, and dynamic TNF, and they were sub-
jected to dynamic compression at 7% strain at a frequency of 1.5 Hz and/or
stimulation with 10 ng/mL TNF according to their group. To have a better
understanding of the mechanical environment in the gel compared to pure
agarose, both blended hydrogels and 2% agarose hydrogels without cells
were tested using the bioreactor under unconfined compression at 37°C. The
strain was increased by 3.33% every minute up to 30% strain to determine
the stiffness using a modified protocol established by Frauchiger et al. [569]
where Young’s modulus (E) was calculated from the slope of the stress—strain
ratio in the initial elastic region. The Height of each hydrogel was measured
using Fiji and averaged per chamber to assess the changes over time. For
the cell-containing constructs, cell adhesion and cytoskeletal morphology
were assessed using F-actin staining (Alexa Fluor 488-conjugated phalloidin)
and nuclei staining (4’,6-diamidino-2-phenylindole (DAPI)) on days 0 and
14. Samples were fixed using 4% formaldehyde overnight, permeabilized
using 0.1% v/v Triton in phosphate-buffered saline (PBS) for 15 minutes,
and stained for 2 h in 165 nM phalloidin in PBS with 1% bovine serum
albumin (BSA) and for 20 min in 1 pg/mL DAPT diluted in 1x PBS. Then,
3D stacked images were captured using a confocal laser scanning microscope
(cLSM710). The nitric oxide (NO) radicals released into the media were
quantified using a Griess reaction assay [568]. Cell viability, metabolic activ-
ity, GAG and DNA Quantification, and qPCR were performed as described
earlier.

A compressible, two-dimensional (2D) axisymmetric porohyperelastic finite
element (FE) model of the collagen—agarose hydrogel was created in Abaqus
2024, parameterized using a combination of experimental data and literature-
reported material properties.
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Permeability, Poisson’s ratio, and porosity values were obtained from litera-
ture on 2-3% agarose hydrogels [570, 571], as equivalent data for collagen—
agarose blends were not available. The Young’s modulus was experimentally
determined as described above. Boundary conditions were defined to repli-
cate unconfined axial compression (Figure 6.2.1). Specifically, the bottom
surface was constrained vertically while remaining free to expand radi-
ally, and the lateral surface was assigned a zero-pore-pressure condition
to permit unrestricted fluid flow. A sinusoidal dynamic compression with
a displacement amplitude of 0.21 mm at 1.5 Hz was applied to the top
surface. Three hydrogel heights (3 mm, 2.5 mm, and 2 mm) were modeled
to evaluate deformation behavior over the course of a 60-second simulation.
reactive fluid volume flux (RVF) and reaction total fluid volume (RVT)
were monitored throughout the simulation at the nodes along the lateral
surface of each modeled hydrogel. The cumulative RVF and RVT values
across these nodes represented the net instantaneous flow rate and the total
fluid exchanged, respectively. These parameters provided insight into fluid
transport dynamics, capturing how the hydrogels absorbed and expelled
fluid in response to mechanical loading.

2D axisymmetric

i FEmodel
% |¢ ¢ ¢ ¢ ¢ ¢ Dynamic compression
1

[] Zero pore pressure

Agarolse—ceH
carrier (3D)

Fixed surface

Axis of
axisymmetry

0 mm displacement

[ 0.21 mm displacement

L freq=1.5Hz
* I duration =60 s
1

Figure 6.2.1: Boundary conditions of the axisymmetric FE model. The bottom
surface was fixed in the vertical direction (orange triangle), while the lateral surface
pore pressure was set to 0 (blue square). Sinusoidal dynamic compression of 0.21
mm displacement was applied to the top surface (red arrow).

6.2.3 Results of study 2

CEP cells maintained a rounded morphology (Figure 6.2.2A)and high via-
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bility (Figure 6.2.3B)throughout the 14-day culture period in the blended
hydrogels, with median viability ranging from 69.7% to 86.9% across all
conditions. The hydrogel height decreased from approximately 3 mm to 2.5
mm after 7 days and then stabilized, with no difference between unloaded
and dynamically compressed groups (Figure 6.2.3C).
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Figure 6.2.2: (A) F-actin staining with phalloidin of human CEP cells in blended
collagen—agarose hydrogels at 10x and 20x. Phalloidin is shown in green, and
DAPI is shown in blue. White arrows point to elongated cells. (B) Fluorescence
intensity of phalloidin relative to cell number as determined by DAPIL. n = 1.

DNA content increased (median 1.35-1.95x) after 7 days, suggesting early
proliferation, but returned toward baseline by day 14. Cell metabolism
and GAG production remained stable, showing no significant differences
between conditions at either time point (Figure 6.2.4).

Stimulation with 10 ng/mL TNF induced a catabolic shift in CEP cells,
as indicated by reduced expression of the anabolic markers ACAN and
COL2A1 after 7 days, particularly under dynamic compression. TNF also
downregulated the pericellular matrix marker COL6A1 in both unloaded
and dynamically compressed constructs at 7 and 14 days. NO release
was significantly higher in TNF-treated unloaded constructs after 7 days
compared with 14 days, while MMP3 expression remained unaffected by
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Figure 6.2.3: (A) Stress—strain curve comparing the stiffness of both 2% agarose
(green) and blended 2% agarose and 2 mg/mL type I collagen hydrogels. Young’s
modulus (E) is calculated as the slope of the stress—strain curve. n =1 (B) Cell
viability of CEP-seeded blended collagen—agarose hydrogels at the center and edge
of the hydrogel. (C) Heights of the hydrogels for the duration of culture. * p < 0.05,
** p <0.01, ¥** p < 0.001; n = 34.
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Figure 6.2.4: (A) Glycosaminoglycan (GAG) content measured in blended collagen—
agarose hydrogels during culture. (B) GAG content normalized to the corresponding
DNA content. (C) DNA content measured in blended collagen—agarose hydrogels
during culture. (D) The cell metabolic activity of each condition was normalized to
the corresponding DNA content. (E) The nitric oxide (NO) content released into
the media on day 0 and after culture, n = 3-5. ** p < 0.01.
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TNF or compression. The incorporation of collagen into the constructs
significantly increased the expression of the transcription factor SOX9 and
the mechanosensitive calcium channel TRPV4 compared to constructs with
only agarose. Since TRPV4 mediates mechanotransduction and can enhance
SOX9 expression, which is critical for chondrogenesis, this suggests that the
blended hydrogels provide a more anabolic environment for CEP cells. In
contrast, culture in pure agarose resulted in markedly lower expression of
both SOX9 and TRPV4 (Figure 6.2.5).

The blended collagen—agarose hydrogels exhibited a fourfold increase in
stiffness relative to 2% agarose, with a calculated Young’s modulus of 15.53
kPa compared to 3.74 kPa. Dynamic compression did not significantly alter
gene expression or elicit major cellular responses in the blended constructs,
similar to previous findings in pure agarose. However, baseline culture
in collagen—agarose hydrogels provided clear advantages, as evidenced by
consistently higher SOX9 and TRPV4 expression across all time points,
indicating improved support for CEP cell phenotype and mechanosensory
function.

The FE simulations confirmed that the experimentally measured maximum
reaction forces (0.1052 + 0.03378 N) aligned closely with the model predic-
tions based on hydrogel heights ranging from 2 mm to 3 mm (Figure 6.2.6A).
The 3 mm hydrogels produced a maximum reaction force of 0.08226 N,
matching the lower limit of the experimental range. The 2 mm hydrogels
generated a maximum force of 0.1358 N, aligning with the upper experimen-
tal limit. For the 2.5 mm hydrogels, which represented the average height
after 7 and 14 days of culture, the predicted maximum reaction force was
0.1024 N, consistent with the mean experimental value.

Simulation of RVF indicated that fluid was expelled from the hydrogel
during compression and subsequently reabsorbed during unloading. How-
ever, the RVT results revealed incomplete fluid recovery between successive
compression cycles (Figure 6.2.6B). After one minute of simulated dynamic
loading, the model predicted a net cumulative fluid loss of approximately 1.1
mm?, suggesting a gradual imbalance between fluid influx and efflux over
repeated cycles, indicating an inability of the gel carrier to fully reabsorb

the medium.
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Figure 6.2.5: Relative gene expression of ACAN, ADAMTS-5, COL1A2, COL2A1,
COL6A1, COL10A1, IL-6, ITGA5, ITGB1, MMP3, MMP13, SOX9, and TRPV4
in human CEP cells cultured in either blended collagen—agarose hydrogels or in
2% agarose hydrogels for 7 and 14 days. Data is normalized to 18S and the
corresponding day 0 expression. * p < 0.05; n = 3-5.
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Figure 6.2.6: (A) Maximum reaction force during dynamic compression as measured
experimentally (pink) or predicted in an FEM (green). Three hydrogel heights
between 2 and 3 mm were modeled, while displacement remained at 0.21 mm. (B)
Predicted RVT measured during one minute of loading within the FEM, shown
here for the 3 mm hydrogel starting height. The box in the top right corner zooms
in on the change during one cycle of compression and release, and the area in purple
is the fluid that has been reabsorbed before the next cycle of compression begins.

6.2.4 Discussion of study 2

Collagen, the most abundant ECM protein in mammalian tissues, is widely
used as a scaffold material for 3D culture systems. Incorporation of type I
collagen introduces biofunctionality and enhances the biological relevance of
in vitro models. In the blended collagen—agarose hydrogels, the presence of
collagen can promote cell adhesion and FAK activation while preserving the
rounded morphology typical of chondrocyte-like cells. The use of blended
matrices enables independent tuning of the biophysical properties without
altering collagen concentration.

While agarose contributed structural stability and biocompatibility, the
addition of collagen, investigated in this study, improved biofunctionality
and stiffness, resulting in a matrix that more closely mimics the native ECM
and supports mechanotransduction signaling crucial for advanced in vitro
modeling. The construct showed a maintenance of a rounded cellular mor-
phology consistent with a healthy cartilaginous phenotype; however, some
elongated fibers were observed in TNF-treated and dynamically compressed
control hydrogels after 14 days, suggesting fibrotic-like changes associated
with mechanical or inflammatory stress.
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Downregulation of anabolic and PCM markers under TNF stimulation
indicates that the cytokine promotes ECM degradation and impairs PCM
formation. The observed increase in NO release in TNF-treated unloaded
hydrogels after 7 days, compared to 14 days, further suggests a transient,
time-dependent catabolic response. Interestingly, TNF exposure did not
significantly affect MMP3 expression, which contrasts with findings from the
agarose-only hydrogel study, implying that matrix composition influences
cellular responses to inflammatory cues.

FE modeling revealed that variations in hydrogel height substantially af-
fected the mechanical load experienced by the cells inside individual con-
structs within the bioreactor, potentially introducing variability across
samples. The simulations showed that fluid was expelled during compression
and partially reabsorbed during unloading. However, incomplete reab-
sorption between cycles led to cumulative fluid loss. This predicted fluid
imbalance may explain the gradual reduction in hydrogel height observed
experimentally over time.

The blended hydrogel demonstrated increased stiffness, bringing its mechan-
ical behavior closer to that of native CEP tissue, which must be sufficiently
rigid to withstand intradiscal pressure while remaining porous enough to
facilitate solute exchange [164, 241, 572]. The measured stiffness approached
the reported PCM stiffness of chondrons (17-200 kPa [573]) but remained
below that of native endplate tissue. This advancement marks progress
toward more physiologically representative in vitro models. However, until
further optimization is achieved, the use of native CEP tissue may still
provide the most accurate platform for studying endplate mechanobiology.

6.3 Conclusion

These two studies establish several findings that are relevant to this thesis.
First, TNF consistently induced a catabolic and inflammatory response
in human CEP cells, whereas the applied dynamic compression produced
little measurable biological response in cells seeded either in pure agarose or
collagen—agarose hydrogels. Second, the composition of the carrier strongly
influenced the state of the incorporated cells: blending agarose with colla-
gen increased hydrogel stiffness and supported higher SOX9 and TRPV4
expression, demonstrating that the matrix is not a passive carrier but an
active determinant of phenotype and mechanosensory capacity that can
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influence the experimental results. Third, the FE modeling showed that
hydrogel height and fluid loss altered the force and transport conditions
experienced during repeated loading. Therefore, nominal bioreactor inputs
such as applied strain do not necessarily represent the local mechanical
stimulus perceived by individual cells. These findings also reveal impor-
tant limitations of cell-gel systems that are specific to the broader aims of
this thesis. Isolated CEP cells are removed from their native extracellular
and pericellular matrices, expanded in a monolayer, and then embedded
in an artificial material with properties that remain substantially different
from those of the native CEP. The gels do not reproduce the organization
or interactions of the non-calcified cartilage endplate (ncCEP), calcified
cartilage endplate (cCEP), bony endplate (BEP), nucleus pulposus (NP),
annulus fibrosus (AF), and vertebral bone marrow. They also lack native
nutrient gradients, tissue boundaries, resident cell diversity, and commu-
nication between adjacent tissues. Consequently, the weak response to
compression reflects insufficient transmission or sensing of mechanical sig-
nals within the simplified culture environment. Although cell-gel in vitro
models provide valuable experimental control and permit the effects of
matrix composition, cytokines, and loading to be isolated, they cannot
reproduce the coupled biological and mechanical behavior of the complete
osteochondral endplate. These limitations reinforce the rationale behind the
complementary approaches adopted throughout this thesis. Chapter 4 ad-
dressed the limitations of homogenized computational models by quantifying
sample-specific BEP microarchitecture from micro-computed tomography
(uCT) images and using these measurements to infer local mechanical and
transport properties. Chapter 5 preserved the native interfaces between the
NP, AF, CEP, and BEP using intact osteochondral explants to investigate
tissue-specific responses to inflammatory stimulation while maintaining the
structural complexity of the EP. Building on these studies, while taking
into account the limitations observed in this chapter, chapter 7 presents a
custom perfusion bioreactor and computational workflow designed to impose
and quantify fluid transport across intact osteochondral EP explants under
controlled conditions. Collectively, these chapters progress from simplified
cellular models toward increasingly physiologically relevant experimental and
computational platforms that preserve native tissue architecture and trans-
port pathways, providing a more comprehensive framework for investigating
EP degeneration.
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CHAPTER —— 7

Design and Development of
an In Silico—In Vitro
Workflow for Testing
Endplate Explant Punches

This chapter is based on a collaboration with the mechanical design engi-
neer, Joris Bleukx. The bioreactor requirements, functional specifications,
and overall design decisions were defined as part of this research. Joris
translated these specifications into the engineering implementation by
producing the CAD designs, selecting the electromechanical components,
fabricating the custom 3D printed parts, and developing the control soft-
ware.



The work presented in previous chapters demonstrated the importance of
capturing structural properties of endplates under physiological and de-
generative conditions, as well as the influence of mechanical loading on
intervertebral disc (IVD)-derived cells. An important element of endplate
functionality, as highlighted in Chapters 1 and 2, is mass transport, which
remained unaddressed in the previous chapters. This chapter, therefore,
focuses on the development and application of an in silico—in vitro workflow
to study fluid flow, pressure gradients, and wall shear stress (WSS) across
IVD endplate (EP) explants. It reviews the role of perfusion systems in bone,
cartilage, and endplate research, emphasizing their importance for model-
ing nutrient transport, mechanotransduction, and tissue adaptation under
physiologically relevant conditions. This chapter continues by describing
the design of a custom perfusion bioreactor, as well as the prototype testing.
The chapter then discusses the development of an automated computational
fluid dynamics (CFD) pipeline, building on work from Chapter 4, that uses
computed tomography (CT)-derived, sample-specific endplate geometries to
estimate WSS distributions and support optimization of perfusion parame-
ters for individual specimens. The chapter ends by providing suggestions for
future experiments and design improvements. A comprehensive validation
study of the developed workflow fell outside the scope of this PhD, but is
included at the end of this chapter as well as in the suggestions for further
work in Chapter 8.

7.1 Perfusion bioreactors in literature

Perfusion bioreactors are essential tools for studying how fluid flow affects
biological tissues, replicating the mechanical and transport conditions found
in vivo. They enable investigation of fluid-induced shear stress, a key driver
of cellular mechanosensing and tissue adaptation under musculoskeletal
loading [574]. In osteochondral tissues, such as the EP, WSS regulates the
biological response of both cartilage and bone, although each tissue type
exhibits distinct physiological thresholds.

In cancellous bone, the porous architecture of trabeculae, osteons, and
lacunae is filled with interstitial fluid. Mechanical loading compresses the
unmineralized matrix, driving fluid movement and generating shear stress on
cell membranes. This shear stress regulates cell proliferation and stimulates
the release of osteogenic growth factors, including bone morphogenetic
protein (BMP) and TGF-$ [575]. Dynamic loading promotes stronger
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osteogenic responses than static loading [574], and in vitro studies have
identified fluid shear stress as the principal mechanical stimulus governing
both bone and cartilage cell activity [574, 576]. Osteoblast proliferation and
the transition toward mineralization have been reported for WSS between
0.55 and 30 mPa [577, 578], whereas higher physiological loading conditions
of approximately 0.4 to 1.2 Pa [574, 578] stimulate adaptive bone remodeling
through nitric oxide (NO) and prostaglandin E2 (PGE3) production and
activation of osteogenic signaling pathways.

In cartilage research, perfusion bioreactors provide a controlled environment
to study how type II collagen and extracellular matrix (ECM) respond to
physiological shear forces [579, 580]. Fluid movement through the tissue gen-
erates shear stresses that influence chondrocyte proliferation, differentiation,
apoptosis, and ECM synthesis, thereby maintaining cartilage structure and
function [580, 581]. This interplay between mechanical and biochemical cues
forms the foundation of mechanotransduction, where chondrocytes sense
and respond to their fluid microenvironment. Importantly, shear stress can
exert dual effects depending on its magnitude. Controlled levels between
0.05-0.21 Pa enhance mechanical and biochemical properties and have been
shown to promote chondrocyte proliferation and ECM production,, whereas
excessive shear stress (>0.21 Pa) can lead to apoptosis, tissue degradation,
and inflammatory responses [582]. Sustained WSS in the range of 1 to 2 Pa
induced cartilage degeneration through increased inflammatory signaling,
NO production, and reduced collagen IT and aggrecan synthesis [583-585].
Thus, regulating shear levels within controlled perfusion systems is crucial
for balancing beneficial and detrimental outcomes.

At a cellular level, fluid-induced shear stress modulates receptor regula-
tion, cell morphology, and metabolic activity, influencing both chondrocyte
homeostasis and differentiation [586]. Furthermore, shear stress affects
the expression of matrix components such as aggrecan, collagen type II,
and COMP, and alters integrin signaling, all of which are essential for
maintaining tissue integrity [580].

Additionally, perfusion bioreactors can play an important role in enhancing
nutrient transport and waste removal within osteochondral tissues in vitro,
overcoming diffusion limitations of static cultures [580, 581]. Even modest
flow rates can significantly improve cell survival, proliferation, and growth
factor production, supporting tissue formation under physiologically rele-
vant conditions. By allowing precise control of flow rate, oxygen tension,
and shear magnitude, these systems model both normal and pathological
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environments, offering insights into osteochondral tissue physiology and
regenerative processes.

7.2 Perfusion experiments on the endplate

Few studies have experimentally investigated fluid flow dynamics within the
IVD, particularly with respect to the role of the EP in regulating hydration
and nutrient transport. Laboratory setups have been created to mimic the
mechanical and physiological environment of the body. Some used full organ
culture where the entire IVD would be submerged in a medium bath [587—
590], others used the EP directly in a piston device [182] or constant flow
rate pump [252] to generate controlled fluid flow. In silico techniques have
also been utilized, such as analytical models [253], finite element modeling
(FEM) [591-593], and CFD [242] . Yet, most studies neglect to identify
and analyze each sublayer of the EP, which are the bony endplate (BEP),
calcified cartilage endplate (cCEP), and non-calcified cartilage endplate
(ncCEP).

Fluid transport across the EP is governed by several factors: mechanical
loading, degeneration, calcification, trauma, and age [48, 164, 594]. Per-
meability varies spatially within the EP, with higher values in the central
zone than at the periphery [164, 204], and varies temporally through diur-
nal cycles of fluid loss under load and recovery during rest [170, 204, 594].
Flow resistance is also directionally asymmetric, being substantially greater
during outflow (exudation) than during inflow (imbibition) [252, 253], which
facilitates fluid recovery in unloading periods. Together, these transport
characteristics are essential for IVD health, reflecting the balance between
external mechanical loads and internal osmotic pressures.

Analytical models have been developed to theoretically explain the influence
of fluid-flow direction on EP effective permeability, suggesting that the
ratio of porosities in the cartilaginous endplate (CEP), capillary bed, and
subchondral bone could account for contradictory experimental findings in
the literature, specifically between data gathered from living subjects (in
vivo) and data gathered from isolated tissue segments studied in the lab (ex
vivo) [595]. This mechanism is hypothesized to be caused by constrictive
flow in the CEP overlying the marrow contact channels. During flow out,
fluid drag forces and stresses compress the cartilage matrix into the channels,
increasing resistance. Conversely, during flow in, the cartilage expands away
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from the opening, decreasing resistance [252]. To test this hypothesis, a
perfusion bioreactor was developed to monitor the fluid flow across EP
samples with respect to vertebral level, inlet pressure, and direction of flow.

7.3 Bioreactor design and function

A custom-built bioreactor (Figure 7.3.1) was developed, and its parts were
chosen to perfuse culture medium through EP samples while precisely
controlling and monitoring the pressure and flow around the sample (Ta-
ble 7.3.1). The system can operate in two modes. The first maintains a
constant pressure difference across the sample while measuring the corre-
sponding flow rate, and the second maintains a constant flow rate while
monitoring the resulting pressure difference.

The bioreactor was designed to maintain a minimum stable pressure differ-
ence of 2 bar and sustain a flow rate between 0 and 500 pL/min. These
operating ranges were selected empirically during system development based
on preliminary testing, representing ranges that allow medium perfusion
through explants. Real-time data on pressure, flow rate, and corresponding
timestamps were continuously transferred to a desktop computer for record-
ing and subsequent analysis. The bioreactor was engineered for compatibility
to be placed in standard incubator conditions (temperature = 37°C and
relative humidity > 85%), allowing operation under physiologically relevant
environmental parameters. All custom-designed components were modeled
using Solid Edge 2019 (version 219.00.00.091, Siemens Digital Industries
Software, Plano, TX, USA). More information on the design principles and
the different parts is provided below.
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Table 7.3.1: Parts used to construct the bioreactor, divided into (I) 3D-printed
parts, (II) accessories, and (III) ordered components.

I. 3D-printed parts

II. Accessories

i Chamber part 1 ix. Clamps for front window
ii. Chamber part 2 X. Clamps for chamber
iii. Reservoir xi. Cole-Parmer UNF-to-Luer female adapter
iv. Reservoir lid Xii. Cole-Parmer Luer-male-to-barbed adapter
V. Front window
vi. Rear cover
vii. Flow dampener
viii.  Flow dampener cap
ITI. Ordered parts
Component Manufacturer Part number
xiii.  Pressure sensor, 4 bar, media Honeywell MIPAG1XX004BAAAX
isolated
xiv. LEMO receptacle, 3 pin LEMO EGG.0B.303.CLL
XV. LEMO receptacle, 4 pin LEMO EGG.0B.304.CLL
xvi. LEMO cable plug, 4 pin LEMO FGG.0B.304.CLAD52Z
xvii. LEMO cable plug, 3 pin LEMO FGG.0B.303.CLAD52Z
xviii. Flow sensor Sensirion SLF3S-0600F
xix.  Motor controller Nanotec SMCI12
XX. Stepper-motor-driven pump Watson-Marlow 100 Series Stepper Motor
Pump (exact pump head
to be specified)
xxi.  Arduino Arduino Nano Every (ABX00033)
xxii. Han Modular 4-slot fixed HARTING 09 14 016 1711
frame
xxiii. Han Modular 4-slot floating HARTING 09 14 016 1701
frame
xxiv. Han Modular D-Sub plug HARTING 09 14 009 3001
insert
xxv. Han Modular D-Sub HARTING 09 14 009 3101

receptacle insert

xxvi. Han Modular Universal Serial HARTING

Bus (USB) patch cable insert

xxvii. Han Modular DDD module

plug

xxviii. Han Modular DDD module

receptacle
xxix. Han Dummy 1

xxx. Han Dummy 2

xxxi. Multiport serial adapter

09 14 001 4601

HARTING 09 14 017 3001
HARTING 09 14 017 3101
HARTING 09 14 900 1000
HARTING 09 14 900 2000
MOXA UPort 1450
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(xiii)

Williamson 100 Series
peristaltic pump (front)

4 bar Board Mount
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Figure 7.3.1: Custom-made perfusion bioreactor for IVD osteochondral EP (C).
The sensors and the perfusion components are located on the front side (A), while
the electrical components are located on the back side (B). Tubing and wiring
connections were removed from the figure for clarity. Lowercase Roman numerals
shown in parentheses correspond to the component numbers listed in Table 7.3.1.
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7.3.1 Operating principle

The EP bioreactor operates using a simple flow-through design. A peristaltic
pump draws culture medium from a reservoir and drives it through the EP
sample, which is secured within a custom housing. Two pressure gauges
positioned upstream and downstream of the sample continuously measure the
fluid pressure. The difference between these readings, relative to atmospheric
pressure, defines the pressure difference across the sample. Flow rate is
measured at the outlet of the housing, after which the medium returns to the
main reservoir for recirculation. A peristaltic pump was selected to ensure
that the medium remained fully isolated from the internal components of
the pump. However, the inherent pulsatile nature of peristaltic pumping,
combined with the high hydraulic resistance of the sample, introduced
fluctuations in both pressure and flow. To minimize these oscillations, a
flow dampener was installed between the pump outlet and the sample inlet.
The bioreactor was designed for bidirectional perfusion, allowing the flow
direction through the sample to be reversed. Consequently, either connection
can function as the inlet or outlet, enabling comparison of fluid transport in
both directions across the EP.

7.3.2 Frame

The bioreactor components were mounted within a modular 3D-printed
frame designed to securely hold all system elements in place while minimizing
fabrication costs. The frame parts were produced using selective laser
sintering (SLS) with polyamide, providing sufficient mechanical stability
and resistance to incubator conditions.

7.3.3 Medium reservoir

The medium reservoir (Figures 7.A.1 and 7.A.2) was fabricated by milling
a cavity into a polysulfone (PSU) block and sealing it with a transparent
polycarbonate lid. The lid was fastened using an O-ring cord to ensure
an airtight seal. Both the reservoir and lid were equipped with several
threaded openings (UNF 1/4-28) to accommodate standard laboratory Luer
fittings. One port on the lid was fitted with a Luer air filter, maintaining
the reservoir at atmospheric pressure while preserving sterility.

156



Polycarbonate was selected for the lid to enable visual inspection of the
medium, while PSU was used for the main body due to its superior resistance
to cracking after repeated autoclaving.

7.3.4 Pump and motor drive

A Williamson 100 Series peristaltic pump was used to drive the flow of
culture medium through the system. This pump type was selected for its
suitability for low flow rates and its ability to maintain complete separation
between the medium and the internal pump components, as it only contacts
the tubing compressed by the rollers. The pump was driven by a stepper
motor controlled by an SMCI-12 motor driver (Nanotec GmbH & Co. KG,
Germany). The SMCI-12 was selected primarily for its availability, although
any compatible motor driver capable of speed control could be used.

The motor driver was configured using NanoPro software (Nanotec), oper-
ated in speed control mode. Motor parameters such as phase current were
adjusted to minimize power consumption and heat generation. The driver
communicated with a desktop computer via an Recommended Standard 485
(RS-485) interface, enabling control of motor functions including start, stop,
direction, and speed. The system also allowed optional logging of motor
status data.

A USB-to-serial converter (MOXA UPort, configured in RS-485 4-wire
mode) was connected to the motor driver via a standard 9-pin Sub-D cable.
Electrical connections between the pump, pressure sensors, flow sensor,
and computer followed the wiring schematics developed for the system
(Figures 7.A.9, 7.A.8, and 7.A.7, respectively).

7.3.5 Flow dampener

A flow dampener (Figures 7.A.5 and 7.A.6) was incorporated into the system
to reduce fluctuations in pressure and flow caused by the pulsatile operation
of the peristaltic pump. The dampener consists of a vertically oriented,
airtight chamber that is initially empty. During operation, medium entering
from the top compresses the trapped air pocket, which acts as a cushion to
smooth out pulsations in the flow. The design prevents backflow toward the
pump and maintains a constant pressure on the sample once the air pocket
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is compressed.

This mechanism effectively stabilized the pressure across the sample. Fig-
ure 7.3.2 illustrates the improvement in flow stability achieved with the
addition of the flow damper compared to direct pump connection.
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Figure 7.3.2: Stability reached in flow pressures between (a) direct connection of
the pump to the chamber and (b) adding an intermediary flow damper. Pressure
sensors 1 and 2 measure the pressure immediately upstream and downstream of
the sample, respectively.

7.3.6 Sample chamber

EP samples are prepared as cylindrical specimens of 8 mm in diameter and
4 mm in height using a biopsy punch as previously mentioned in Chapter 3.
To prevent fluid bypass along surface irregularities, each sample was enclosed
in a silicone tube (inner diameter 8 mm, outer diameter 12 mm) cut to
a length similar to the sample height. The sample and its silicone jacket
were inserted into a tapered stainless-steel chamber (Figures 7.3.3) with a
diameter of 11.6 mm. The resulting compression of the deformable silicone
ensured a leak-tight interface between the sample, jacket, and chamber wall.

The chamber consisted of two stainless-steel components (Figures7.A.3
and 7.A.4). One part contained the tapered recess accommodating the
sample assembly, while the other part featured a matching protrusion that
secured the sample in place and ensured proper sealing. The two parts
were held together by integrated latches providing a total clamping force
of approximately 50 kg. Each chamber part included a fluid inlet or outlet
with a connected side channel for pressure sensor attachment. Stainless
steel was selected for its durability and ability to withstand the mechanical
forces required for repeated sealing and handling.
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Figure 7.3.3: Osteochondral endplate sample in the assembled chamber with fittings.

7.3.7 Pressure sensors

Fluid pressure across the EP sample was measured using Honeywell analog
output pressure sensors. Two sensor ranges were initially implemented to
determine the appropriate measurement range for the system. The first set
(Honeywell SSCDRRV100MDAAS5) measured pressure differences up to 100
mbar, functioning as gauge sensors with one inlet open to air. The second
set (Honeywell ABPDANVO060PGAA5) measured gauge pressures up to 60
psi, approximately 4.1 bar. In practice, only the latter set was used, as no
measurable flow occurred below 100 mbar pressure difference.

Both sensor types operated at 5 V and provided an analog output up to 5 V.
The output signals were acquired using an Arduino Nano microcontroller,
which features a 10-bit analog-to-digital converter (ADC). Given that the
output range of the sensors is 0.5-4.5 V, the effective resolution was 819
discrete values over the 0—4.1 bar range, corresponding to approximately
0.005 bar per bit. This resolution was deemed sufficient for the current
setup.

The pressure sensors and the Arduino were powered by a regulated 5 V
external supply to ensure signal stability. The same reference voltage was
applied to the analog reference input of the Arduino for consistent conversion
accuracy.
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7.3.8 Flow sensor

Medium flow rate was measured downstream of the EP sample using a
digital liquid flow sensor (Sensirion SLF3S-0600F, Sensirion AG, Switzerland)
capable of detecting flow rates up to 2 mL/min. The sensor was connected
to an Arduino Nano microcontroller using dedicated inter-integrated circuit
(I?C) pins (A4 for data, SDA; A5 for clock, SCL) outputs data via an
I2C interface. Communication with the sensor was implemented using the
Arduino Wire library. While active, the sensor continuously updates flow
data in an internal buffer, which can be read via I>C. Each read operation
returns nine bytes containing flow, temperature, and status information.

7.3.9 Data reading and reporting

In measurement mode, the Arduino continuously collects data from the flow
sensor and the pressure sensors. The acquired data are saved as “flow rate,
flow sensor temperature, flow sensor status flags, pressure sensor 1 value,
and pressure sensor 2 value,” where flow sensor status flags show if there
are any air bubbles in the system. The control software then converted the
analog readings into pressure values using sensor-specific calibration data.

7.3.10 Tubing and connectors

To facilitate easy disconnection of the sensors during handling or sterilization,
push-pull connectors were implemented between the sensors and the main
electronics. LEMO 0B series connectors were selected for their reliability
and availability in various pin configurations.

The fluidic circuit was assembled using standard tubing and Luer fittings
commonly available from laboratory suppliers.

7.3.11 Sterilization procedures

Prior to use in cell culture experiments, the bioreactor components were
sterilized to ensure a sterile environment and prevent microbial contam-
ination. Autoclaving was not feasible due to the presence of plastic and
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electronic components; therefore, gas sterilization was chosen.

The fluidic components, including the housing, tubing, and fittings, were
first disassembled and cleaned with 70% ethanol to remove any residues
or particulates. After air drying under a laminar flow hood, the cleaned
parts were reassembled, sealed in a sterilization pouch, and sent for gas
sterilization as a complete setup.

Following sterilization, the bioreactor remained sealed until use. The only
component opened post-sterilization was the sample chamber, which was
accessed under sterile conditions under a laminar flow hood to insert the
sample. Fresh culture medium was then introduced into the reservoir by
pushing it through the filter using a sterile syringe.

7.3.12 Prototype testing

A prototype of this bioreactor has been tested in a 4-day operation on
one fresh EP punched out sample (from here on abbreviated as “punch”).
The punch was extracted from a bovine tail as described previously. An
osteochondral sample, measuring 8 mm in diameter and 4 mm in height
was punched from the sample. The punched sample was then left in a petri
dish with high-glucose Dulbecco’s Modified Eagle Medium (HG-DMEM)
for 2 days to recover from explantation and handling stress. Prior to the
experiment, the punched sample was treated for blood clots and debris
by washing it with phosphate-buffered saline (PBS) several times and
placing it in a heparin-streptokinase solution. Subsequently, the sample
was moved to a petri dish with low-glucose Dulbecco’s Modified Eagle
Medium (LG-DMEM) overnight before being fitted into the chamber of the
bioreactor for 20 minutes. The entire bioreactor was placed in the incubator
at standard 37°C and the signals from the pressure inlet, pressure outlet,
and flow rate sensors were recorded.

Throughout the trial, air bubbles were present in the system, and the
pressure difference across the sample increased steadily after the first 3
minutes while flow rates remained minimal (Figure 7.3.4). This suggests
that even with the treatment for removal of blood clots and debris, the
sample itself was not percolating. This could be due to location-specific
morphology, as was previously shown (Chapter 4). Future experiments
should incorporate sample percolation testing prior to bioreactor fitting.
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Figure 7.3.4: Pressure recorded by sensors 1 and 2, calculated pressure difference
(AP), and flow rate during prototype testing of the perfusion bioreactor.
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7.4 CFD simulation pipeline for perfusion biore-
actor analysis

The mechanical environment of the EP, particularly WSS, regulates mechan-
otransduction pathways that influence key cellular behaviors. Replicating
physiologically relevant WSS during perfusion bioreactor experiments is
therefore essential for studying IVD health. Therefore, a fully automated
CFD simulation pipeline was developed as a standalone extension to the
in silico pipeline previously discussed in Chapter 4. The pipeline allows to
quantify WSS and to accurately characterize the flow-induced component
of the mechanical environment in the perfusion bioreactor experiments.

7.4.1 Automated CFD simulation workflow

The in silico tool uses the punch models generated from CT scans (Chap-
ter 4), initial inlet and outlet pressures and velocities, fixed pressure/velocity
at the inlet and/or outlet, and the fluid viscosity as inputs. It outputs
the inlet and outlet velocities over time, and the WSS distributions at the
final simulation time point, either at steady state or after a user-defined
duration. The tool assumes laminar flow due to the small pore diameters
within the punch [596], although this setting can be modified by the user.
The tool is available in a public GitHub repository [597]. The pipeline (Fig-
ure 7.4.1) was developed using OpenFOAM v9 for CFD simulations [598]
and ParaView 5.10.1 for post-processing and visualization [599]. This CFD
simulation workflow was tested on six punches taken from the same bovine
subject.

Preprocessing uses a Python script where the workflow first reads user-
defined experimental parameters, including inlet/outlet tubing geometry,
and generates cylindrical extensions to the punch model to represent the
perfusion channels and create a continuous flow domain. These extensions are
automatically positioned at the inlet and outlet surfaces and merged with the
punch geometry using Boolean operations to create a continuous fluid domain.
The resulting surface model is then processed and partitioned into five regions
corresponding to the inlet, outlet, tubing sections, and punch wall boundaries
(Figure 7.4.1e). Cell-center-based spatial thresholding is applied to separate
these regions while preserving the original mesh topology. The resulting
surfaces are exported in OpenFOAM-compatible American Standard Code
for Information Interchange (ASCII) stereolithography (STL) format with
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Figure 7.4.1: Overview of the workflow, illustrating the sequential steps from sample
imaging (a) to morphological surface mesh generation, as described in Chapter 4,
and the creation of the inlet and outlet tubing (b), followed by volumetric mesh
generation and CFD simulation (c), and finally post-processing and visualization
of the simulation results (d). The full model (e) is partitioned into inlet, inlet tube,

punch wall, outlet, and outlet tube.
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standardized naming conventions. Finally, the workflow automatically
determines the internal reference point and bounding box required by
snappyHexMesh and blockMesh for OpenFOAM mesh generation, storing
all geometric parameters and simulation specifications for subsequent CFD
analysis. This preprocessing script (script 08) was added to the same GitHub
repository from Chapter 4.

A Bash script was developed to automate the complete OpenFOAM simula-
tion workflow, minimizing manual intervention and ensuring reproducibility.
The script first reads the geometric parameters generated during the prepro-
cessing stage, including the location of an internal reference point and the
dimensions of the bounding domain. These parameters are automatically
transferred to the OpenFOAM configuration files, allowing each simulation
case to be adapted to the corresponding specimen geometry. The script
then executes the CFD workflow sequentially. Initially, a background hexa-
hedral mesh is generated, after which the surface edges required for mesh
snapping are extracted. The computational mesh is subsequently created,
which refines the background mesh and conforms it to the STL geometry
while preserving the inlet, outlet, wall, and tubing boundary patches, and
then generates a hexahedral volumetric mesh. Steady-state incompressible
flow is then simulated, using the Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm, which computes the pressure, velocity, and
WSS fields throughout the porous domain. Finally, checkMesh is executed
to verify mesh quality, topology, and geometric consistency before post-
processing. The workflow was designed to operate in parallel execution,
divided over the available central processing unit (CPU) cores.

Finally, a Bash script was developed to automate the post-processing of
the OpenFOAM simulation results using ParaView. The script sequentially
executes a series of Python scripts that generate standardized visualizations
of the computational mesh, pressure field, velocity field, and WSS distri-
bution without requiring user interaction. Additionally, it automatically
extracts quantitative CFD results. For the inlet and outlet boundaries, the
script isolates the corresponding surface patches and computes the temporal
evolution of area-averaged pressure and velocity. The resulting pressure
and velocity profiles are exported as both graphical representations and
comma-separated value (CSV) files for subsequent quantitative analysis. To
quantify the mechanical stimulus experienced by the cells, the sample wall
boundary is extracted at the final simulation time step, and the WSS distri-
bution over the entire punch surface is exported as a CSV file. Operating
ParaView in batch mode ensures that identical visualization settings are
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applied to every specimen, improving consistency and reproducibility across
simulations.

7.4.2 Results and discussion

The CFD simulations performed using the sample-specific geometries for
a simulation duration of 500 s produced distinct flow characteristics for
each specimen (Figure 7.4.2a). This difference in outlet velocity magnitudes
between samples could be due to the difference in pore morphology, which
was proven in Chapter 4. The average pore diameter ranged from approxi-
mately 0.02 to 0.04 mm across the samples (Figure 7.4.2b). However, all
simulations exhibited a similar temporal profile, characterized by an initial
rapid increase in outlet velocity, followed by a decrease, and then another
increase throughout the remainder of the simulation. At the end of the
500 s simulation period, the calculated WSS ranged from approximately 0.4
to 0.8 MPa across the six specimens (Figure 7.4.2¢). Samples with larger
average pore diameters generally exhibited higher WSS values, indicating
a relationship between specimen morphology and the resulting mechanical
environment predicted by the CFD model.

7.5 Conclusions and future work

7.5.1 Disentangling effects of structure and WSS

As demonstrated in Chapter 4, the morphology of the EP is sample-specific
and varies not only between individuals but also between specimens from the
same subject. Consequently, identical bioreactor settings do not necessarily
produce the same fluid flow patterns or mechanical environment across
all samples. in vivo, structural changes associated with degeneration alter
fluid transport and the resulting WSS, making tissue morphology and
mechanical stimulation intrinsically coupled. By combining specimen-specific
computational modeling with experimental perfusion, the proposed in silico—
in vitro workflow provides the opportunity to disentangle these effects.
The CFD simulations can be used to determine the bioreactor operating
conditions required to achieve a target WSS for each specimen, thereby
enabling studies that isolate the influence of tissue morphology from that of
fluid-induced mechanical stimulation. Conversely, the workflow also allows
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Figure 7.4.2: Sample-specific CFD results showing (a) outlet velocity over the 500-s

simulation, (b) mean pore diameter, and (c) calculated WSS for the six punches at
the end of the simulation.

the deliberate modulation of WSS within the same specimen geometry to
investigate its direct biological effects.

The developed CFD framework aimed to provide an automated and re-
producible workflow for estimating fluid-induced mechanical stimuli within
porous biological tissues during perfusion culture. By integrating specimen-
specific geometries with automated mesh generation, simulation, and post-
processing, the framework enables quantitative assessment of WSS and flow
characteristics. Due to practical and time constraints, the work in this
chapter did not go beyond the initial creation and preliminary testing of
the integrated workflow. Several of the next steps required to complete this
study are discussed below.

7.5.2 Redesigning the bioreactor housing

An updated version of the bioreactor (Figure 7.5.1) has been designed but
not yet fabricated. The new design retains the same operating principles
as the current prototype but introduces improvements to the housing. The
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system is divided into two main components connected via a HAN Modular
connector.

The main operating chamber adds an additional layer of sterility by isolating
the fluid circuit from the general incubator environment when required.
Access to the internal fluid loop is provided through a removable polymethyl
methacrylate (PMMA) window that seals airtight when closed, preventing
contamination while allowing visual inspection. The unit connects to the
power unit exclusively via a single HAN Modular connector, enabling quick
attachment and detachment for handling, maintenance, or sample exchange.

The housing of the bioreactor chamber is divided into a front and a back
section. The front section contains the fluid circuit and sensors, while the
back section accommodates the electronic components. The separation wall
between the two sections holds the peristaltic pump and includes LEMO
connector sockets for attaching the flow and pressure sensors.

Dedicated slots are incorporated into the housing design to securely position
the flow sensor, as well as to accommodate a modified medium reservoir and
the flow dampener. This layout ensures compact integration of components
while maintaining ease of assembly and accessibility for maintenance or
sterilization.

Pressure sensors

Peristaltic pump

Electric components

‘ Power supply connector

Figure 7.5.1: Improved custom-made perfusion bioreactor for IVD osteochondral
endplates. Tubing and wiring connections were removed from the figure for clarity.

Damper | Pressure sensor connectors |
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7.5.3 Experimental procedure

To increase the throughput of perfusion experiments, additional bioreac-
tors could be fabricated and integrated into the existing control platform,
enabling the simultaneous culture of multiple osteochondral samples un-
der independently controlled or shared operating conditions. This would
facilitate longer-term perfusion studies, for example, over one week, with
sufficient sample numbers to evaluate biological responses under different
mechanical loading conditions.

After sample washing and incubation in a heparin-streptokinase solution,
samples should be assessed for permeability by tightly fitting them into a
tube containing fluid on one side and centrifuging the assembly to determine
whether fluid passes through the tissue (Figure 7.5.2). Only samples that
permit fluid transport should be included in subsequent perfusion exper-
iments along with static controls. Experimental conditions could include
using different culture media, such as standard, degenerative, degenerative-
supplemented-with-cytokines, and chondrogenic media, to investigate the
influence of the biochemical environment on the tissue response to perfusion.
Downstream analyses could include quantitative polymerase chain reac-
tion (qPCR), glycosaminoglycan (GAG) and deoxyribonucleic acid (DNA)
quantification, histological and immunohistochemistry (IHC) staining, and
micro-computed tomography (uCT) imaging to evaluate the biological and
structural effects of fluid-induced mechanical stimulation under different
culture conditions.
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Figure 7.5.2: Suggested study design for future work to test the osteochondral
perfusion bioreactor.
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7.5.4 Integrating the automated CFD pipeline into the biore-
actor experiment

In future work, the predicted WSS distributions can be used to optimize
bioreactor operating conditions for individual specimens, allowing physio-
logically relevant flow-induced environments to be reproduced across mor-
phologically diverse samples. Combined with the semi-automated modeling
pipeline presented in Chapter 4, the developed CFD framework establishes
an integrated approach for translating CT-derived, sample-specific tissue
morphology into optimized perfusion bioreactor parameters (Figure 7.5.2),
enabling customization of the perfusion regime for each individual specimen.
This allows the effects of EP structure and flow-induced stimulation to be
studied independently.

The platform’s main limitation is that, unlike whole-disc bioreactors, it
does not reproduce the coupled mechanical environment of the IVD, where
cyclic loading simultaneously deforms multiple tissues, alters intradiscal
pressure, and exposes cells to matrix strain, hydrostatic pressure, and fluid-
induced shear stress. Furthermore, the CFD modeling pipeline implemented
here assumes a rigid porous domain and therefore neglects fluid-structure
interactions and deformation-induced changes in permeability. Future work
could combine controlled perfusion with cyclic compression for the bioreactor
part, and implement substrate mechanics capturing deformation-induced
changes in permeability to further improve physiological relevance while
preserving the ability to quantify specimen-specific stimulation.
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CHAPTER —— 8

Discussion, Limitations, and
Future Directions



This chapter recapitulates the main findings of the thesis and discusses
endplate degeneration as a multiscale process involving impaired transport,
altered mechanobiology, structural heterogeneity, and cytokine-driven in-
flammation. It reflects on the strengths and limitations of the experimental
and computational models used throughout the thesis, including hydrogel
systems, osteochondral explants, imaging-based reconstruction, and perfu-
sion bioreactor development. This chapter also outlines future directions for
combining CT-derived modeling, CFD simulations, and perfusion experi-
ments to link sample-specific endplate morphology with biological responses
and therapeutic strategies.

8.1 General discussion

8.1.1 Overview

Intervertebral disc (IVD) degeneration is a major contributor to low back
pain (LBP) and remains a central target for the development of biologically
informed therapeutic strategies. The overarching aim of this thesis was to
investigate mechanisms of endplate (EP) degeneration using complementary
in vitro and in silico approaches. Taken together, the findings of this doctoral
work support a central conclusion: the EP should be investigated further
as a possible primary regulator of IVD health, with early degenerative
changes that may precede those in the disc itself. They also highlight the
need to study the EP within explant systems, particularly when controlled
mechanical loading is introduced.

This thesis addressed EP physiology and pathology across multiple exper-
imental and computational setups and length scales. The early chapters
established the clinical relevance of disc degeneration and reviewed the
physiology of the disc, with particular emphasis on immune privilege, trans-
port dependence, and the structural and biological role of the cartilaginous
endplate (CEP) (Chapters 1 and 2). The later chapters translated that
framework into imaging-based reconstruction of EP microstructure (Chap-
ter 4), osteochondral explant models (Chapter 5), cell-based hydrogel systems
(Chapter 6), and development of an in silico—in vitro workflow including a
custom perfusion bioreactor setup (Chapter 7). Together, these components
provide a framework that captures key aspects of disc complexity while
permitting mechanistic investigation under controlled conditions.
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8.1.2 Contributions across scales

A consistent theme across the thesis is that EP function cannot be under-
stood through a single disciplinary lens or a single length scale. The EP is
simultaneously a transport barrier, a mechanically loaded interface, and a
biologically active tissue. Accordingly, degeneration is best interpreted not
as an isolated failure of one compartment, but as a multiphysics and multi-
scale process driven by interactions among structure, transport, mechanics,
and cytokine activity.

The review chapters established the conceptual basis for this interpretation.
They showed that the healthy disc exists in a tightly regulated environment
that restricts immune-cell access and depends on EP-mediated exchange of
nutrients and metabolites. They also showed that the CEP differs from both
articular cartilaginous tissues and the bony endplate (BEP) in composition,
transport behavior, and functional role. By distinguishing these tissues
more clearly, the thesis framed the EP as an active determinant of disc
homeostasis.

The first result chapter started by providing a tool to describe the structure
of the BEP. The semi-automated micro-computed tomography (uCT) work-
flow showed that the BEP is structurally heterogeneous, with differences in
porosity, percolation, and predicted permeability between regions and among
specimens. These findings indicate that spatially uniform representations of
the EP are insufficient and that local microstructure is likely to influence
degeneration in both the EP and the IVD.

The following chapter stayed at the same spatial (tissue) scale and shifted
focus from physiology to pathology. In the osteochondral explant model,
preservation of the native vertebra—endplate—disc interface enabled observa-
tion of region-specific responses in degeneration. Within this experimental
setting, physicochemical changes alone were insufficient to induce marked
degeneration over the experimental window, whereas cytokine stimulation
consistently produced proteoglycan loss, reduced cellularity, and early de-
generative changes at the endplate—disc interface. The distinction between
tumor necrosis factor (TNF) and interleukin-1 beta (IL-13) was also infor-
mative, with TNF appearing to induce a more acute catabolic response and
IL-18 a more moderate but sustained remodeling-related effect. Together,
these results indicate that loss of immune privilege and exposure to patho-
logical cytokine mediators are likely early components of the degenerative
cascade.
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The experimental work then continued with a deeper dive in cell-specific
responses to mechanical loading and degenerative conditions. The hydrogel
studies confirmed that TNF drives CEP cells toward a catabolic phenotype,
whereas mechanical loading alone did not rescue that response in pure
agarose. This negative finding was informative because it indicated that
mechanobiological behavior depends not only on the loading regimen but
also on the biological relevance of the matrix transmitting that load. The
transition to collagen—agarose hydrogels improved biofunctionality and cell
attachment, but also reinforced a broader methodological point: artificial
carriers may not transmit physiologically relevant mechanical cues to EP
cells, highlighting the value of explant or whole-organ culture systems that
better preserve the native tissue environment.

Finally, this thesis addressed the need to further disentangle the effects of
structure and flow-induced mechanical stimulation of EP cells through the
development of an in silico—in vitro workflow. The perfusion bioreactor
represents a first step towards a unified platform capable of controlling flow,
pressure gradients, and biochemical conditions in osteochondral EP tissues.
Together with the imaging and modeling tools, it provides the basis for an
integrated workflow in which specimen-specific morphology, predicted flow
behavior, and measured biological responses can be studied in parallel.

Across these chapters, a coherent picture emerges. Early EP degeneration
appears to involve loss of barrier integrity, impaired transport, altered
mechanobiological signaling, and pathological cytokine activation. These
processes are interdependent, and the EP may act both as an initiator and
as an amplifier of IVD degeneration.

8.1.3 Methodological reflections

A further contribution of this thesis lies in the progression of model systems
used to study EP biology. Each model captured a different level of complexity
and addressed a different class of questions.

The gel systems represented a frequently used setup for controlled mechanobi-
ological experiments. Their principal strength was experimental tractability.
At the same time, they demonstrated that simplicity comes at a biological
cost. Pure agarose lacked key extracellular matrix (ECM) cues, and even
the collagen—agarose system remained a simplified representation of native
tissue. These models were therefore valuable for mechanistic studies, but
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insufficient on their own to reproduce full EP behavior.

The osteochondral explant model addressed several of those limitations by
preserving native matrix architecture and tissue interfaces. This enabled
evaluation of how cytokines and physicochemical conditions affect multiple
contiguous tissues within the vertebra—endplate—disc unit. Although static
hypoxic culture cannot reproduce the full dynamic transport and mechanical
environment of the living vertebral column, it provided a more physiologically
relevant platform for studying early degenerative changes than isolated cell
culture alone.

The computational modeling workflow added a complementary level of
analysis by quantifying EP microstructure and inferring permeability and
mechanical properties from imaging data. Its major value lies in moving
beyond generic representations toward sample-specific structural character-
ization. The perfusion bioreactor extends this approach toward dynamic
experimental validation by establishing a practical foundation for studying
fluid-induced shear and transport under defined conditions.

Taken together, these methods form a staged multiscale strategy: simplified
hydrogels for controlled cellular questions, explants for tissue-level biological
relevance, imaging-based reconstruction for structural quantification, and
bioreactor development for dynamic transport interrogation.

8.2 Limitations and outlook

Several limitations should be considered when interpreting the findings of
this thesis. First, much of the experimental work relied on bovine tissues
or on human cells removed from their native tissue context. Although
informative, these models are not identical to the human lumbar EP in age,
loading history, geometry, or degeneration profile. Likewise, isolated human
CEP cells expanded in culture cannot fully recapitulate the phenotype of
cells embedded within their native ECM. These differences limit direct
clinical translation.

Second, the computational workflow inferred permeability and mechanical
properties from microstructural measurements using relationships derived
from the literature rather than direct specimen-specific testing. The re-
ported material properties, therefore, remain predictions rather than direct
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measurements and should be validated in future work.

Third, the osteochondral explant model preserved native interfaces more
effectively than cell-gel systems, but it still represented an early and time-
limited ex vivo model of degeneration. The culture period was sufficient to
detect cytokine-driven matrix loss and cell depletion, but not to reproduce
chronic remodeling, calcification, vascular ingrowth, or pain-associated
changes characteristic of long-standing human degeneration. The imposed
physicochemical environment was also simplified relative to the fluctuating
conditions experienced in vivo.

Fourth, the hydrogel studies highlighted an important methodological con-
straint: in vitro loading is only as meaningful as the matrix through which it
is transmitted. The pure agarose system likely underestimated physiological
cell-matrix interactions, whereas the collagen—agarose system, although im-
proved, remained a simplification of the native ECM of the EP. In addition,
construct geometry, height changes over time, and fluid loss during repeated
compression introduced uncertainty in the effective mechanical stimulus
experienced by the cells.

Finally, some aspects of the thesis remain at the development stage. The
perfusion bioreactor is a promising enabling technology, but the present work
emphasizes design, prototyping, and initial testing rather than full biological
validation across multiple experimental conditions. Similarly, integration of
imaging-derived structural models with live perfusion experiments is only
partially realized within the present body of work and requires a credibility
assessment before it can be reliably incorporated in the integrated in silico—in
vitro workflow.

The most immediate next step therefore could be to connect the structural,
biological, and transport findings of this thesis into a closed-loop multiscale
framework. This was precisely the aim of the final study (Chapter 7), of
which only the first implementation steps could be performed in the scope
of this thesis. In such an integrated in silico—in vitro workflow, individual
samples would first be imaged and reconstructed in three-dimensional (3D),
then tested experimentally under matched perfusion conditions, while par-
allel computational fluid dynamics (CFD) simulations estimate local flow
fields and fluid-induced shear stresses experienced by the cells (Figure 8.2.1).
Experimental measurements of volumetric flow rate and pressure drop could
then be used to further validate the computational predictions.
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pipeline and the extension CFD automated pipeline with the perfusion bioreactor
experiment.
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This integrated workflow would enable biologically meaningful downstream
analysis, including histology. This would provide a direct means of relating
specimen-specific structure and transport behavior to region-specific cellular
and matrix responses.

8.3 Conclusion

This thesis contributes to the research into EP degeneration as a multi-
scale disorder involving structural disruption, impaired transport, altered
mechanobiology, and cytokine signaling. By combining literature synthe-
sis, imaging-based computational reconstruction, osteochondral explants,
cell-based hydrogel models, and perfusion bioreactor development, the work
presented here developed enabling methods and technologies that would
allow future work to further study the vertebra—EP-IVD unit across scales.

The principal conclusion of this thesis is that the EP should be studied in a

multiscale system covering the bases of its permeability, cell behavior, and
mechanical influence on the neighboring tissues.

178



Bibliography

Vanessa Gorasso, Johan Van der Heyden, Robby De Pauw, Ingrid
Pelgrims, Eva M. De Clercq, Karin De Ridder, Stefanie Vandevijvere,
Stijn Vansteelandt, Bert Vaes, Delphine De Smedt, and Brecht De-
vleesschauwer. The health and economic burden of musculoskeletal
disorders in belgium from 2013 to 2018. Population Health Metrics,
21(1):4, 2023.

Lakstins K, Arnold L, Gunsch G, et al. Characterization of the human
intervertebral disc cartilage endplate at the molecular, cell, and tissue
levels. J Orthop Res, 39(9):1898-1907, 2021.

Le Maitre CL, Dahia CL, Giers M, et al. Development of a stan-
dardized histopathology scoring system for human intervertebral disc

degeneration: an Orthopaedic Research Society Spine Section Initia-
tive. JOR Spine, 4(2):e1167, 2021.

Chan WCW, Sze KL, Samartzis D, Leung VYL, and Chan D. Structure
and biology of the intervertebral disk in health and disease. Orthop
Clin North Am, 42(4):447-464, 2011.

Huang B, Liu J, Wei X, et al. Damage to the human lumbar cartilage
endplate and its clinical implications. Journal of Anatomy, 238(2):338—
348, 2021.

Schol J and Sakai D. Cell therapy for intervertebral disc herniation and
degenerative disc disease: clinical trials. Int Orthop, 43(4):1011-1025,
2019.

Atlas SJ and Deyo RA. Evaluating and Managing Acute Low Back
Pain in the Primary Care Setting. J Gen Intern Med, 16(2):120-131,
2001.

179



8]

[17]

[18]

Licciardone JC. The epidemiology and medical management of low
back pain during ambulatory medical care visits in the United States.
Osteopath Med Prim Care, 2:11, 2008.

Mafi JN, McCarthy EP, Davis RB, and Landon BE. Worsening Trends
in the Management and Treatment of Back Pain. JAMA Internal
Medicine, 173(17):1573-1581, 2013.

Deyo RA, Von Korff M, and Duhrkoop D. Opioids for low back pain.
BMJ, 350:26380, 2015.

Gray BM, Vandergrift JL, Weng W, Lipner RS, and Barnett ML.
Clinical Knowledge and Trends in Physicians’ Prescribing of Opi-
oids for New Onset Back Pain, 2009-2017. JAMA Network Open,
4(7):e2115328, 2021.

Ashworth J, Green DJ, Dunn KM, Jordan KP. Opioid use among low
back pain patients in primary care: Is opioid prescription associated
with disability at 6-month follow-up? Pain. 2013;154(7):1038-1044.

Kos N, Gradisnik L, and Velnar T. A Brief Review of the Degenerative
Intervertebral Disc Disease. Med Arch, 73(6):421-424, 2019.

Sharma S and V. Mayorga R. An Artificial Neural Network Approach
for the Classification of Human Lower Back Pain, 2019.

Campos MF, Silva M de BR da, Pinhal MAS, Salati T, Rodrigues
LMR, and Melo CM. Cell therapy in the treatment of intervertebral
disc degeneration. Coluna/Columna, 20:101-104, 2021.

Stevans JM, Delitto A, Khoja SS, et al. Risk Factors Associated With
Transition From Acute to Chronic Low Back Pain in US Patients
Seeking Primary Care. JAMA Netw Open, 4(2):¢2037371, 2021.

Buchbinder R, Blyth FM, March LM, Brooks P, Woolf AD, and Hoy
DG. Placing the global burden of low back pain in context. Best
Practice & Research Clinical Rheumatology, 27(5):575-589, 2013.

Melgoza IP, Chenna SS, Tessier S, et al. Development of a standardized
histopathology scoring system using machine learning algorithms for
intervertebral disc degeneration in the mouse model. JOR Spine,
4(2):e1164, 2021.

Yang H, Lu ML, Haldeman S, and Swanson N. Psychosocial risk
factors for low back pain in US workers: Data from the 2002-2018
quality of work life survey. Am J Ind Med, 66(1):41-53, 2023.

180



[20]

[21]

22]

[23]

[27]

Wang AM, Cao P, Yee A, Chan D, and Wu EX. Detection of extracellu-
lar matrix degradation in intervertebral disc degeneration by diffusion
magnetic resonance spectroscopy. Magn Reson Med, 73(5):1703-1712,
2015.

IIT Donnally, Chester J., Andrew Hanna, and Matthew A. Varacallo.
Lumbar degenerative disk disease. In StatPearls [Internet]. StatPearls
Publishing, Treasure Island, FL, 2023. Updated August 4, 2023.
PMID: 28846354; Bookshelf ID: NBK448134.

Sertac Kirnaz, Charisse Capadona, Taylor Wong, Jacob L. Gold-
berg, Branden Medary, Fabian Sommer, Jr. McGrath, Lynn B., and
Roger Hartl. Fundamentals of intervertebral disc degeneration. World
Neurosurgery, 157:264-273, 2022.

Zhenyu Meng, Jinhua Tan, Xueqian Ouyang, Jian Yin, and Yiguo Yan.
The relationship between biomechanical factors and intervertebral disc
degeneration: A review. American Journal of Translational Research,
17(5):3575-3585, 2025.

Alexander G. Hadjipavlou, Michael N. Tzermiadianos, N. Bogduk,
and Michael R. Zindrick. The pathophysiology of disc degeneration:

A critical review. The Journal of Bone and Joint Surgery. British
Volume, 90-B(10):1261-1270, 2008.

Karchevskaya AE, Poluektov YM, and Korolishin VA. Understanding
Intervertebral Disc Degeneration: Background Factors and the Role
of Initial Injury. Biomedicines, 11(10):2714, 2023.

Jiang S, Song X, and Jiang C. Deep Learning-Based Magnetic
Resonance-Ultrashort Time of Echo Imaging for Analyzing Degen-
eration of Intervertebral Disc Cartilage Endplate and Rehabilitation
Nursing. Concepts in Magnetic Resonance Part A, 2022:8709075,
2022.

Newton MD, Hartner SE, Timmons S, et al. Contrast-enhanced
pCT of the intervertebral disc: A comparison of anionic and cationic

contrast agents for biochemical and morphological characterization.
Journal of Orthopaedic Research, 35(5):1067-1075, 2017.

Maier JA and Harfe BD. Nuclei pulposi formation from the em-
bryonic notochord occurs normally in GDF5-deficient mice. Spine,
36(24):E1555-E1561, 2011.

181



[29]

[30]

Fleming A, Keynes RJ, and Tannahill D. The role of the notochord
in vertebral column formation. J Anat, 199:177-180, 2001.

Hickman T'T, Rathan-Kumar S, and Peck SH. Development, Patho-
genesis, and Regeneration of the Intervertebral Disc. Front Cell Dev
Biol, 10, 2022.

Hayes AJ, Isaacs MD, Hughes C, Caterson B, and Ralphs JR. Colla-
gen fibrillogenesis in the development of the annulus fibrosus of the
intervertebral disc. Fur Cell Mater, 22:226-241, 2011.

Sivakamasundari and Lufkin T. Bridging the Gap: Understanding
Embryonic Intervertebral Disc Development. Cell Dev Biol, 1(2):103,
2012.

Ezra D, Barash A, Levy S, Vardi I, Nielsen M, and Dror G. Mor-
phologic aspects of the cervical (C3—C7) annular epiphysis: a skeletal
study. Spine J, 23(8):1144-1151, 2023.

McCann MR and Séguin CA. Notochord Cells in Intervertebral Disc
Development and Degeneration. J Dev Biol, 4(1):3, 2016.

Potier E, de Vries S, van Doeselaar M, and Ito K. Potential application
of notochordal cells for intervertebral disc regeneration: an ¢n vitro
assessment. Fur Cell Mater, 28:68-80, 2014.

McCann MR, Bacher CA, and Séguin CA. Exploiting notochord cells
for stem cell-based regeneration of the intervertebral disc. J Cell
Commun Signal, 5(1):39-43, 2011.

Harfe BD. Intervertebral disc repair and regeneration: Insights from
the notochord. Semin Cell Dev Biol, 127:3-9, 2022.

Wang F, Gao ZX, Cai F, et al. Formation, function, and exhaus-
tion of notochordal cytoplasmic vacuoles within intervertebral disc.
Oncotarget, 8(34):57800-57812, 2017.

Krzysztof A. Tomaszewski, Katarzyna Saganiak, Tomasz Gladysz,
and Jerzy A. Walocha. The biology behind the human intervertebral
disc and its endplates. Folia Morphologica, 74(2):157-168, 2015.

David E. Fournier, Paul K. Kiser, Jamie K. Shoemaker, Michele C.
Battié, and Cheryle A. Séguin. Vascularization of the human inter-
vertebral disc: A scoping review. JOR Spine, 3(4):e1123, 2020.

182



[41]

[42]

[43]

[49]

[50]

[51]

Johnson WEB, Caterson B, Eisenstein SM, Hynds DL, Snow DM,
and Roberts S. Human intervertebral disc aggrecan inhibits nerve
growth in vitro. Arthritis Rheum, 46(10):2658-2664, 2002.

Xin L, Xu W, Wang J, et al. Proteoglycan-depleted regions of annular
injury promote nerve ingrowth in a rabbit disc degeneration model.
Open Med, 16(1):1616-1627, 2021.

Katherine B. Crump, Ahmad Alminnawi, Paola Bermudez-Lekerika,
et al. Cartilaginous endplates: A comprehensive review on a neglected
structure in intervertebral disc research. JOR Spine, 6(4):e1294, 2023.

Thomas Grunhagen, Gary Wilde, Djaouida M. Soukane, Aboulfazl
Shirazi-Adl, and Jill P. G. Urban. Nutrient supply and intervertebral
disc metabolism. Journal of Bone and Joint Surgery. American
Volume, 88 Suppl 2:30-35, 2006.

De Geer CM. Intervertebral Disk Nutrients and Transport Mechanisms
in Relation to Disk Degeneration. J Chiropr Med, 17(2):97-105, 2018.

Katz MM, Hargens AR, and Garfin SR. Intervertebral disc nutrition.
Diffusion versus convection. Clin Orthop Relat Res, 210:243-245, 1986.

Sampson SL, Sylvia M, and Fields AJ. Effects of dynamic loading on
solute transport through the human cartilage endplate. Journal of
Biomechanics, 83:273-279, 2019.

Carlos Ruiz Wills, Baptiste Foata, Miguel A. Gonzalez Ballester, Jaro
Karppinen, and Jérome Noailly. Theoretical explorations generate
new hypotheses about the role of the cartilage endplate in early
intervertebral disk degeneration. Frontiers in Physiology, 9:1210,
2018.

Hu Z, He F, Li X, et al. What can be observed in intervertebral
cartilage endplate with aging? Front Med. 2024;11.

Sun Z, Liu B, and Luo ZJ. The Immune Privilege of the Intervertebral
Disc: Implications for Intervertebral Disc Degeneration Treatment.
Int J Med Sci, 17(5):685-692, 2020.

Rajasekaran S, Soundararajan DCR, Tangavel C, et al. Human inter-
vertebral discs harbour a unique microbiome and dysbiosis determines
health and disease. Eur Spine J, 29(7):1621-1640, 2020.

183



[52]

[55]

[56]

[57]

Roberts S, Menage J, and Urban JPG. Biochemical and Structural
Properties of the Cartilage End-Plate and its Relation to the Inter-
vertebral Disc. Spine, 14(2):166-174, 1989.

Moore RJ. The vertebral end-plate: what do we know? FEur Spine J,
9(2):92-96, 2000.

Turgut M, Uslu S, Uysal A, Yurtseven ME, and Ustiin H. Changes in
vascularity of cartilage endplate of degenerated intervertebral discs
in response to melatonin administration in rats. Neurosurg Rev,
26(2):133-138, 2003.

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 Reports,
7(2):249-262, 2016.

Zuo R, Wang Y, Li J, et al. Rapamycin Induced Autophagy In-
hibits Inflammation-Mediated Endplate Degeneration by Enhancing
Nrf2/Keapl Signaling of Cartilage Endplate Stem Cells. Stem Cells,
37(6):828-840, 2019.

Jan J. Pfannkuche, Wenhui Guo, Shoujuan Cui, et al. Intervertebral
disc organ culture for the investigation of disc pathology and regen-
eration — benefits, limitations, and future directions of bioreactors.
Connective Tissue Research, 61(3-4):304-321, 2020.

Kang JD, Stefanovic-Racic M, McIntyre LA, Georgescu HI, and Evans
CH. Toward a biochemical understanding of human intervertebral disc
degeneration and herniation. Contributions of nitric oxide, interleukins,
prostaglandin E2, and matrix metalloproteinases. Spine (Phila Pa
1976), 22(10):1065-1073, 1997.

Vergroesen PPA, Kingma I, Emanuel KS, et al. Mechanics and biology
in intervertebral disc degeneration: a vicious circle. Osteoarthritis
Cartilage, 23(7):1057-1070, 2015.

Yao Y, Song W, Deng Q, et al. General regulatory effects of hypoxia on
human cartilage endplate-derived stem cells: A genome-wide analysis
of differential gene expression and alternative splicing events. Mol
Med Rep, 16(3):3001-3009, 2017.

Urban JPG. The role of the physicochemical environment in deter-
mining disc cell behaviour. Biochem Soc Trans, 30(Pt 6):858-864,
2002.

184



[62]

Loibl M, Wuertz-Kozak K, Vadala G, Lang S, Fairbank J, and Urban
JP. Controversies in regenerative medicine: Should intervertebral disc
degeneration be treated with mesenchymal stem cells? JOR Spine,
2(1):e1043, 2019.

Williams RJ, Tryfonidou MA, Snuggs JW, and Le Maitre CL. Cell
sources proposed for nucleus pulposus regeneration. JOR Spine,
4(4):e1175, 2021.

Weiler C, Nerlich AG, Bachmeier BE, and Boos N. Expression and
distribution of tumor necrosis factor alpha in human lumbar interver-
tebral discs: a study in surgical specimen and autopsy controls. Spine
(Phila Pa 1976), 30(1):44-53, 2005.

Jones P, Gardner L, Menage J, Williams GT, and Roberts S. Inter-
vertebral disc cells as competent phagocytes in vitro: implications for
cell death in disc degeneration. Arthritis Res Ther, 10(4):R86, 2008.

Le Maitre CL, Freemont AJ, and Hoyland JA. The role of interleukin-1
in the pathogenesis of human intervertebral disc degeneration. Arthritis
Res Ther, 7(4):R732-R745, 2005.

Phillips KLE, Cullen K, Chiverton N, et al. Potential roles of cytokines
and chemokines in human intervertebral disc degeneration: interleukin-

1 is a master regulator of catabolic processes. Osteoarthritis Cartilage,
23(7):1165-1177, 2015.

Baumgartner L, Wuertz-Kozak K, Le Maitre CL, et al. Multiscale
Regulation of the Intervertebral Disc: Achievements in Experimental,
In Silico, and Regenerative Research. Int J Mol Sci, 22(2):703, 2021.

Hoyland JA, Le Maitre C, and Freemont AJ. Investigation of the
role of IL-1 and TNF in matrix degradation in the intervertebral disc.
Rheumatology (Oxford), 47(6):809-814, 2008.

Phillips KLE, Chiverton N, Michael ALR, et al. The cytokine and
chemokine expression profile of nucleus pulposus cells: implications
for degeneration and regeneration of the intervertebral disc. Arthritis
Res Ther, 15(6):R213, 2013.

Le Maitre CL, Hoyland JA, and Freemont AJ. Catabolic cytokine
expression in degenerate and herniated human intervertebral discs: IL-
1beta and TNFalpha expression profile. Arthritis Res Ther, 9(4):R77,
2007.

185



[72]

[73]

[74]

[80]

Hamilton DJ, Séguin CA, Wang J, Pilliar RM, and Kandel RA.
Formation of a nucleus pulposus-cartilage endplate construct in wvitro.
Biomaterials, 27(3):397-405, 2006.

Roberts S, Evans H, Trivedi J, and Menage J. Histology and Pathology
of the Human Intervertebral Disc. J Bone Joint Surg Am, 88(Suppl
2):10-14, 2006.

Risbud MV and Shapiro IM. Role of cytokines in intervertebral disc
degeneration: pain and disc content. Nat Rev Rheumatol, 10(1):44-56,
2014.

Sun Z, Zhang M, Zhao XH, et al. Immune cascades in human interver-
tebral disc: the pros and cons. Int J Clin Exp Pathol, 6(6):1009-1014,
2013.

Réatsep T, Minajeva A, and Asser T. Relationship between neovascu-
larization and degenerative changes in herniated lumbar intervertebral
discs. Eur Spine J, 22(11):2474-2480, 2013.

Dudli S, Liebenberg E, Magnitsky S, Lu B, Lauricella M, and Lotz
JC. Modic type 1 change is an autoimmune response that requires
a proinflammatory milieu provided by the “Modic disc.”. Spine J,
18(5):831-844, 2018.

K. Lakstins, L. Arnold, G. Gunsch, S. Khan, S. Moore, and D. Purmes-
sur. Characterization of bovine and canine animal model cartilage
endplates and comparison to human cartilage endplate structure,
matrix composition, and cell phenotype. JOR Spine, 3(4):e1116, 2020.

Thompson K, Moore S, Tang S, Wiet M, and Purmessur D. The
chondrodystrophic dog: A clinically relevant intermediate-sized animal
model for the study of intervertebral disc-associated spinal pain. JOR
Spine, 1(1):e1011, 2018.

Daly C, Ghosh P, Jenkin G, Oehme D, and Goldschlager T. A Review
of Animal Models of Intervertebral Disc Degeneration: Pathophysi-
ology, Regeneration, and Translation to the Clinic. Biomed Res Int,
2016:5952165, 2016.

Alini M, Diwan AD, Erwin WM, Little CB, and Melrose J. An update
on animal models of intervertebral disc degeneration and low back
pain. JOR Spine, 6(1):e1230, 2023.

186



[82]

[83]

Kobayashi S, Baba H, Takeno K, et al. Fine structure of cartilage
canal and vascular buds in the rabbit vertebral endplate. Spine J,
9(1):96-103, 2008.

Poletto DL, Crowley JD, Tanglay O, Walsh WR, and Pelletier MH.
Preclinical in vivo animal models of intervertebral disc degeneration.
JOR Spine, 6(1):1234, 2022.

Hong JY, Kim H, Jeon WJ, et al. Animal Models of Intervertebral Disc
Diseases: Advantages, Limitations, and Future Directions. Neurology
International, 16(6):1788-1818, 2024.

Oshima H, Ishihara H, Urban JP, and Tsuji H. The use of coccygeal
discs to study intervertebral disc metabolism. J Orthop Res, 11(3):332—
338, 1993.

Jin L, Balian G, and Li XJ. Animal models for disc degeneration-an
update. Histol Histopathol, 33(6):543-554, 2018.

Lotz JC. Animal models of intervertebral disc degeneration: lessons
learned. Spine (Phila Pa 1976), 29(23):2742-2750, 2004.

Alini M, Eisenstein SM, Ito K, et al. Are animal models useful for
studying human disc disorders/degeneration? Fur Spine J, 17(1):2-19,
2008.

Showalter BL, Beckstein JC, Martin JT, et al. Comparison of animal
discs used in disc research to human lumbar disc: torsion mechanics
and collagen content. Spine (Phila Pa 1976), 37(15):E900-E907, 2012.

Tripathi G, Bhombe K, and Kumar H. Backbone breakthroughs: How
rodent models are shaping intervertebral disc disease treatment. J
Pain, 30:105326, 2025.

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
biologic therapy. Osteoarthritis Cartilage, 27(6):956-964, 2019.

Roberts S, Menage J, Sivan S, and Urban JP. Bovine explant model
of degeneration of the intervertebral disc. BMC' Musculoskelet Disord,
9:24, 2008.

Ristaniemi A, Seéerovié¢ A, Dischl V, et al. Physiological and degen-
erative loading of bovine intervertebral disc in a bioreactor. J Mech
Behav Biomed Mater, 143:105900, 2023.

187



[94]

[95]

[102]

[103]

[104]

Mengoni M, Zapata-Cornelio F'Y, Wijayathunga VN, and Wilcox RK.
Experimental and Computational Comparison of Intervertebral Disc
Bulge. Front Bioeng Biotechnol, 9, 2021.

Ristaniemi A, Seéerovi¢ A, Grad S, and Ferguson SJ. A Novel Fiber-
Reinforced Poroviscoelastic Bovine Intervertebral Disc Finite Element
Model. J Biomech Eng, 145:121006, 2023.

Salzer E, Mouser VHM, Tryfonidou MA, and Ito K. A bovine nucleus
pulposus explant culture model. J Orthop Res, 40(9):2089-2102, 2022.

Shirazi-Adl A, Taheri M, and Urban JPG. Analysis of cell viability in
intervertebral disc: Effect of endplate permeability on cell population.
Journal of Biomechanics, 43(7):1330-1336, 2010.

Gantenbein B, Frauchiger DA, May RD, Bakirci E, Rohrer U, and Grad
S. Developing Bioreactors to Host Joint-Derived Tissues That Require
Mechanical Stimulation. In Encyclopedia of Tissue Engineering and
Regenerative Medicine, pages 261-280. Academic Press, 2019.

Lisbet Haglund, Joanne Moir, Linda Beckman, et al. Development
of a bioreactor for axially loaded intervertebral disc organ culture.
Tissue Engineering Part C: Methods, 17(10):1011-1019, 2011.

Intervertebral Disc Culture Models and Their Applications to Study
Pathogenesis and Repair. SpringerLink chapter. Accessed November
3, 2025.

Walter BA, Illien-Jinger S, Nasser PR, Hecht AC, and Iatridis JC.
Development and validation of a bioreactor system for dynamic loading
and mechanical characterization of whole human intervertebral discs
in organ culture. J Biomech, 47(9):2095-2101, 2014.

Gantenbein B, Illien-Jiinger S, Chan SC, et al. Organ Culture Biore-
actors — Platforms to Study Human Intervertebral Disc Degeneration
and Regenerative Therapy. Curr Stem Cell Res Ther, 10(4):339-352,
2015.

Ponnappan RK, Markova DZ, Antonio PJD, et al. An organ culture
system to model early degenerative changes of the intervertebral disc.
Arthritis Res Ther, 13(5):R171, 2011.

Tang SN, Bonilla AF, Chahine NO, et al. Controversies in spine
research: Organ culture versus in vivo models for studies of the
intervertebral disc. JOR Spine, 5(4):€1235, 2022.

188



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Zhou J, Wang J, Li J, et al. Repetitive strikes loading organ culture
model to investigate the biological and biomechanical responses of the
intervertebral disc. JOR Spine, 7(1):e1314, 2024.

Zhou Z, Cui S, Du J, et al. One strike loading organ culture model to
investigate the post-traumatic disc degenerative condition. J Orthop
Transl, 26:141-150, 2021.

Kmail M, Razak R, and Mohd Isa IL. Engineering extracellular
matrix-based hydrogels for intervertebral disc regeneration. Front
Bioeng Biotechnol, 13, 2025.

Desai SU, Srinivasan SS, Kumbar SG, and Moss IL. Hydrogel-Based
Strategies for Intervertebral Disc Regeneration. Gels, 10(1):62, 2024.

Zhang L, Ning B, Jia T, et al. Microcarrier bioreactor culture system
promotes propagation of human intervertebral disc cells. Ir J Med
Sei, 179(4):529-534, 2010.

Ning B, Liu H, Gong W, Jiang J, Hu Y, and Yang SY. Biologi-
cal characteristics of adult degenerative nucleus pulposus cells in a

three-dimensional microcarrier stirring culture system. J Orthop Res,
31(6):858-863, 2013.

McKinley JP and O’Connell GD. Review of state-of-the-art micro and
macro-bioreactors for the intervertebral disc. J Biomech, 165:111964,
2024.

O’Connell GD, Jacobs NT, Sen S, Vresilovic EJ, and Elliott DM. Axial
Creep Loading and Unloaded Recovery of the Human Intervertebral
Disc. J Mech Behav Biomed Mater, 4(7):933-942, 2011.

Castro APG, Paul CPL, Detiger SEL, et al. Long-Term Creep Behavior
of the Intervertebral Disk. Front Bioeng Biotechnol, 2, 2014.

Secerovi¢ A, Ristaniemi A, Cui S, et al. Toward the Next Generation
of Spine Bioreactors. ACS Biomater Sci Eng, 8(9):3969-3976, 2022.

Lazaro-Pacheco D, Ebisch I, Cooper-White J, and Holsgrove TP.
Six-Axis, Physiological Activity Profiles Create a More Challenging
Cellular Environment. ACS Biomater Sci Eng, 11(5):3031-3042, 2025.

James T. Stannard, Kazuya Edamura, Aaron M. Stoker, et al. Devel-
opment of a whole organ culture model for intervertebral disc disease.
Journal of Orthopaedic Translation, 5:1-8, 2016.

189



[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Royal Society of Chemistry. Intervertebral disc-on-a-chip: a precision
engineered toolbox for painful intervertebral disc degeneration. Lab
on a Chip, 2023.

Trends in Biotechnology. Organ-on-a-chip models for musculoskeletal
research. Trends in Biotechnology, 2023.

ACS Biomaterials Science and Engineering. Microfluidic disc-on-a-chip
device for mouse intervertebral disc. ACS Biomaterials Science €
Engineering, 2019.

Frontiers in Bioengineering and Biotechnology. Organ-on-a-chip mod-
els for biological research. Frontiers in Bioengineering and Biotech-
nology, 2021.

Moxon SR, McMurran Z, Kibble MJ, Domingos M, Gough JE, and
Richardson SM. 3D bioprinting of an intervertebral disc tissue ana-
logue. Biofabrication, 17(1):015005, 2024.

Carrot E, Villemagne P de, Humbert P, et al. Replication of an
intervertebral disc using an in-house bioprinter. Int J Bioprinting,
11(1):470-484, 2024.

Yoshida M, Turner PR, and Cabral JD. Intervertebral Disc Tissue
Engineering Using Additive Manufacturing. Gels, 9(1):25, 2023.

Perera K, Ivone R, Natekin E, Wilga CA, Shen J, and Menon JU. 3D
Bioprinted Implants for Cartilage Repair in Intervertebral Discs and
Knee Menisci. Front Bioeng Biotechnol, 9, 2021.

De Pieri A, Byerley AM, Musumeci CR, Salemizadehparizi F, Vander-
horst MA, and Wuertz-Kozak K. Electrospinning and 3D bioprinting
for intervertebral disc tissue engineering. JOR Spine, 3(4):e1117, 2020.

Tanvir MAH, Khaleque MA, Lee J, et al. Three-Dimensional Bioprint-
ing for Intervertebral Disc Regeneration. J Funct Biomater, 16(3):105,
2025.

Mukherjee S, Lesage R, Geris L. A multiscale modeling approach
to study the role of mechanics and inflammation in the pathophys-
iology of articular cartilage. Computers in Biology and Medicine.
2026;211:111737. doi:10.1016/j.compbiomed.2026.111737.

Lesage R, Ferrao Blanco MN, Narcisi R, Welting T, van Osch
GJVM, Geris L. An integrated in silico and in vitro approach for

190



[129]

[130]

[131]

[132]

133

[134]

[135]

[136]

[137]

[138]

[139]

identifying therapeutic targets against osteoarthritis. BMC Biology.
2022;20(1):253. doi:10.1186/s12915-022-01451-8.

Maria Segarra-Queralt, Mar Galofré, Laura Tio, Jordi Monfort,
Joan Carlos Monllau, Gemma Piella, et al. Characterization of clinical
data for patient stratification in moderate osteoarthritis with support
vector machines, regulatory network models, and verification against
osteoarthritis initiative data. Scientific Reports, 14:11797, 2024.

Sofia Tseranidou, Maria Segarra-Queralt, Francis Kiptengwer
Chemorion, Christine Lyn Le Maitre, Janet Pifiero, et al. Nucleus
pulposus cell network modelling in the intervertebral disc. npj Systems
Biology and Applications, 11:13, 2025.

Baumgartner L, Reagh JJ, Gonzalez Ballester MA, and Noailly J.
Simulating intervertebral disc cell behaviour within 3D multifactorial
environments. Bioinformatics, 37(9):1246-1253, 2021.

Baumgartner L. Digging into Biologically-Driven Injury Mechanisms
in the Intervertebral Disc. PhD thesis, Universitat Pompeu Fabra,
2021.

Simulating intervertebral disc cell behaviour within 3D multifactorial
environments. Bioinformatics. 2021;37(9):1246-1253.

Sun T, Wang J, Liu X, et al. Finite element models of intervertebral
disc: recent advances and prospects. Ann Med, 57(1):2453089, 2025.

Gruber G, Nicolini LF, Ribeiro M, et al. Comparative FEM study on
intervertebral disc modeling. Front Bioeng Biotechnol, 12, 2024.

Cho PG, Yoon SJ, Shin DA, and Chang MC. Finite Element Analysis
of Stress Distribution and Range of Motion in Discogenic Back Pain.
Neurospine, 21(2):536-543, 2024.

Chabarova O, Selivonec J, and Menendez Hurtado A. Investigation
of the Role of Osteoporotic Vertebra Degeneration on Lumbar Spine
Stability. Bioengineering, 11(5):507, 2024.

Zhang L, Yu Z, Zhang X, et al. Finite element analysis of pedicle
screw fixation biomechanics and adjacent segment degeneration. Sci
Rep, 15(1):19047, 2025.

Reunanen VLJ, Jokinen TS, Hyténen MK, Junnila JJT, and Lap-
palainen AK. Evaluation of intervertebral disc degeneration in young
adult asymptomatic Dachshunds. Acta Vet Scand, 65(1):42, 2023.

191



[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Ogon I, Takebayashi T, Takashima H, et al. Imaging diagnosis for
intervertebral disc. JOR Spine, 3(1):¢1066, 2020.

Borthakur A. Imaging technologies of the spinal discs. In Spine
Phenotypes, pages 85-103. Academic Press, 2022.

Tamagawa S, Sakai D, Nojiri H, Sato M, Ishijima M, and Watanabe M.
Imaging Evaluation of Intervertebral Disc Degeneration and Painful
Discs. Diagnostics, 12(3):707, 2022.

da Costa RC, De Decker S, Lewis MJ, et al. Diagnostic Imaging in
Intervertebral Disc Disease. Front Vet Sci, 7, 2020.

Liawrungrueang W, Cholamjiak W, Sarasombath P, Jitpakdee K, and
Kotheeranurak V. Artificial Intelligence Classification for Detecting
and Grading Lumbar Intervertebral Disc Degeneration. Spine Surg
Relat Res, 8(6):552-559, 2024.

Park J, Cho H, Ji Y, Lee K, and Yoon H. Development of a deep
learning model for automatic detection of narrowed intervertebral disc
space sites. Front Vet Sci, 11:1453765, 2024.

Huang S, Deng G, Kang Y, Li J, Li J, and Lyu M. Exploring deep
learning strategies for intervertebral disc herniation detection on vet-
erinary MRI. Seci Rep, 14(1):16705, 2024.

Cheng YK, Lin CL, Huang YC, et al. Automatic Segmentation
of Specific Intervertebral Discs through a Two-Stage MultiResUNet
Model. J Clin Med, 10(20):4760, 2021.

Shastry P, Sonawane B, Mohan K, et al. Al and Deep Learning for
Automated Segmentation and Quantitative Measurement of Spinal
Structures in MRI. arXiv preprint, 2025.

Zhou M, Lim S, and O’Connell GD. A Robust Multiscale and Multi-
phasic Structure-Based Modeling Framework for the Intervertebral
Disc. Front Bioeng Biotechnol, 9, 2021.

Lialios D. A High-Performance Computational Framework for Mul-
tiscale and Multiphysics Modelling of the Intervertebral Disc. PhD
thesis, Universitat Pompeu Fabra, 2024.

Volz M, Elmasry S, Jackson AR, and Travascio F. Computational
Modeling Intervertebral Disc Pathophysiology: A Review. Front
Physiol, 12:750668, 2021.

192



[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Ghezelbash F, Schmidt H, Shirazi-Adl A, and El-Rich M. Internal
load-sharing in the human passive lumbar spine: Review of in wvitro
and finite element model studies. J Biomech, 102:109441, 2020.

Jones AC and Wilcox RK. Finite element analysis of the spine: towards
a framework of verification, validation and sensitivity analysis. Med
Eng Phys, 30(10):1287-1304, 2008.

Newell N, Little J, Christou A, Adams M, Adam C, and Masouros S.
Biomechanics of the human intervertebral disc: A review of testing
techniques and results. J Mech Behav Biomed Mater, 69:420—434,
2017.

Galbusera F, Schmidt H, Neidlinger-Wilke C, and Wilke HJ. The effect
of degenerative morphological changes of the intervertebral disc on the
lumbar spine biomechanics: a poroelastic finite element investigation.
Comput Methods Biomech Biomed Engin, 14(8):729-739, 2011.

Du Y, Tavana S, Rahman T, Baxan N, Hansen UN, and Newell N.
Sensitivity of Intervertebral Disc Finite Element Models to Internal
Geometric and Non-geometric Parameters. Front Bioeng Biotechnol,
9:660013, 2021.

Malandrino A, Noailly J, and Lacroix D. The Effect of Sustained Com-
pression on Oxygen Metabolic Transport in the Intervertebral Disc De-
creases with Degenerative Changes. PLoS Comput Biol, 7(8):e1002112,
2011.

Lama P, Zehra U, Balkovec C, et al. Significance of cartilage endplate
within herniated disc tissue. Eur Spine J, 23(9):1869-1877, 2014.

Berg-Johansen B, Han M, Fields AJ, et al. Cartilage Endplate Thick-
ness Variation Measured by Ultrashort Echo-Time MRI Is Asso-
ciated With Adjacent Disc Degeneration. Spine (Phila Pa 1976),
43(10):E592-E600, 2018.

Urban JPG, Smith S, and Fairbank JCT. Nutrition of the interverte-
bral disc. Spine (Phila Pa 1976), 29(23):2700-2709, 2004.

Roberts S, Urban JPG, Evans H, and Eisenstein SM. Transport Prop-
erties of the Human Cartilage Endplate in Relation to Its Composition
and Calcification. Spine, 21(4):415-420, 1996.

Wade KR, Robertson PA, and Broom ND. A fresh look at the nucleus-
endplate region: new evidence for significant structural integration.
Eur Spine J, 20(8):1225-1232, 2011.

193



163

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Wade KR, Robertson PA, and Broom ND. On how nucleus-endplate
integration is achieved at the fibrillar level in the ovine lumbar disc. J
Anat, 221(1):39-46, 2012.

John F. DeLucca, Daniel H. Cortes, Nathan T. Jacobs, Edward J.
Vresilovic, Randall L. Duncan, and Dawn M. Elliott. Human cartilage
endplate permeability varies with degeneration and intervertebral disc
site. Journal of Biomechanics, 49(4):550-557, 2016.

Oegema TR. Biochemistry of the intervertebral disc. Clin Sports Med,
12(3):419-439, 1993.

O’Hara BP, Urban JP, and Maroudas A. Influence of cyclic loading on
the nutrition of articular cartilage. Ann Rheum Dis, 49(7):536-539,
1990.

Wang Y, Wei L, Zeng L, He D, and Wei X. Nutrition and degen-
eration of articular cartilage. Knee Surg Sports Traumatol Arthrosc,
21(8):1751-1762, 2013.

Lorin M. Benneker, Paul F. Heini, Mauro Alini, Suzanne E. Anderson,
and Keita Ito. 2004 young investigator award winner: vertebral
endplate marrow contact channel occlusions and intervertebral disc
degeneration. Spine, 30(2):167-173, 2005.

Nachemson A, Lewin T, Maroudas A, and Freeman MAR. In Vitro
Diffusion of Dye Through the End-Plates and the Annulus Fibrosus of
Human Lumbar Inter-Vertebral Discs. Acta Orthop Scand, 41(6):589—
607, 1970.

S. Sivan, C. Neidlinger-Wilke, K. Wiirtz, A. Maroudas, and J. P. G.
Urban. Diurnal fluid expression and activity of intervertebral disc
cells. Biorheology, 43(3-4):283-291, 2006.

Kushchayev SV, Glushko T, Jarraya M, et al. ABCs of the degenerative
spine. Insights Imaging, 9(2):253-274, 2018.

Jeffrey C. Lotz, Aaron J. Fields, and Edward C. Liebenberg. The role
of the vertebral end plate in low back pain. Global Spine Journal,
3(3):153-164, 2013.

Herrero CFPS, Garcia SB, Garcia LV, and Aparecido Defino HL.
Endplates changes related to age and vertebral segment. Biomed Res
Int, 2014:545017, 2014.

194



[174]

[175]

176

[177)

[178]

[179]

[180]

[181]

[182]

[183]

[184]

Liu LT, Huang B, Li CQ, Zhuang Y, Wang J, and Zhou Y. Character-
istics of stem cells derived from the degenerated human intervertebral
disc cartilage endplate. PLoS One, 6(10):€26285, 2011.

Gradisnik L, Maver U, Gole B, et al. The Endplate Role in Degener-
ative Disc Disease Research: The Isolation of Human Chondrocytes

from Vertebral Endplate-An Optimised Protocol. Bioengineering
(Basel), 9(4):137, 2022.

Sophia Fox AJ, Bedi A, and Rodeo SA. The basic science of artic-
ular cartilage: structure, composition, and function. Sports Health,
1(6):461-468, 2009.

Alsalameh S, Amin R, Gemba T, and Lotz M. Identification of
mesenchymal progenitor cells in normal and osteoarthritic human
articular cartilage. Arthritis Rheum, 50(5):1522-1532, 2004.

Oda J, Tanaka H, and Tsuzuki N. Intervertebral disc changes with
aging of human cervical vertebra. From the neonate to the eighties.
Spine (Phila Pa 1976), 13(11):1205-1211, 1988.

Robert J. Moore. The vertebral endplate: disc degeneration, disc
regeneration. Furopean Spine Journal, 15 Suppl 3:5333-S337, 2006.

Kuettner KE. Biochemistry of articular cartilage in health and disease.
Clin Biochem, 25(3):155-163, 1992.

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,
252(1):140-148, 1998.

Frédéric Accadbled, Jean-Michel Laffosse, Didier Ambard, Anne
Gomez-Brouchet, Jérome Sales de Gauzy, and Pascal Swider. In-
fluence of location, fluid flow direction, and tissue maturity on the
macroscopic permeability of vertebral end plates. Spine, 33(6):612-619,
2008.

Law T, Anthony MP, Chan Q, et al. Ultrashort time-to-echo MRI of
the cartilaginous endplate: technique and association with interverte-
bral disc degeneration. J Med Imaging Radiat Oncol, 57(4):427-434,
2013.

Bonnheim NB, Wang L, Lazar AA, et al. Deep-learning-based
biomarker of spinal cartilage endplate health using ultra-short

195



[185]

[186]

187]

[188]

[189)]

[190]

[191]

[192]

193]

[194]

echo time magnetic resonance imaging. Quant Imaging Med Surg,
13(5):2807-2821, 2023.

Fields AJ, Berg-Johansen B, Metz LN, et al. Alterations in inter-
vertebral disc composition, matrix homeostasis and biomechanical
behavior in the UCD-T2DM rat model of type 2 diabetes. J Orthop
Res, 33(5):738-746, 2015.

Loeuille D, Olivier P, Mainard D, Gillet P, Netter P, and Blum A.
Review: Magnetic resonance imaging of normal and osteoarthritic
cartilage. Arthritis Rheum, 41(6):963-975, 1998.

Maroudas A, Stockwell RA, Nachemson A, and Urban J. Factors
involved in the nutrition of the human lumbar intervertebral disc:
cellularity and diffusion of glucose in vitro. J Anat, 120(Pt 1):113-130,
1975.

Stockwell RA. The interrelationship of cell density and cartilage
thickness in mammalian articular cartilage. J Anat, 109(Pt 3):411-
421, 1971.

Fields AJ, Rodriguez D, Gary KN, Liebenberg EC, and Lotz JC.
Influence of biochemical composition on endplate cartilage tensile
properties in the human lumbar spine. Journal of Orthopaedic Re-
search, 32(2):245-252, 2014.

L'"usse S, Claassen H, Gehrke T, et al. Evaluation of water content
by spatially resolved transverse relaxation times of human articular
cartilage. Magn Reson Imaging, 18(4):423-430, 2000.

Pattappa G, Li Z, Peroglio M, Wismer N, Alini M, and Grad S.
Diversity of intervertebral disc cells: phenotype and function. J Anat,
221(6):480-496, 2012.

Mow VC, Kuei SC, Lai WM, and Armstrong CG. Biphasic creep
and stress relaxation of articular cartilage in compression: theory and
experiments. J Biomech Eng, 102(1):73-84, 1980.

Holzapfel GA, Schulze-Bauer C a. J, Feigl G, and Regitnig P. Single
lamellar mechanics of the human lumbar anulus fibrosus. Biomech
Model Mechanobiol, 3(3):125-140, 2005.

Tang X, Jing L, and Chen J. Changes in the molecular phenotype
of nucleus pulposus cells with intervertebral disc aging. PLoS One,
7(12):€52020, 2012.

196



195

[196]

[197]

198

[199]

200]

[201]

[202]

[203]

[204]

[205]

van den Akker GGH, Surtel DAM, Cremers A, et al. Novel Immortal
Cell Lines Support Cellular Heterogeneity in the Human Annulus
Fibrosus. PLoS One, 11(1):0144497, 2016.

Minogue BM, Richardson SM, Zeef LAH, Freemont AJ, and 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, 62(12):3695-3705, 2010.

Minogue BM, Richardson SM, Zeef LA, Freemont AJ, and Hoyland JA.
Transcriptional profiling of bovine intervertebral disc cells: implica-
tions for identification of normal and degenerate human intervertebral
disc cell phenotypes. Arthritis Research € Therapy, 12(1):R22, 2010.

Rutges J, Creemers LB, Dhert W, et al. Variations in gene and protein
expression in human nucleus pulposus in comparison with annulus
fibrosus and cartilage cells: potential associations with aging and
degeneration. Osteoarthritis Cartilage, 18(3):416-423, 2010.

Cao L, Guilak F, and Setton LA. Pericellular Matrix Mechanics in the
Anulus Fibrosus Predicted by a Three-Dimensional Finite Element
Model and In Situ Morphology. Cell Mol Bioeng, 2(3):306-319, 2009.

Setton LA, Zhu W, Weidenbaum M, Ratcliffe A, and Mow VC. Com-
pressive properties of the cartilaginous end-plate of the baboon lumbar
spine. J Orthop Res, 11(2):228-239, 1993.

Ferguson SJ and Steffen T. Biomechanics of the aging spine. Fur
Spine J, 12 Suppl 2:597-S103, 2003.

Species variation in the cartilaginous endplate of the lumbar interver-
tebral disc. Accessed July 28, 2022.

Berg-Johansen B, Fields AJ, Liebenberg EC, Li A, and Lotz JC.
Structure-function relationships at the human spinal disc-vertebra
interface. J Orthop Res, 36(1):192-201, 2018.

Alon G. Rodriguez, Corinna K. Slichter, Frank L. Acosta, Ana E.
Rodriguez-Soto, Andrew J. Burghardt, Sharmila Majumdar, and
Jeffrey C. Lotz. Human disc nucleus properties and vertebral endplate
permeability. Spine, 36(7):512-520, 2011.

Wu Y, Cisewski S, Sachs BL, and Yao H. Effect of Cartilage Endplate
on Cell Based Disc Regeneration: A Finite Element Analysis. Mol
Cell Biomech, 10(2):159-182, 2013.

197



206]

207]

[208]

209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

Périé D, Korda D, and Iatridis JC. Confined compression experiments
on bovine nucleus pulposus and annulus fibrosus: sensitivity of the
experiment in the determination of compressive modulus and hydraulic
permeability. J Biomech, 38(11):2164-2171, 2005.

Akizuki S, Mow VC, M'uller F, Pita JC, Howell DS, and 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, 4(4):379-392, 1986.

Malandrino A, Planell JA, and Lacroix D. Statistical factorial analysis
on the poroelastic material properties sensitivity of the lumbar inter-
vertebral disc under compression, flexion and axial rotation. Journal
of Biomechanics, 42(16):2780-2788, 2009.

Alkhatib B, Ban GI, Williams S, and Serra R. IVD Development:
Nucleus pulposus development and sclerotome specification. Curr Mol
Biol Rep, 4(3):132-141, 2018.

Tam PP and Trainor PA. Specification and segmentation of the
paraxial mesoderm. Anat Embryol (Berl), 189(4):275-305, 1994.

Borycki AG, Mendham L, and Emerson CP. Control of somite pat-
terning by Sonic hedgehog and its downstream signal response genes.
Development, 125(4):777-790, 1998.

Zhang Y, Lenart BA, Lee JK, et al. Histological features of endplates
of the mammalian spine: from mice to men. Spine (Phila Pa 1976),
39(5):E312-E317, 2014.

Donisch EW and Trapp W. The cartilage endplates of the human
vertebral column (some considerations of postnatal development).
Anat Rec, 169(4):705-716, 1971.

Zehra U, Siyaji Z, Mallow G, et al. Vertebral endplate abnormalities,
defects, and changes. In The Vertebral Endplate, pages 203-222.
Elsevier, 2022.

Zehra U, Cheung JPY, Bow C, Lu W, and Samartzis D. Multidimen-
sional vertebral endplate defects are associated with disc degeneration,
modic changes, facet joint abnormalities, and pain. J Orthop Res,
37(5):1080-1089, 2019.

Taylor JR. Growth of human intervertebral discs and vertebral bodies.
J Anat, 120(Pt 1):49-68, 1975.

198



[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

Hirao M, Tamai N, Tsumaki N, Yoshikawa H, and Myoui A. Oxygen
tension regulates chondrocyte differentiation and function during
endochondral ossification. J Biol Chem, 281(41):31079-31092, 2006.

Bernabei I, So A, Busso N, and Nasi S. Cartilage calcification in
osteoarthritis: mechanisms and clinical relevance. Nat Rev Rheumatol,
19(1):10-27, 2023.

Wu M, Chen G, and Li YP. TGF-3 and BMP signaling in osteoblast,
skeletal development, and bone formation, homeostasis and disease.
Bone Res, 4:16009, 2016.

Rufai A, Benjamin M, and Ralphs JR. The development of fibrocarti-
lage in the rat intervertebral disc. Anat Embryol (Berl), 192(1):53-62,
1995.

Ma B, Leijten JCH, Wu L, et al. Gene expression profiling of dedif-
ferentiated human articular chondrocytes in monolayer culture. Os-
teoarthritis Cartilage, 21(4):599-603, 2013.

Zhao FD, Pollintine P, Hole BD, Adams MA, and Dolan P. Vertebral
fractures usually affect the cranial endplate because it is thinner and
supported by less-dense trabecular bone. Bone, 44(2):372-379, 2009.

Wallace AL, Wyatt BC, McCarthy ID, and Hughes SP. Humoral
regulation of blood flow in the vertebral endplate. Spine (Phila Pa
1976), 19(12):1324-1328, 1994.

Paietta RC, Burger EL, and Ferguson VL. Mineralization and collagen
orientation throughout aging at the vertebral endplate in the human
lumbar spine. J Struct Biol, 184(2):310-320, 2013.

Aaron J. Fields, Anthony Ballatori, Edward C. Liebenberg, and Jef-
frey C. Lotz. Contribution of the endplates to disc degeneration.
Current Molecular Biology Reports, 4(4):151-160, 2018.

Green TP, Adams MA, and Dolan P. Tensile properties of the annulus
fibrosus II. Ultimate tensile strength and fatigue life. Fur Spine J,
2(4):209-214, 1993.

Rodrigues SA, Wade KR, Thambyah A, and Broom ND. Microme-
chanics of annulus-end plate integration in the intervertebral disc.
Spine J, 12(2):143-150, 2012.

199



[228]

[229]

230]

[231]

[232]

[233]

[234]

[235]

236]

237]

Rodrigues SA, Thambyah A, and Broom ND. How maturity influences
annulus-endplate integration in the ovine intervertebral disc: a micro-
and ultra-structural study. J Anat, 230(1):152-164, 2017.

Wu Y, Cisewski SE, Wegner N, et al. Region and strain-dependent
diffusivities of glucose and lactate in healthy human cartilage endplate.
J Biomech, 49(13):2756-2762, 2016.

Balkovec C, Adams MA, Dolan P, and McGill SM. Annulus Fibrosus
Can Strip Hyaline Cartilage End Plate from Subchondral Bone: A
Study of the Intervertebral Disk in Tension. Global Spine J, 5(5):360—
365, 2015.

Gan Y, He J, Zhu J, et al. Spatially defined single-cell transcriptional
profiling characterizes diverse chondrocyte subtypes and nucleus pul-
posus progenitors in human intervertebral discs. Bone Res, 9(1):37,
2021.

Lee GM, Poole CA, Kelley SS, Chang J, and Caterson B. Isolated
chondrons: a viable alternative for studies of chondrocyte metabolism
in vitro. Osteoarthritis Cartilage, 5(4):261-274, 1997.

Roberts S, Menage J, Duance V, Wotton S, and 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 (Phila Pa 1976), 16(9):1030-1038, 1991.

Bishop PB and Pearce RH. The proteoglycans of the cartilaginous
end-plate of the human intervertebral disc change after maturity. J
Orthop Res, 11(3):324-331, 1993.

Aigner T, Gresk otter KR, Fairbank JC, von der Mark K, and Urban
JP. Variation with age in the pattern of type X collagen expression in

normal and scoliotic human intervertebral discs. Calcif Tissue Int,
63(3):263-268, 1998.

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 Col2al gene for Type II collagen. Spine
(Phila Pa 1976), 26(23):2558-2565, 2001.

Hodgkinson T, Kelly DC, Curtin CM, and O’Brien FJ. Mechanosig-
nalling in cartilage: an emerging target for the treatment of os-
teoarthritis. Nat Rev Rheumatol, 18(2):67-84, 2022.

200



238

239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

Fearing BV, Hernandez PA, Setton LA, and Chahine NO. Mechan-
otransduction and cell biomechanics of the intervertebral disc. JOR
Spine, 1(3):¢1026, 2018.

Stokes TAF and Iatridis JC. Mechanical conditions that accelerate
intervertebral disc degeneration: overload versus immobilization. Spine
(Phila Pa 1976), 29(23):272472732, 2004.

Kuo J, Zhang L, Bacro T, and Yao H. The region-dependent biphasic
viscoelastic properties of human temporomandibular joint discs under
confined compression. J Biomech, 43(7):1316-1321, 2010.

Y. Wu, S. E. Cisewski, B. L. Sachs, et al. The region-dependent
biomechanical and biochemical properties of bovine cartilaginous
endplate. J Biomech, 48(12):3185-3191, 2015.

Andrea Malandrino, Damien Lacroix, Christian Hellmich, Keita Ito,
Stephen J. Ferguson, and Jerénimo Noailly. The role of endplate
poromechanical properties on the nutrient availability in the interver-
tebral disc. Osteoarthritis and Cartilage, 22(7):1053-1060, 2014.

Huyghe JM. Intra-extrafibrillar mixture formulation of soft charged
hydrated tissues. Journal of Theoretical and Applied Mechanics,
37(3):519-536, 1999.

Jackson AR, Eismont A, Yu L, et al. Diffusion of antibiotics in
intervertebral disc. J Biomech, 76:259-262, 2018.

Zhu Q, Gao X, Brown MD, Eismont F, and Gu W. Effects of diurnal
loading on the transport of charged antibiotics into intervertebral
discs. J Biomech, 87:177-182, 2019.

Huang CY and Gu WY. Effects of mechanical compression on
metabolism and distribution of oxygen and lactate in intervertebral
disc. Journal of Biomechanics, 41(6):1184-1196, 2008.

Schmidt H, Galbusera F, Rohlmann A, and Shirazi-Adl A. What have
we learned from finite element model studies of lumbar intervertebral
discs in the past four decades? J Biomech, 46(14):2342-2355, 2013.

Zhu Q, Jackson AR, and Gu WY. Cell viability in intervertebral disc
under various nutritional and dynamic loading conditions: 3D finite
element analysis. J Biomech, 45(16):2769-2777, 2012.

201



[249]

[250]

[251]

[252]

253

[254]

[255]

[256]

257]

[258]

Hassan CR, Lee W, Edward Komatsu D, and Qin YX. Evaluation
of Nucleus Pulposus Fluid Velocity and Pressure Alteration Induced

by Cartilage Endplate Sclerosis using a Poro-elastic Finite Element
Analysis. Biomech Model Mechanobiol, 20(1):281-291, 2021.

Riches PE and 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, 219(5):329-335, 2005.

Ayotte DC, Ito K, Perren SM, and Tepic S. Direction-dependent
constriction flow in a poroelastic solid: the intervertebral disc valve.
J Biomech Eng, 122(6):587-593, 2000.

D. C. Ayotte, K. Ito, and S. Tepic. Direction-dependent resistance
to flow in the endplate of the intervertebral disc: an ex vivo study.
Journal of Orthopaedic Research, 19(6):1073-1077, 2001.

Pascal Swider, Frédéric Accadbled, Jean-Michel Laffosse, and Jérome
Sales de Gauzy. Influence of fluid-flow direction on effective perme-
ability of the vertebral end plate: an analytical model. Computer
Methods in Biomechanics and Biomedical Engineering, 15(2):151-156,
2012.

Rade M, M"a'att"a JH, Freidin MB, Airaksinen O, Karppinen J,
and Williams FMK. Vertebral Endplate Defect as Initiating Factor
in Intervertebral Disc Degeneration: Strong Association Between
Endplate Defect and Disc Degeneration in the General Population.
Spine (Phila Pa 1976), 43(6):412-419, 2018.

Sten Holm, Ann-Kristin Holm, Lars Ekstrom, Amir Karladani, and
Tommy Hansson. Experimental disc degeneration due to endplate
injury. Clinical Spine Surgery, 17(1):64, 2004.

Farshad-Amacker NA, Hughes A, Herzog RJ, Seifert B, and Farshad M.
The intervertebral disc, the endplates and the vertebral bone marrow
as a unit in the process of degeneration. Eur Radiol, 27(6):2507-2520,
2017.

Dudli S, Ferguson SJ, and Haschtmann D. Severity and pattern of
post-traumatic intervertebral disc degeneration depend on the type of
injury. Spine J, 14(7):1256-1264, 2014.

Kuisma M, Karppinen J, Haapea M, Lammentausta E, Niinim"aki J,
and Tervonen O. Modic changes in vertebral endplates: a comparison
of MR imaging and multislice CT. Skeletal Radiol, 38(2):141-147,
2009.

202



259

[260]

[261]

[262]

[263]

[264]

265]

266]

267]

Feng Z, Liu Y, Yang G, Battié MC, and Wang Y. Lumbar Vertebral
Endplate Defects on Magnetic Resonance Images: Classification,

Distribution Patterns, and Associations with Modic Changes and Disc
Degeneration. Spine (Phila Pa 1976), 43(13):919-927, 2018.

LiY, Samartzis D, Campbell DD, et al. Two subtypes of intervertebral
disc degeneration distinguished by large-scale population-based study.
Spine J, 16(9):1079-1089, 2016.

M'a"att"a JH, Rade M, Freidin MB, Airaksinen O, Karppinen J, and
Williams FMK. Strong association between vertebral endplate defect
and Modic change in the general population. Sci Rep, 8(1):16630,
2018.

Davies BM, Atkinson RA, Ludwinski F, Freemont AJ, Hoyland JA,
and Gnanalingham KK. Qualitative grading of disc degeneration by
magnetic resonance in the lumbar and cervical spine: lack of correlation
with histology in surgical cases. Br J Neurosurg, 30(4):414-421, 2016.

Benneker LM, Heini PF, Anderson SE, Alini M, and Ito K. Correlation
of radiographic and MRI parameters to morphological and biochemical
assessment of intervertebral disc degeneration. Fur Spine J, 14(1):27—
35, 2005.

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, 28(10):2266-2274, 2019.

Fields AJ, Han M, Krug R, and Lotz JC. Cartilaginous end plates:
Quantitative MR imaging with very short echo times-orientation

dependence and correlation with biochemical composition. Radiology,
274(2):482-489, 2015.

Moon SM, Yoder JH, Wright AC, Smith LJ, Vresilovic EJ, and Elliott
DM. Evaluation of intervertebral disc cartilaginous endplate structure
using magnetic resonance imaging. FEur Spine J, 22(8):1820-1828,
2013.

Ling Z, Li L, Chen Y, et al. Changes of the end plate cartilage
are associated with intervertebral disc degeneration: A quantitative

magnetic resonance imaging study in rhesus monkeys and humans. J
Orthop Translat, 24:23-31, 2020.

203



268

269]

270]

[271]

[272]

273

[274]

275]

[276]

277]

278]

Fields AJ, Liebenberg EC, and Lotz JC. Innervation of pathologies
in the lumbar vertebral end plate and intervertebral disc. Spine J,
14(3):513-521, 2014.

Brown MF, Hukkanen MVJ, McCarthy ID, et al. Sensory and sym-
pathetic innervation of the vertebral endplate in patients with degen-
erative disc disease. J Bone Joint Surg Br, 79-B(1):147-153, 1997.

Ni S, Ling Z, Wang X, et al. Sensory innervation in porous end-
plates by Netrin-1 from osteoclasts mediates PGE2-induced spinal
hypersensitivity in mice. Nat Commun, 10(1):5643, 2019.

Wang Y, Videman T, and Battié MC. ISSLS prize winner: Lumbar
vertebral endplate lesions: associations with disc degeneration and
back pain history. Spine (Phila Pa 1976), 37(17):1490-1496, 2012.

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 back pain and Modic Type 1 or Type
2 changes on MRI. Spine (Phila Pa 1976), 31(9):1026-1031, 2006.

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, 6(1):e1237, 2023.

Nerlich AG, Schaaf R, W"alchli B, and Boos N. Temporo-spatial
distribution of blood vessels in human lumbar intervertebral discs.
Eur Spine J, 16(4):547-555, 2007.

Bailey JF, Fields AJ, Ballatori A, et al. The Relationship Between
Endplate Pathology and Patient-reported Symptoms for Chronic Low
Back Pain Depends on Lumbar Paraspinal Muscle Quality. Spine
(Phila Pa 1976), 44(14):1010-1017, 2019.

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, 27(1):2-12, 2018.

Wang Y, Videman T, and Battié MC. Lumbar vertebral endplate
lesions: prevalence, classification, and association with age. Spine
(Phila Pa 1976), 37(17):1432-1439, 2012.

Wang Y, Videman T, Niemel"ainen R, and Battié MC. Quantita-
tive measures of Modic changes in lumbar spine magnetic resonance
imaging: intra- and inter-rater reliability. Spine (Phila Pa 1976),
36(15):1236-1243, 2011.

204



279

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

Modic MT, Steinberg PM, Ross JS, Masaryk TJ, and Carter JR.
Degenerative disk disease: assessment of changes in vertebral body
marrow with MR imaging. Radiology, 166(1 Pt 1):193-199, 1988.

J'arvinen J, Karppinen J, Niinim'aki J, et al. Association between
changes in lumbar Modic changes and low back symptoms over a
two-year period. BMC Musculoskelet Disord, 16:98, 2015.

Jensen TS, Karppinen J, Sorensen JS, Niinim"aki J, and Leboeuf-Yde
C. Vertebral endplate signal changes (Modic change): a systematic
literature review of prevalence and association with non-specific low
back pain. Eur Spine J, 17(11):1407-1422, 2008.

M"a'"att"a JH, Wadge S, MacGregor A, Karppinen J, and Williams
FMK. ISSLS Prize Winner: Vertebral Endplate (Modic) Change is
an Independent Risk Factor for Episodes of Severe and Disabling Low
Back Pain. Spine (Phila Pa 1976), 40(15):1187-1193, 2015.

Kuisma M, Karppinen J, Niinim"aki J, et al. Modic changes in
endplates of lumbar vertebral bodies: prevalence and association with
low back and sciatic pain among middle-aged male workers. Spine
(Phila Pa 1976), 32(10):1116-1122, 2007.

Saukkonen J, M'a"att"a J, Oura P, et al. Association Between Modic
Changes and Low Back Pain in Middle Age: A Northern Finland
Birth Cohort Study. Spine (Phila Pa 1976), 45(19):1360-1367, 2020.

Karchevsky M, Schweitzer ME, Carrino JA, Zoga A, Montgomery
D, and Parker L. Reactive endplate marrow changes: a systematic
morphologic and epidemiologic evaluation. Skeletal Radiol, 34(3):125—
129, 2005.

Lenz GP, Assheuer J, Lenz W, and Gottschlich KW. New aspects
of lumbar disc disease. MR imaging and histological findings. Arch
Orthop Trauma Surg, 109(2):75-82, 1990.

Assheuer J, Lenz G, Lenz W, Gottschlich KW, and Schulitz KP.
[Fat/water separation in the NMR tomogram. The imaging of bone
marrow reactions in degenerative intervertebral disk changes|. Rofo,
147(1):58-63, 1987.

Dudli S, Karol A, Giudici L, et al. CD90-positive stromal cells associate
with inflammatory and fibrotic changes in Modic changes. Osteoarthr
Cartil Open, 4(3):100287, 2022.

205



289

[290]

[291]

[292]

[293]

[294]

[295]

296]

297]

298]

[299]

Zhang YH, Zhao CQ, Jiang LS, Chen XD, and Dai LY. Modic changes:
a systematic review of the literature. Fur Spine J, 17(10):1289-1299,
2008.

Tarukado K, Ono T, Tono O, et al. Does Modic Change Progress
With Age? Spine (Phila Pa 1976), 42(23):1805-1809, 2017.

Albert HB, Briggs AM, Kent P, Byrhagen A, Hansen C, and Kjaer-
gaard K. The prevalence of MRI-defined spinal pathoanatomies and
their association with Modic changes in individuals seeking care for
low back pain. Fur Spine J, 20(8):1355-1362, 2011.

Jensen TS, Bendix T, Sorensen JS, Manniche C, Korsholm L, and
Kjaer P. Characteristics and natural course of vertebral endplate signal
(Modic) changes in the Danish general population. BMC Musculoskelet
Disord, 10:81, 2009.

Kuisma M, Karppinen J, Niinim"aki J, et al. A three-year follow-up
of lumbar spine endplate (Modic) changes. Spine (Phila Pa 1976),
31(15):1714-1718, 2006.

Mitra D, Cassar-Pullicino VN, and McCall IW. Longitudinal study of
vertebral type-1 end-plate changes on MR of the lumbar spine. Fur
Radiol, 14(9):1574-1581, 2004.

Vital JM, Gille O, Pointillart V, et al. Course of Modic 1 six months af-
ter lumbar posterior osteosynthesis. Spine (Phila Pa 1976), 28(7):715—
720, 2003. discussion 721.

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, 13(8):e0200677, 2018.

Weishaupt D, Zanetti M, Hodler J, et al. Painful Lumbar Disk
Derangement: Relevance of Endplate Abnormalities at MR Imaging.
Radiology, 218(2):420-427, 2001.

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, 45(9):1249-1256, 2016.

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, 35(8):1572—
1581, 2020.

206



300]

301]

302]

303]

304]

305]

306]

307]

308]

[309]

Bonnheim NB, Wang L, Lazar AA, et al. The contributions of cartilage
endplate composition and vertebral bone marrow fat to intervertebral
disc degeneration in patients with chronic low back pain. Eur Spine
J, 31(7):1866-1872, 2022.

Feng 7Y, Hu XJ, Zheng QQ, Battié MC, Chen Z, and Wang Y.
Cartilaginous endplate avulsion is associated with Modic changes and
endplate defects, and residual back and leg pain following lumbar
discectomy. Osteoarthritis Cartilage, 29(5):707-717, 2021.

Schmid G, Witteler A, Willburger R, Kuhnen C, Jergas M, and
Koester O. Lumbar disk herniation: correlation of histologic findings
with marrow signal intensity changes in vertebral endplates at MR
imaging. Radiology, 231(2):352-358, 2004.

Dudli S, Boffa DB, Ferguson SJ, and Haschtmann D. Leukocytes
Enhance Inflammatory and Catabolic Degenerative Changes in the In-
tervertebral Disc After Endplate Fracture In Vitro Without Infiltrating
the Disc. Spine (Phila Pa 1976), 40(23):1799-1806, 2015.

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, 26(5):1362-1373, 2017.

POS0417 ACTIVATED NEUTROPHILS DEGRADE CARTILAGE
ENDPLATES. UCSF Musculoskeletal Center. Accessed November
17, 2025.

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, 41(5):1115-1122,
2023.

Xiong C, Huang B, Cun Y, Aghdasi BG, and Zhou Y. Migration
inhibitory factor enhances inflammation via CD74 in cartilage end
plates with Modic type 1 changes on MRI. Clin Orthop Relat Res,
472(6):1943-1954, 2014.

Chen S, Huang Y, Zhou ZJ, et al. Upregulation of Tumor Necrosis Fac-
tor alpha and ADAMTS-5, But Not ADAMTS-4, in Human Interver-
tebral Cartilage Endplate With Modic Changes. Spine, 39(14):E817,
2014.

Dudli S, Fields AJ, Samartzis D, Karppinen J, and Lotz JC. Patho-
biology of Modic changes. Fur Spine J, 25(11):3723-3734, 2016.

207



310

[311]

312]

313]

[314]

[315]

316]

317]

[318]

319

Rollason J, McDowell A, Albert HB, et al. Genotypic and antimicrobial
characterisation of Propionibacterium acnes isolates from surgically
excised lumbar disc herniations. Biomed Res Int, 2013:530382, 2013.

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? Fur Spine J, 22(4):690-696, 2013.

Stirling A, Worthington T, Rafiq M, Lambert PA, and Elliott TS.
Association between sciatica and Propionibacterium acnes. Lancet,
357(9273):2024-2025, 2001.

Fritzell P, Bergstr'om T, and Welinder-Olsson C. Detection of bacterial
DNA in painful degenerated spinal discs in patients without signs of
clinical infection. Fur Spine J, 13(8):702-706, 2004.

Urquhart DM, Zheng Y, Cheng AC, et al. Could low grade bacterial
infection contribute to low back pain? A systematic review. BMC
Med, 13:13, 2015.

Shan 7, Zhang X, Li S, Yu T, Liu J, and Zhao F. Propionibac-
terium acnes Incubation in the Discs Can Result in Time-Dependent
Modic Changes: A Long-Term Rabbit Model. Spine (Phila Pa 1976),
42(21):1595-1603, 2017.

Chen Z, Zheng Y, Yuan Y, et al. Modic Changes and Disc Degeneration
Caused by Inoculation of Propionibacterium acnes inside Intervertebral
Discs of Rabbits: A Pilot Study. Biomed Res Int, 2016:9612437, 2016.

Dudli S, Liebenberg E, Magnitsky S, Miller S, Demir-Deviren S, and
Lotz JC. Propionibacterium acnes infected intervertebral discs cause

vertebral bone marrow lesions consistent with Modic changes. J
Orthop Res, 34(8):1447-1455, 2016.

Jiao Y, Yuan Y, Lin Y, et al. Propionibacterium acnes induces
discogenic low back pain via stimulating nucleus pulposus cells to
secrete pro-algesic factor of IL-8 /CINC-1 through TLR2-NF-kappaB
p65 pathway. J Mol Med (Berl), 97(1):25-35, 2019.

Capoor MN, Konieczna A, McDowell A, et al. Pro-Inflammatory
and Neurotrophic Factor Responses of Cells Derived from Degen-
erative Human Intervertebral Discs to the Opportunistic Pathogen
Cutibacterium acnes. Int J Mol Sci, 22(5):2347, 2021.

208



320

[321]

322]

323]

[324]

[325]

[326]

327]

328]

329]

330]

Dudli S, Miller S, Demir-Deviren S, and Lotz JC. Inflammatory
response of disc cells against Propionibacterium acnes depends on the
presence of lumbar Modic changes. Fur Spine J, 27(5):1013-1020,
2018.

McDowell A, Barnard E, Nagy I, et al. An expanded multilocus
sequence typing scheme for Propionibacterium acnes: investigation
M«

of “pathogenic”, “commensal” and antibiotic resistant strains. PLoS
One, 7(7):e41480, 2012.

McDowell A, Perry AL, Lambert PA, and Patrick S. A new phylo-
genetic group of Propionibacterium acnes. J Med Microbiol, 57(Pt
2):218-224, 2008.

Falcocchio S, Ruiz Rueda C, Pastor F, Saso L, and Diaz P. Propioni-
bacterium acnes GehA lipase, an enzyme involved in acne development,

can be successfully inhibited by defined natural substances. Journal
of Molecular Catalysis B-Enzymatic, 40:132—137, 2006.

Sch'affler A and Sch'olmerich J. Innate immunity and adipose tissue
biology. Trends Immunol, 31(6):228-235, 2010.

Paulson JC and Kawasaki N. Sialidase inhibitors dampen sepsis. Nat
Biotechnol, 29(5):406-407, 2011.

Schroeder GD, Markova DZ, Koerner JD, et al. Are Modic changes as-
sociated with intervertebral disc cytokine profiles? Spine J, 17(1):129-
134, 2017.

Bermudez-Lekerika P, Crump KB, Tseranidou S, et al. Immuno-
Modulatory Effects of Intervertebral Disc Cells. Front Cell Dev Biol,
10, 2022.

Rajasekaran S, Venkatadass K, Naresh Babu J, Ganesh K, and 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. FEur Spine J,
17(5):626-643, 2008.

Natarajan RN, Ke JH, and Andersson GB. A model to study the disc
degeneration process. Spine (Phila Pa 1976), 19(3):259-265, 1994.

Rajasekaran S, Bajaj N, Tubaki V, Kanna RM, and Shetty AP. ISSLS
Prize winner: The anatomy of failure in lumbar disc herniation: an in
vivo, multimodal, prospective study of 181 subjects. Spine (Phila Pa
1976), 38(17):1491-1500, 2013.

209



331]

332]

[333]

334]

[335]

336]

337]

338]

339]

H.-J. Wilke, A. Kienle, S. Maile, V. Rasche, and N. Berger-Roscher.
A new dynamic six degrees of freedom disc-loading simulator allows
to provoke disc damage and herniation. Eur Spine J, 25(5):1363-1372,
2016.

Zehr JD, Quadrilatero J, and Callaghan JP. Initiation and accumu-
lation of loading induced changes to native collagen content and mi-
crostructural damage in the cartilaginous endplate. Spine J, 24(1):161—
171, 2024.

Veres SP, Robertson PA, and Broom ND. ISSLS prize winner: how
loading rate influences disc failure mechanics: a microstructural assess-
ment of internal disruption. Spine (Phila Pa 1976), 35(21):1897-1908,
2010.

M'orl F, G"unther M, Riede JM, Hammer M, and Schmitt S. Loads
distributed in vivo among vertebrae, muscles, spinal ligaments, and

intervertebral discs in a passively flexed lumbar spine. Biomech Model
Mechanobiol, 19(6):2015-2047, 2020.

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, 80:104-110, 2018.

Langrana NA, Kale SP, Edwards WT, Lee CK, and Kopacz KJ. Mea-
surement and analyses of the effects of adjacent end plate curvatures
on vertebral stresses. Spine J, 6(3):267-278, 2006.

Grant MP, Epure LM, Bokhari R, Roughley P, Antoniou J, and Mwale
F. Human cartilaginous endplate degeneration is induced by calcium
and the extracellular calcium-sensing receptor in the intervertebral
disc. Eur Cell Mater, 32:137-151, 2016.

Antoniou J, Goudsouzian NM, Heathfield TF, et al. The human lumbar
endplate. Evidence of changes in biosynthesis and denaturation of the
extracellular matrix with growth, maturation, aging, and degeneration.
Spine (Phila Pa 1976), 21(10):1153-1161, 1996.

Ariga K, Miyamoto S, Nakase T, et al. The relationship between
apoptosis of endplate chondrocytes and aging and degeneration of the
intervertebral disc. Spine (Phila Pa 1976), 26(22):2414-2420, 2001.

210



340

[341]

[342]

343

[344]

[345]

[346]

[347]

[348]

[349]

Zhang JF, Wang GL, Zhou ZJ, Fang XQ, Chen S, and Fan SW.
Expression of Matrix Metalloproteinases, Tissue Inhibitors of Metallo-

proteinases, and Interleukins in Vertebral Cartilage Endplate. Orthop
Surg, 10(4):306-311, 2018.

Le Maitre CL, Freemont AJ, and Hoyland JA. Localization of degrada-
tive enzymes and their inhibitors in the degenerate human interverte-
bral disc. J Pathol, 204(1):47-54, 2004.

Lakstins K, Yeater T, Arnold L, Khan S, Hoyland JA, and Purmessur
D. Investigating the role of culture conditions on hypertrophic differ-
entiation in human cartilage endplate cells. Journal of Orthopaedic
Research, 39(6):1204-1216, 2021.

Han Y, Li X, Yan M, et al. Oxidative damage induces apoptosis
and promotes calcification in disc cartilage endplate cell through
ROS/MAPK/NF-kappaB pathway: Implications for disc degeneration.
Biochem Biophys Res Commun, 516(3):1026-1032, 2019.

Neidlinger-Wilke C, Boldt A, Brochhausen C, et al. Molecular inter-
actions between human cartilaginous endplates and nucleus pulposus
cells: a preliminary investigation. Spine (Phila Pa 1976), 39(17):1355—
1364, 2014.

Chen H, Wang J, Hu B, et al. MiR-34a promotes Fas-mediated
cartilage endplate chondrocyte apoptosis by targeting Bel-2. Mol Cell
Biochem, 406(1-2):21-30, 2015.

Jacobs WR. Science for combatting tuberculosis. Bull N Y Acad Med,
73(1):46-52, 1996.

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, 9:668715, 2021.

Zhao Q hua, Tian J wei, Wang L, Dong S hai, Xia T, and Liu C
yi. [Effect of siRNA-Cox-2 on the growth inhibition and apopto-
sis of cartilage endplate chondrocytes|. Zhonghua Yi Xue Za Zhi,
91(15):1031-1035, 2011.

Jiang C, Guo Q, Jin Y, et al. Inhibition of EZH2 ameliorates cartilage
endplate degeneration and attenuates the progression of intervertebral
disc degeneration via demethylation of Sox-9. EBioMedicine, 48:619—
629, 2019.

211



350]

[351]

[352]

353]

[354]

[355]

[356]

[357]

[358]

[359]

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, 2(4):e1071,
2019.

Grunhagen T, Shirazi-Adl A, Fairbank JCT, and Urban JPG. Inter-
vertebral disk nutrition: a review of factors influencing concentrations
of nutrients and metabolites. Orthop Clin North Am, 42(4):465-477,
vii, 2011.

Dolor A, Sampson SL, Lazar AA, Lotz JC, Szoka FC, and Fields
AJ. Matrix modification for enhancing the transport properties of
the human cartilage endplate to improve disc nutrition. PLoS One,
14(4):e0215218, 2019.

Boyd LM and Carter AJ. Injectable biomaterials and vertebral end-
plate treatment for repair and regeneration of the intervertebral disc.
Eur Spine J, 15 Suppl 3:5414-S421, 2006.

Masaryk TJ, Boumphrey F, Modic MT, Tamborrello C, Ross JS, and
Brown MD. Effects of chemonucleolysis demonstrated by MR imaging.
J Comput Assist Tomogr, 10(6):917-923, 1986.

Gullbrand SE, Ashinsky BG, Bonnevie ED, et al. Long-term me-
chanical function and integration of an implanted tissue-engineered
intervertebral disc. Sci Transl Med, 10(468):eaau0670, 2018.

Chong JE, Santerre JP, and Kandel RA. Generation of an in vitro
model of the outer annulus fibrosus-cartilage interface. JOR Spine,
3(2):€1089, 2020.

Arana CJ, Diamandis EP, and Kandel RA. Cartilage tissue enhances
proteoglycan retention by nucleus pulposus cells in vitro. Arthritis
Rheum, 62(11):3395-3403, 2010.

Vernengo AJ, Grad S, Eglin D, Alini M, and Li Z. Bioprinting
Tissue Analogues with Decellularized Extracellular Matrix Bioink for

Regeneration and Tissue Models of Cartilage and Intervertebral Discs.
Advanced Functional Materials, 30(44):1909044, 2020.

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,
7(1):15765, 2017.

212



360]

[361]

362]

[363]

364]

365]

[366]

367]

368]

369]

[370]

Luo L, Jian X, Sun H, et al. Cartilage endplate stem cells inhibit
intervertebral disc degeneration by releasing exosomes to nucleus
pulposus cells to activate Akt/autophagy. Stem Cells, 39(4):467-481,
2021.

Li Y, Chen L, Gao Y, Zou X, and Wei F. Oxidative Stress and In-
tervertebral Disc Degeneration: Pathophysiology, Signaling Pathway,
and Therapy. Oxid Med Cell Longev, 2022:1984742, 2022.

Urban JPG and Roberts S. Degeneration of the intervertebral disc.
Arthritis Res Ther, 5(3):120-130, 2003.

Samantha C. W. Chan and Benjamin Gantenbein-Ritter. Preparation
of intact bovine tail intervertebral discs for organ culture. Journal of
Visualized Experiments, 60:¢3490, 2012.

Shaghayegh Basatvat et al. Harmonization and standardization of

nucleus pulposus cell extraction and culture methods, 2023. Accessed
May 3, 2023.

Tomaz Velnar and Lidija Gradisnik. Endplate role in the degenerative
disc disease: A brief review. World Journal of Clinical Cases, 11(1):17—
29, 2023.

Michael A. Adams and Patricia Dolan. Intervertebral disc degener-
ation: evidence for two distinct phenotypes. Journal of Anatomy,
221(6):497-506, 2012.

Katherine B. Crump, Eduardo Mufioz-Moya, Koen de Graaf, et al.
Complex mechanical loading and pro-inflammatory cytokines in in-
tervertebral disc degeneration. JOR Spine, 9(1):€70159, 2026.

Nicholas R. Frings and Elise F. Morgan. Risk of bony endplate failure
during vertebral fracture. Journal of the Mechanical Behavior of
Biomedical Materials, 165:106939, 2025.

Jian Wang, Zhen Geng, Jun Wu, et al. Biomechanical properties of
lumbar vertebral ring apophysis cage under endplate injury: a finite
element analysis. BMC Musculoskeletal Disorders, 24(1):695, 2023.

Peng Wang and Xiaobing Hu. Biomechanical finite element analysis
of superior endplate collapse after thoracolumbar fracture surgery.
Annals of Translational Medicine, 8(12):753, 2020.

213



371]

372]

373]

374]

[375]

[376]

377]

378]

379]

[380]

Aaron J. Fields, Francisco S. Costabal, Alon G. Rodriguez, and
Jeffrey C. Lotz. Seeing double: A comparison of microstructure,

biomechanical function, and adjacent disc health between double-layer
and single-layer vertebral endplates. Spine, 37(21):E1310-E1317, 2012.

Yijie Wu, Jorge Loaiza, Rishiraj Banerji, Olivia Blouin, and Elise
Morgan. Structure-function relationships of the human vertebral
endplate. JOR Spine, 4(3):e1170, 2021.

Y. Wang, Michele C. Battié, Steven K. Boyd, and Tapio Videman.
The osseous endplates in lumbar vertebrae: thickness, bone mineral

density and their associations with age and disk degeneration. Bone,
48(4):804-809, 2011.

Matthew J. Silva, C. Wang, Tony M. Keaveny, and Wilson C. Hayes.
Direct and computed tomography thickness measurements of the
human, lumbar vertebral shell and endplate. Bone, 15(4):409-414,
1994.

Shehan K. Ramchand and Ego Seeman. The influence of cortical
porosity on the strength of bone during growth and advancing age.
Current Osteoporosis Reports, 16(5):561-572, 2018.

David M. L. Cooper, Callie E. Kawalilak, Kimberley Harrison, Blair D.
Johnston, and James D. Johnston. Cortical bone porosity: What is it,

why is it important, and how can we detect it? Current Osteoporosis
Reports, 14(5):187-198, 2016.

Georg Osterhoff, Elise F. Morgan, Sandra J. Shefelbine, Lamya Karim,
Laoise M. McNamara, and Peter Augat. Bone mechanical properties
and changes with osteoporosis. Injury, 47(Suppl 2):511-520, 2016.

Peter Augat and Sandra Schorlemmer. The role of cortical bone
and its microstructure in bone strength. Age and Ageing, 35 Suppl
2:1i27-i31, 2006.

Giulia lori, Felix Heyer, Ville Kilappa, et al. Bmd-based assessment of
local porosity in human femoral cortical bone. Bone, 114:50-61, 2018.

Subit Boruah, Damien L. Subit, George R. Paskoff, Benjamin S.
Shender, Jeff R. Crandall, and Robert S. Salzar. Influence of bone
microstructure on the mechanical properties of skull cortical bone — a

combined experimental and computational approach. Journal of the
Mechanical Behavior of Biomedical Materials, 65:688-704, 2017.

214



[381]

382]

383]

384

[385]

[386]

[387]

388

389]

390]

391]

Christopher J. Hernandez, Gary S. Beaupré, Tony S. Keller, and
Dennis R. Carter. The influence of bone volume fraction and ash
fraction on bone strength and modulus. Bone, 29(1):74-78, 2001.

Benedikt Helgason, Egon Perilli, Enrico Schileo, Fulvia Taddei, Sig-
urour Brynjélfsson, and Marco Viceconti. Mathematical relationships
between bone density and mechanical properties: A literature review.
Clinical Biomechanics, 23(2):135-146, 2008.

Mitchell B. Schafller and David B. Burr. Stiffness of compact bone:
Effects of porosity and density. Journal of Biomechanics, 21(1):13-16,
1988.

Mathilde Granke, Quentin Grimal, Anis Saled, Pierre Nauleau,
Francoise Peyrin, and Pascal Laugier. Change in porosity is the
major determinant of the variation of cortical bone elasticity at the
millimeter scale in aged women. Bone, 49(5):1020-1026, 2011.

Wilson Hayes and Thomas N. Gerhart. Biomechanics of bone: Ap-
plications for assessment of bone strength. In Bone and Mineral
Research, volume 3, pages 259-294. Elsevier, 1985.

William H. Curry, Frank A. Pintar, Nhan B. Doan, et al. Lum-
bar spine endplate fractures: Biomechanical evaluation and clinical
considerations through experimental induction of injury. Journal of
Orthopaedic Research, 34(6):1084-1091, 2016.

Magdalena Miiller-Gerbl, Silke Weifler, and Ulrich Linsenmeier. The
distribution of mineral density in the cervical vertebral endplates.
European Spine Journal, 17(3):432-438, 2008.

Jennifer M. Buckley, David C. Leang, and Tony M. Keaveny. Sensitiv-
ity of vertebral compressive strength to endplate loading distribution.
Journal of Biomechanical Engineering, 128(5):641-646, 2006.

Robert S. Ochia, Allan F. Tencer, and Randal P. Ching. Effect of
loading rate on endplate and vertebral body strength in human lumbar
vertebrae. Journal of Biomechanics, 36(12):1875-1881, 2003.

Christopher M. De Geer. Intervertebral disk nutrients and transport
mechanisms in relation to disk degeneration: A narrative literature
review. Journal of Chiropractic Medicine, 17(2):97-105, 2018.

Zhen Hu, Feng He, Xinyu Li, et al. What can be observed in inter-
vertebral cartilage endplate with aging? an animal model study of
excessive axial mechanical loading. Frontiers in Medicine, 11, 2024.

215



392]

393]

394]

395]

396]

397]

398]

399]

[400]

Radka Kral, M. Osima, T. T. Borgen, R. Vestgaard, E. Richardsen,
and Ashild Bjgrnerem. Increased cortical porosity and reduced cortical
thickness of the proximal femur are associated with nonvertebral
fracture independent of fracture risk assessment tool and garvan
estimates in postmenopausal women. PLOS ONE, 12(9):e0185363,
2017.

Radka Kral, M. Osima, R. Vestgaard, E. Richardsen, and Ashild
Bjornerem. Women with fracture, unidentified by frax, but identified
by cortical porosity, have a set of characteristics that contribute to
their increased fracture risk beyond high frax score and high cortical
porosity. Bone, 116:259-265, 2018.

Kofi A. Kyere, Khoi D. Than, Andrew C. Wang, et al. Schmorl’s
nodes. European Spine Journal, 21(11):2115-2121, 2012.

Tobias A. Mattei and Azeem A. Rehman. Schmorl’s nodes: current
pathophysiological, diagnostic, and therapeutic paradigms. Neurosur-
gical Review, 37(1):39-46, 2014.

Gali Dar, Sharon Peleg, Youssef Masharawi, Noa Steinberg, Hila May,
and Israel Hershkovitz. Demographical aspects of schmorl nodes: A
skeletal study. Spine, 34(9):E312, 2009.

Rehan Ul Din, Xiaoguang Cheng, and Hongjun Yang. Diagnostic role
of magnetic resonance imaging in low back pain caused by vertebral
endplate degeneration. Journal of Magnetic Resonance Imaging,
55(3):755-771, 2022.

J. Yu, U. Tirlapur, J. Fairbank, et al. Microfibrils, elastin fibres and
collagen fibres in the human intervertebral disc and bovine tail disc.
Journal of Anatomy, 210(4):460-471, 2007.

Y. Liu, J. Wei, Y. Zhao, et al. Follistatin-like protein 1 promotes
inflammatory reactions in nucleus pulposus cells by interacting with
the mapk and nf-kappab signaling pathways. Oncotarget, 8(26):43023—
43034, 2017.

Z. Wang, G. Wang, X. Zhu, D. Geng, and H. Yang. Interleukin-2
is upregulated in patients with a prolapsed lumbar intervertebral
disc and modulates cell proliferation, apoptosis and extracellular

matrix metabolism of human nucleus pulposus cells. Ezperimental
and Therapeutic Medicine, 10(6):2437-2443, 2015.

216



[401]

[402]

[403]

[404]

[405]

406]

[407]

[408]

409

[410]

Eleni Mavrogonatou and Dimitris Kletsas. Effect of varying osmotic
conditions on the response of bovine nucleus pulposus cells to growth
factors and the activation of the erk and akt pathways. Journal of
Orthopaedic Research, 28(10):1276-1282, 2010.

Elise F. Morgan, Ginu U. Unnikrisnan, and Ahmed I. Hussein. Bone
mechanical properties in healthy and diseased states. Annual Review
of Biomedical Engineering, 20:119-143, 2018.

Andrew G. C. Sutton, V. J. Ashton, P. G. Campbell, D. J. A. Price,
J. A. Hall, and M. A. de Belder. A randomized prospective trial
of ioxaglate 320 (hexabrix) vs. iodixanol 320 (visipaque) in patients
undergoing percutaneous coronary intervention. Catheterization and
Cardiovascular Interventions, 57(3):346-352, 2002.

L. H. Jin, B. H. Choi, Y. J. Kim, et al. Nondestructive assessment of
glycosaminoglycans in engineered cartilages using hexabrix-enhanced
micro-computed tomography. Tissue Engineering and Regenerative
Medicine, 15(3):311-319, 2018.

M. Mashiatulla, M. M. Moran, D. Chan, et al. Murine articular carti-
lage morphology and compositional quantification with high resolution

cationic contrast-enhanced micro-ct. Journal of Orthopaedic Research,
35(12):2740-2748, 2017.

Tristan Maerz, Matthew D. Newton, Kristina Kristof, et al. Three-
dimensional characterization of in vivo intervertebral disc degeneration
using epic-micro-ct. Osteoarthritis and Cartilage, 22(11):1918-1925,
2014.

Vph2020 book of abstracts 1 compressed. calameo.com. Accessed
April 30, 2026.

Ahmad Alminnawi. minnawi/porosity modeling: This repository
provides a papermill-controlled pipeline for modeling pore structures
in biological tissues from medical images. GitHub. Accessed November
12, 2025.

3d slicer image computing platform. 3D Slicer. Accessed January 15,
2025.

Ron Kikinis, Steve D. Pieper, and Kirby G. Vosburgh. 3d slicer: A
platform for subject-specific image analysis, visualization, and clinical
support. In Ferenc A. Jolesz, editor, Intraoperative Imaging and
Image-Guided Therapy, pages 277-289. Springer, 2014.

217



[411]

[412]

[413]

[414]

[415]

[416]

[417]

[418]

[419]

[420]

[421]

Sara Rolfe, Steve Pieper, Arthur Porto, et al. Slicermorph: An
open and extensible platform to retrieve, visualize and analyse 3d
morphology. Methods in Ecology and Evolution, 12(10):1816-1825,
2021.

A threshold selection method from gray-level histograms. Accessed
December 9, 2025.

M. G. Forero-Vargas. Fuzzy thresholding and histogram analysis. In
M. Nachtegael, D. Van Der Weken, E. E. Kerre, and D. Van De Ville,
editors, Fuzzy Filters for Image Processing, pages 129-152. Springer,
2003.

Judith M. S. Prewitt and Mortimer L. Mendelsohn. The analysis of cell
images. Annals of the New York Academy of Sciences, 128(3):1035—
1053, 1966.

T. W. Ridler and S. Calvard. Picture thresholding using an itera-
tive selection method. IEEFE Transactions on Systems, Man, and
Cybernetics, 8(8):630-632, 1978.

Josef Kittler and John Illingworth. Minimum error thresholding.
Pattern Recognition, 19(1):41-47, 1986.

C. H. Li and C. K. Lee. Minimum cross entropy thresholding. Pattern
Recognition, 26(4):617-625, 1993.

C. H. Li and P. K. S. Tam. An iterative algorithm for minimum cross
entropy thresholding. Pattern Recognition Letters, 19(8):771-776,
1998.

Jagat Narain Kapur, Prasanna K. Sahoo, and Andrew K. C. Wong.
A new method for gray-level picture thresholding using the entropy
of the histogram. Computer Vision, Graphics, and Image Processing,
29(3):273-285, 1985.

Wen-Hsiang Tsai. Moment-preserving thresolding: A new approach.
Computer Vision, Graphics, and Image Processing, 29(3):377-393,
1985.

Abhijit G. Shanbhag. Utilization of information measure as a means of
image thresholding. CVGIP: Graphical Models and Image Processing,
56(5):414-419, 1994.

218



[422]

[423]

[424]

[425]

[426]

[427]

[428]

[429]

[430]

[431]

[432]

George W. Zack, William E. Rogers, and Samuel A. Latt. Automatic
measurement of sister chromatid exchange frequency. Journal of
Histochemistry and Cytochemistry, 25(7):741-753, 1977.

Jui-Cheng Yen, Fu-Juay Chang, and Shyang Chang. A new criterion
for automatic multilevel thresholding. IEEE Transactions on Image
Processing, 4(3):370-378, 1995.

Michael Kazhdan and Hugues Hoppe. Screened poisson surface re-
construction. ACM Transactions on Graphics, 32(3):29:1-29:13, 2013.

Oscar Kin-Chung Au, Chiew-Lan Tai, Hung-Kuo Chu, Daniel Cohen-
Or, and Tong-Yee Lee. Skeleton extraction by mesh contraction. ACM
Transactions on Graphics, 27(3):1-10, 2008.

Fredrik Elwinger, Poupak Pourmand, and Istvan Fur6. Diffusive
transport in pores. tortuosity and molecular interaction with the pore
wall. Journal of Physical Chemistry C, 121(25):13757-13764, 2017.

Jian Fu, Hywel R. Thomas, and Chenfeng Li. Tortuosity of porous
media: Image analysis and physical simulation. Farth-Science Reviews,
212:103439, 2021.

M. T. Q. S. da Silva, M. do Rocio Cardoso, C. M. P. Veronese, and
W. Mazer. Tortuosity: A brief review. Materials Today: Proceedings,
58:1344-1349, 2022.

Javier Avila, José Pagalo, and Mayken Espinoza-Andaluz. Evaluation
of geometric tortuosity for 3d digitally generated porous media con-
sidering the pore size distribution and the a-star algorithm. Scientific
Reports, 12(1):19463, 2022.

Marcin Lipowiecki, Markéta Ryvolova, Agnes Tottosi, et al. Perme-
ability of rapid prototyped artificial bone scaffold structures. Journal
of Biomedical Materials Research Part A, 102(11):4127-4135, 2014.

Michael C. Varley, Subramanian Neelakantan, Trevor W. Clyne,
J. Dean, R. A. Brooks, and Athina E. Markaki. Cell structure,
stiffness and permeability of freeze-dried collagen scaffolds in dry and
hydrated states. Acta Biomaterialia, 33:166—-175, 2016.

Omar El Kadri, Charles Williams, Vassilios Sikavitsas, and Roman S.
Voronov. Numerical accuracy comparison of two boundary conditions
commonly used to approximate shear stress distributions in tissue engi-

neering scaffolds cultured under flow perfusion. International Journal
for Numerical Methods in Biomedical Engineering, 34(11):e3132, 2018.

219



433

[434]

[435)

436]

[437]

[438]

[439]

[440]

[441]

[442]

Guodong Li, Xiaoshuang Li, and Chen Li. Measurement of permeabil-
ity and verification of kozeny-carman equation using statistic method.
Energy Procedia, 142:4104-4109, 2017.

C. W. Winardhi, F. I. Maulana, and F. D. E. Latief. Permeability
estimation of porous rock by means of fluid flow simulation and digital
image analysis. IOP Conference Series: Farth and Environmental
Science, 29(1):012005, 2016.

Gerjon Hannink and J. J. Chris Arts. Bioresorbability, porosity and
mechanical strength of bone substitutes: What is optimal for bone
regeneration? Injury, 42:522-S25, 2011.

L. Liu, Q. Shi, Q. Chen, and Z. Li. Mathematical modeling of bone in-
growth into undegradable porous periodic scaffolds under mechanical
stimulus. Journal of Tissue Engineering, 10:2041731419827167, 2019.

Philippe K. Zysset, X. Edward Guo, C. Edward Hoffler, Kenneth E.
Moore, and Steven A. Goldstein. Elastic modulus and hardness of
cortical and trabecular bone lamellae measured by nanoindentation in
the human femur. Journal of Biomechanics, 32(10):1005-1012, 1999.

Michael McKay, Thomas M. Jackman, Ahmed 1. Hussein, Ali Guer-
mazi, John Liu, and Elise F. Morgan. Association of vertebral end-
plate microstructure with bone strength in men and women. Bone,
131:115147, 2020.

Dong-Eun Shin, Y. Lee, H. J. An, et al. Trabecular structural difference
between the superior and inferior regions of the vertebral body: a
cadaveric and clinical study. Frontiers in Endocrinology, 14:1238654,
2023.

M. Kasra and M. D. Grynpas. On shear properties of trabecular
bone under torsional loading: Effects of bone marrow and strain rate.
Journal of Biomechanics, 40(13):2898-2903, 2007.

Dennis R. Carter and Wilson C. Hayes. The compressive behavior
of bone as a two-phase porous structure. Journal of Bone and Joint
Surgery. American Volume, 59(7):954-962, 1977.

Frank Linde, Poul Ngrgaard, Ivan Hvid, Anders Odgaard, and Kjeld
Seballe. Mechanical properties of trabecular bone. dependency on
strain rate. Journal of Biomechanics, 24(9):803-809, 1991.

220



[443]

[444]

[445)

[446]

[447]

[448]

[449]

[450]

[451]

[452]

[453]

William S. Enns-Bray, Stephen J. Ferguson, and Benedikt Helgason.
Strain rate dependency of bovine trabecular bone under impact loading
at sideways fall velocity. Journal of Biomechanics, 75:46-52, 2018.

Dennis R. Carter and Wilson C. Hayes. Bone compressive strength:
the influence of density and strain rate. Science, 194(4270):1174-1176,
1976.

V. P. W. Shim, L. M. Yang, J. F. Liu, and V. S. Lee. Characterisation
of the dynamic compressive mechanical properties of cancellous bone

from the human cervical spine. International Journal of Impact
Engineering, 32(1):525-540, 2005.

Douglas Bates, Martin Méchler, Benjamin Bolker, and Steve Walker.
Fitting linear mixed-effects models using lme4. Journal of Statistical
Software, 67:1-48, 2015.

Ahmad Alminnawi. minnawi/mixed-effect-nested-statistical-analysis,
2026. Published online March 31, 2026. Accessed April 28, 2026.

I. Bouakaz, E. Sadeghian Dehkord, S. Meille, et al. 3d printed triply
periodic minimal surfaces calcium phosphate bone substitute: The

effect of porosity design on mechanical properties. Ceramics Interna-
tional, 50(2, Part A):2623-2636, 2024.

D. J. Porter, B. Trejo, A. Quinn, M. Kerr, and A. E. Bowden. Com-
parison of human and bovine bony endplate microstructure through
micro-ct, light microscope, and scanning electron microscopy.

M. Van Der Werf, P. Lezuo, O. Maissen, C. C. Van Donkelaar,
and K. Ito. Inhibition of vertebral endplate perfusion results in

decreased intervertebral disc intranuclear diffusive transport. Journal
of Anatomy, 211(6):769-774, 2007.

B. Fu, H. Jiang, Y. Che, H. Yang, and Z. Luo. Microanatomy of
the lumbar vertebral bony endplate of rats using scanning electron

microscopy. Orthopaedics & Traumatology: Surgery & Research,
106(4):731-734, 2020.

S. Gurrib. Characterisation of ovine and human vertebral endplates
using x-ray microtomography: the effects of degeneration on structure.

Andreas Feldmann, Paul Wili, Géraldine Maquer, and Philippe Zysset.
The thermal conductivity of cortical and cancellous bone. Furopean
Cells and Materials, 35:25-33, 2018.

221



[454]

[455]

[456]

[457]

458

[459]

[460]

[461]

[462]

[463]

E. Jauregui, M. Galvis, V. Moncaleano, K. Gonzélez, and Y. Mufioz.
Bone mineral density reference values by dxa scan in a population
of healthy adults in bogota. Revista Colombiana de Reumatologia
(English Edition), 28(1):46-51, 2021.

Alan C. Seifert, Chunlei Li, Suzanne L. Wehrli, and Felix W. Wehrli.
A surrogate measure of cortical bone matrix density by long t2-
suppressed mri. Journal of Bone and Mineral Research, 30(12):2229—
2238, 2015.

A. J. Thomas, R. P. Nockels, and C. I. Shaffrey. Spine fusion: Anatomy
and biomechanics of bone-bone interface. In E. C. Benzel, editor,
Spine Surgery, pages 180-191. Churchill Livingstone, third edition,
2005.

Bermudez-Lekerika P, Crump KB, Tseranidou S, et al. Immuno-
Modulatory Effects of Intervertebral Disc Cells. Front Cell Dev Biol.
2022;10. doi:10.3389 /fcell.2022.924692.

Buchbinder R, Blyth FM, March LM, Brooks P, Woolf AD, Hoy
DG. Placing the global burden of low back pain in context. Best
Practice & Research Clinical Rheumatology. 2013;27(5):575-589.
do0i:10.1016/j.berh.2013.10.007.

Robertson JT. The rape of the spine. Surgical Neurology. 1993;39(1):5—
12. doi:10.1016,/0090-3019(93)90102-7.

Crump KB, Alminnawi A, Bermudez-Lekerika P, et al. Cartilagi-
nous endplates: A comprehensive review on a neglected struc-
ture in intervertebral disc research. JOR Spine. 2023;6(4):e1294.
d0i:10.1002/jsp2.1294.

Jackson AR, Huang CY, Gu WY. Effect of endplate calcification and
mechanical deformation on the distribution of glucose in intervertebral

disc: a 3-D finite element study. Comput Methods Biomech Biomed
Engin. 2011;14(2):195-204. do0i:10.1080/10255842.2010.535815.

Wu Y, Cisewski S, Sachs BL, Yao H. Effect of Cartilage Endplate on
Cell Based Disc Regeneration: A Finite Element Analysis. Mol Cell
Biomech. 2013;10(2):159-182.

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 Reports.
2016;7(2):249-262. doi:10.1016/j.stemcr.2016.07.003.

222



[464]

[465]

[466]

467

[468]

[469]

[470]

[471]

[472]

[473]

Roberts S, Evans H, Trivedi J, Menage J. Histology and Pathology of
the Human Intervertebral Disc. The Journal of Bone & Joint Surgery.
2006;88:10-14. doi:10.2106/JBJS.F.00019.

Lakstins K, Arnold L, Gunsch G, et al. Characterization of the human
intervertebral disc cartilage endplate at the molecular, cell, and tissue
levels. J Orthop Res. 2021;39(9):1898-1907. doi:10.1002/jor.24854.

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(8):1820-1828.
d0i:10.1007/s00586-013-2798-1.

Roberts S, Menage J, Urban JPG. Biochemical and Structural Prop-
erties of the Cartilage End-Plate and its Relation to the Intervertebral
Disc. Spine. 1989;14(2):166-174. doi:10.1097,/00007632-198902000-
00005.

Le Maitre CL, Hoyland JA, Freemont AJ. Catabolic cytokine expres-
sion in degenerate and herniated human intervertebral discs: 1L-1/3
and TNF« expression profile. Arthritis Res Ther. 2007;9(4):R77.
doi:10.1186/ar2275.

Olmarker K, Larsson K. Tumor Necrosis Factor o and Nucleus-
Pulposus-Induced Nerve Root Injury. Spine. 1998;23(23):2538.

Igarashi T, Kikuchi S, Shubayev V, Myers RR. 2000 Volvo Award
winner in basic science studies: Exogenous tumor necrosis factor-
alpha mimics nucleus pulposus-induced neuropathology. Molecular,
histologic, and behavioral comparisons in rats. Spine (Phila Pa 1976).
2000;25(23):2975-2980. doi:10.1097/00007632-200012010-00003.

Moos V, Fickert S, Miiller B, Weber U, Sieper J. Immunohistological
analysis of cytokine expression in human osteoarthritic and healthy
cartilage. J Rheumatol. 1999;26(4):870-879.

Murata Y, Onda A, Rydevik B, Takahashi K, Olmarker
K. Selective inhibition of tumor necrosis factor-alpha pre-
vents nucleus pulposus-induced histologic changes in the dor-
sal root ganglion. Spine (Phila Pa 1976). 2004;29(22):2477-2484.
d0i:10.1097/01.brs.0000144406.17512.ea.

Dayer JM. Interleukin 1 or tumor necrosis factor-alpha: which is the
real target in rheumatoid arthritis? J Rheumatol Suppl. 2002;65:10—
15.

223



[474]

[475]

[476]

[477)

[478]

[479]

[480]

[481]

[482]

Ott LW, Resing KA, Sizemore AW, et al. Tumor Necrosis Factor-a-
and Interleukin-1-Induced Cellular Responses: Coupling Proteomic
and Genomic Information. J Proteome Res. 2007;6(6):2176-2185.
doi:10.1021 /pr0606651.

Xijao L, Zhao Q, Hu B, Wang J, Liu C, Xu H. METTL3 promotes
IL-18-induced degeneration of endplate chondrocytes by driving m6A-
dependent maturation of miR-126-5p. Journal of Cellular and Molec-
ular Medicine. 2020;24(23):14013-14025. do0i:10.1111 /jcmm.16012.

Gansau J, Grossi E, Rodriguez L, et al. TNFR1-mediated senescence
and lack of TNFR2-signaling limit human intervertebral disc cell
repair in back pain conditions. bioRxiv. Published online June 20,
2024:2024.02.22.581620. doi:10.1101,/2024.02.22.581620.

Hwang MH, Son HG, Kim J, Choi H. In witro model of distinct
catabolic and inflammatory response patterns of endothelial cells
to intervertebral disc cell degeneration. Sci Rep. 2020;10:20596.
d0i:10.1038 /s41598-020-77785-6.

Risbud MV, Shapiro IrvingM. Role of Cytokines in Intervertebral
Disc Degeneration: Pain and Disc-content. Nat Rev Rheumatol.
2014;10(1):44-56. doi:10.1038 /nrrheum.2013.160.

Phillips KLE, Chiverton N, Michael ALR, et al. The cytokine and
chemokine expression profile of nucleus pulposus cells: implications
for degeneration and regeneration of the intervertebral disc. Arthritis
Res Ther. 2013;15(6):R213. doi:10.1186/ar4408.

Wang Y, Che M, Xin J, Zheng Z, Li J, Zhang S. The role of IL-
18 and TNF-« in intervertebral disc degeneration. Biomedicine &
Pharmacotherapy. 2020;131:110660. doi:10.1016/j.biopha.2020.110660.

Xu F, Gao F, Liu Y, et al. Bioinformatics analysis of molecular
mechanisms involved in intervertebral disc degeneration induced by
TNF-« and IL-15. Molecular Medicine Reports. 2016;13(3):2925-2931.
d0i:10.3892/mmr.2016.4861.

Gorth DJ, Ottone OK, Shapiro IM, Risbud MV. Differential Ef-
fect of Long-Term Systemic Exposure of TNFa on Health of
the Annulus Fibrosus and Nucleus Pulposus of the Intervertebral
Disc. Journal of Bone and Mineral Research. 2020;35(4):725-737.
doi:10.1002/jbmr.3931.

224



[483)

[484]

[485]

[486]

[487]

[488)

[489)

[490]

[491]

Shin J, Hwang M, Back S, et al. Electrical impulse effects on
degenerative human annulus fibrosus model to reduce disc pain
using micro-electrical impulse-on-a-chip. Sci Rep. 2019;9(1):5827.
doi:10.1038 /s41598-019-42320-9.

Likhitpanichkul M, Torre OM, Gruen J, Walter BA, Hecht AC, Iatridis
JC. Do Mechanical Strain and TNF-a Interact To Amplify Pro-
Inflammatory Cytokine Production in Human Annulus Fibrosus Cells?
J Biomech. 2016;49(7):1214-1220. doi:10.1016/j.jbiomech.2016.02.029.

Crump KB, Kanelis E, Segarra-Queralt M, et al. TNF induces
catabolism in human cartilaginous endplate cells in 3D agarose
culture under dynamic compression. Sci Rep. 2025;15(1):15849.
d0i:10.1038 /s41598-025-00538-w.

Crump KB, Chapallaz C, Alminnawi A, et al. Exploring Mechan-
otransduction and Inflammation in Human Cartilaginous Endplate
Cells in Blended Collagen—Agarose Hydrogels Under Cyclic Compres-
sion. Gels. 2025;11(9). doi:10.3390/gels11090736.

Lesage R, Kerkhofs J, Geris L. Computational Modeling and Reverse
Engineering to Reveal Dominant Regulatory Interactions Controlling
Osteochondral Differentiation: Potential for Regenerative Medicine.
Front Bioeng Biotechnol. 2018;6. doi:10.3389/fbioe.2018.00165.

Snuggs J, Basatvat S, Kanelis E, et al. Understanding the Phys-
iological Behavior of Disc Cells in an In Vitro Imitation of the
Healthy and Degenerated Disc Niche. JOR Spine. 2025;8(4):e70153.
doi:10.1002/jsp2.70153.

Toft-Bertelsen TL, Krizaj D, MacAulay N. When size matters:
transient receptor potential vanilloid 4 channel as a volume-sensor
rather than an osmo-sensor. J Physiol. 2017;595(11):3287-3302.
doi:10.1113/JP274135.

Toft-Bertelsen TL, MacAulay N. TRPing on Cell Swelling - TRPV4
Senses It. Front Immunol. 2021;12. doi:10.3389/fimmu.2021.730982.

Liu X, Bandyopadhyay B, Nakamoto T, et al. A Role for AQP5
in Activation of TRPV4 by Hypotonicity: Concerted Involve-
ment of AQP5 and TRPV4 in Regulation of Cell Volume Re-
covery. Journal of Biological Chemistry. 2006;281(22):15485-15495.
do0i:10.1074/jbc.M600549200.

225



[492]

[493]

[494]

495

[496]

[497]

[498]

[499]

[500]

Yu J, Tirlapur U, Fairbank J, et al. Microfibrils, elastin fibres and
collagen fibres in the human intervertebral disc and bovine tail
disc. Journal of Anatomy. 2007;210(4):460-471. doi:10.1111/j.1469-
7580.2007.00707 .x.

Lakstins K, Arnold L, Gunsch G, Khan S, Moore S, Purmessur
D. Characterization of bovine and canine animal model cartilage
endplates and comparison to human cartilage endplate structure,
matrix composition, and cell phenotype. JOR Spine. 2020;3(4).
doi:10.1002/jsp2.1116.

Liu Y, Wei J, Zhao Y, et al. Follistatin-like protein 1 promotes in-
flammatory reactions in nucleus pulposus cells by interacting with the
MAPK and NFxB signaling pathways. Oncotarget. 2017;8(26):43023—
43034. doi:10.18632/oncotarget.17400.

Wang Z, Wang G, Zhu X, Geng D, Yang H. Interleukin-2 is upregulated
in patients with a prolapsed lumbar intervertebral disc and modulates
cell proliferation, apoptosis and extracellular matrix metabolism of
human nucleus pulposus cells. Exp Ther Med. 2015;10(6):2437-2443.
d0i:10.3892 /etm.2015.28009.

Mavrogonatou E, Kletsas D. Effect of varying osmotic conditions on
the response of bovine nucleus pulposus cells to growth factors and
the activation of the ERK and Akt pathways. Journal of Orthopaedic
Research. 2010;28(10):1276-1282. do0i:10.1002/jor.21140.

Basatvat S, Bach FC, Barcellona MN, et al. Harmonization and stan-
dardization of nucleus pulposus cell extraction and culture methods.
JOR Spine. 2023;6(1):e1238. doi:10.1002/jsp2.1238.

Chan SCW, Gantenbein-Ritter B. Preparation of Intact Bovine Tail
Intervertebral Discs for Organ Culture. J Vis Exp. 2012;(60):3490.
doi:10.3791/3490.

Lisiewski LE, Campos L, Jacobsen TD, Kim MKM, Chahine NO.
Macrophage Subtypes Distinctly Impact Intervertebral Disc In-

flammation and Extracellular Matrix Composition. JOR Spine.
2025;8(4):€70143. doi:10.1002/jsp2.70143.

Jiang Z, Lu W, Zeng Q, Li D, Ding L, Wu J. High glucose-induced
excessive reactive oxygen species promote apoptosis through mi-

tochondrial damage in rat cartilage endplate cells. J Orthop Res.
2018;36(9):2476-2483. doi:10.1002/jor.24016.

226



501

502]

503]

[504]

505]

506]

[507]

508]

[509]

[510]

Jiang S, Song X, Jiang C. Deep Learning-Based Magnetic Resonance-
Ultrashort Time of Echo Imaging for Analyzing Degeneration of
Intervertebral Disc Cartilage Endplate and Rehabilitation Nurs-
ing. Concepts in Magnetic Resonance Part A. 2022;2022(1):8709075.
doi:10.1155/2022/8709075.

Balcom NT. Matrix Remodeling Accompanies In Vitro Articular
Cartilage Spherical Shaping. California Polytechnic State University;
2013. doi:10.15368 /theses.2013.129.

Maerz T, Newton MD, Kristof K, et al. Three-dimensional char-
acterization of 4in wivo intervertebral disc degeneration using
EPIC-pCT. Osteoarthritis and Cartilage. 2014;22(11):1918-1925.
d0i:10.1016/j.joca.2014.08.006.

Newton MD, Hartner SE, Timmons S, et al. Contrast-enhanced uCT of
the intervertebral disc: A comparison of anionic and cationic contrast

agents for biochemical and morphological characterization. Journal of
Orthopaedic Research. 2017;35(5):1067-1075. doi:10.1002/jor.23364.

3D Slicer image computing platform. 3D Slicer. Accessed January 15,
2025. https://slicer.org/.

Kikinis R, Pieper SD, Vosburgh KG. 3D Slicer: A Platform for Subject-
Specific Image Analysis, Visualization, and Clinical Support. In: Jolesz
FA, ed. Intraoperative Imaging and Image-Guided Therapy. Springer;
2014:277-289. doi:10.1007/978-1-4614-7657-3__19.

Li G, Yin J, Gao J, et al. Subchondral bone in osteoarthritis: insight
into risk factors and microstructural changes. Arthritis Research &
Therapy. 2013;15(6):223. doi:10.1186/ar4405.

Ladner YD, Alini M, Armiento AR. The Dimethylmethylene Blue
Assay (DMMB) for the Quantification of Sulfated Glycosaminoglycans.
In: Stoddart MJ, Della Bella E, Armiento AR, eds. Cartilage Tissue
Engineering. Springer US; 2023:115-121. doi:10.1007/978-1-0716-2839-
3 0.

Thomas VJC, Gesteira TF. Dimethylmethylene Blue Assay (DMMB).
Bio-protocol. 2014;4(18):e1236-€1236.

Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012;9(7):676—
682. doi:10.1038 /nmeth.2019.

227


https://slicer.org/

[511]

[512]

513

[514]

[515]

[516]

[517]

518

519]

[520]

[521]

Ruifrok AC, Johnston DA. Quantification of histochemical staining
by color deconvolution. Anal Quant Cytol Histol. 2001;23(4):291-299.

minnawi/Histological _staining-Area-intensity: This repository con-
tains Fiji (ImageJ) macros for quantifying stained area and color in-
tensity in AB, SafO, and MTC histological images. GitHub. Accessed
November 12, 2025. https://github.com/minnawi/Histological_
staining-Area-intensity.

Le Maitre CL, Dahia CL, Giers M, et al. Development of a standardized
histopathology scoring system for human intervertebral disc degener-

ation: an Orthopaedic Research Society Spine Section Initiative. JOR
Spine. 2021;4(2):e1167. do0i:10.1002/jsp2.1167.

Berlemann U, Gries NC, Moore RJ. The relationship between height,
shape and histological changes in early degeneration of the lower lum-
bar discs. E Spine J. 1998;7(3):212-217. doi:10.1007/s005860050058.

Gries NC, Berlemann U, Moore RJ, Vernon-Roberts B. Early histologic
changes in lower lumbar discs and facet joints and their correlation. E
Spine J. 2000;9(1):23-29. doi:10.1007/s005860050004.

Kettler A, Wilke HJ. Review of existing grading systems for cervical or
lumbar disc and facet joint degeneration. Eur Spine J. 2006;15(6):705—
718. doi:10.1007/s00586-005-0954-y.

Lee NN, Salzer E, Bach FC, et al. A comprehensive tool box for
large animal studies of intervertebral disc degeneration. JOR, Spine.
2021;4(2):e1162. doi:10.1002/jsp2.1162.

Binch A, Snuggs J, Le Maitre CL. Immunohistochemical analysis of
protein expression in formalin fixed paraffin embedded human interver-
tebral disc tissues. JOR Spine. 2020;3(3):€1098. do0i:10.1002/jsp2.1098.

Wachsmuth L, Séder S, Fan Z, Finger F, Aigner T. Immunolocaliza-
tion of matrix proteins in different human cartilage subtypes. Histol
Histopathol. 2006;21(5):477-485. doi:10.14670/HH-21.477.

Shi Y, Hu X, Cheng J, et al. A small molecule promotes cartilage ex-
tracellular matrix generation and inhibits osteoarthritis development.
Nat Commun. 2019;10(1):1914. doi:10.1038/s41467-019-09839-x.

Bankhead P, Loughrey MB, Fernandez JA, et al. QuPath: Open source
software for digital pathology image analysis. Sci Rep. 2017;7(1):16878.
doi:10.1038 /s41598-017-17204-5.

228


https://github.com/minnawi/Histological_staining-Area-intensity
https://github.com/minnawi/Histological_staining-Area-intensity

[522]

[523]

[524]

[525]

[526]

[527]

[528]

[529]

[530]

Niiesch A, Ferri MP, Le Maitre CL. Application and Validation of Semi-
automatic Quantification of Immunohistochemically Stained Sections

for Low Cellular Tissue Such as Intervertebral Disc Using QuPath.
JOR Spine. 2025;8(1):€70054. doi:10.1002/jsp2.70054.

Rix DA, Douglas MS, Talbot D, Dark JH, Kirby JA. Role of gly-
cosaminoglycans (GAGs) in regulation of the immunogenicity of hu-
man vascular endothelial cells. Clinical and Experimental Immunology.
1996;104(1):60-65. doi:10.1046/j.1365-2249.1996.d01-641.x.

Lehmann W, Edgar CM, Wang K, et al. Tumor necrosis factor al-
pha (TNF-«) coordinately regulates the expression of specific matrix

metalloproteinases (MMPs) and angiogenic factors during fracture
healing. Bone. 2005;36(2):300-310. doi:10.1016/j.bone.2004.10.010.

Polzer K, Schett G, Zwerina J. The lonely death: chondrocyte apop-
tosis in TNF-induced arthritis. Autoimmunity. 2007;40(4):333-336.
doi:10.1080,/08916930701356721.

Kobayashi M, Squires GR, Mousa A, et al. Role of interleukin-
1 and tumor necrosis factor alpha in matrix degradation of hu-
man osteoarthritic cartilage. Arthritis Rheum. 2005;52(1):128-135.
d0i:10.1002/art.20776.

Jafri M, Li L, Liang B, Luo M. The Effect of Heparin and Other
Exogenous Glycosaminoglycans (GAGs) in Reducing IL-15-Induced
Pro-Inflammatory Cytokine IL-8 and IL-6 mRNA Expression and
the Potential Role for Reducing Inflammation. Pharmaceuticals.
2024;17(3):3. doi:10.3390/ph17030371.

Kang BS, Park YG, Cho JY, et al. Interleukin-1 and tumor necrosis
factor-alpha induce collagenolysis and bone resorption by regulation of
matrix metalloproteinase-2 in mouse calvarial bone cells. Immunophar-
macol Immunotoxicol. 2003;25(3):347-364. doi:10.1081 /iph-120024503.

Afifah E, Mozef T, Sandra F, et al. Induction of Matrix Metallopro-
teinases in Chondrocytes by Interleukin IL-15 as an Osteoarthri-

tis Model. Journal of Mathematical and Fundamental Sciences.
2019;51(2):103-111. doi:10.5614/j.math.fund.sci.2019.51.2.1.

Bansal PN, Joshi NS, Entezari V, et al. Cationic contrast agents im-
prove quantification of glycosaminoglycan (GAG) content by contrast
enhanced CT imaging of cartilage. J Orthop Res. 2011;29(5):704-709.
d0i:10.1002/jor.21312.

229



531]

[532]

533]

[534]

535

536]

537]

538]

539]

[540]

Alcaide-Ruggiero L, Cugat R, Dominguez JM. Proteoglycans
in Articular Cartilage and Their Contribution to Chondral In-
jury and Repair Mechanisms. Int J Mol Sci. 2023;24(13):10824.
doi:10.3390/ijms241310824.

Liang H, Luo R, Li G, Zhang W, Song Y, Yang C. The Proteol-
ysis of ECM in Intervertebral Disc Degeneration. Int J Mol Sci.
2022;23(3):1715. doi:10.3390/ijms23031715.

Huang Y, Lei L, Zhu J, et al. Pain behavior and phenotype in a
modified anterior lumbar disc puncture mouse model. JOR Spine.
2023;7(1):e1284. doi:10.1002/jsp2.1284.

Zhang GZ, Li L, Luo ZB, Zhang CY, Wang YG, Kang XW. Identi-
fication and experimental validation of key extracellular proteins as

potential targets in intervertebral disc degeneration. Bone Joint Res.
2023;12(9):522-535. doi:10.1302/2046-3758.129.BJR-2022-0369.R2.

Ohnishi T, Novais EJ, Risbud MV. Alterations in ECM signature un-
derscore multiple sub-phenotypes of intervertebral disc degeneration.
Matrix Biol Plus. 2020;6-7:100036. doi:10.1016/j.mbplus.2020.100036.

Mohd Isa IL, Mokhtar SA, Abbah SA, Fauzi MB, Devitt A, Pandit
A. Intervertebral Disc Degeneration: Biomaterials and Tissue Engi-

neering Strategies toward Precision Medicine. Adv Healthc Mater.
2022;11(13):2102530. doi:10.1002/adhm.202102530.

Sao K, Risbud MV. Proteoglycan Dysfunction: A Common Link
Between Intervertebral Disc Degeneration and Skeletal Dysplasia.
Neurospine. 2024;21(1):162-178. doi:10.14245/ns.2347342.671.

Wang AM, Cao P, Yee A, Chan D, Wu EX. Detection of extracellular
matrix degradation in intervertebral disc degeneration by diffusion
magnetic resonance spectroscopy. Magnetic Resonance in Medicine.
2015;73(5):1703-1712. doi:10.1002/mrm.25289.

Emanuel KS, Mader KT, Peeters M, et al. Early changes in the ex-
tracellular matrix of the degenerating intervertebral disc, assessed

by Fourier transform infrared imaging. Osteoarthritis Cartilage.
2018;26(10):1400-1408. doi:10.1016/j.joca.2018.06.003.

Pitzen T, Schmitz B, Georg T, et al. Variation of endplate
thickness in the cervical spine. Eur Spine J. 2004;13(3):235-240.
d0i:10.1007 /s00586-003-0648-2.

230



[541]

[542]

[543]

[544]

[545]

[546]

[547]

[548]

[549]

Zhao FD, Pollintine P, Hole BD, Adams MA, Dolan P. Vertebral
fractures usually affect the cranial endplate because it is thinner and
supported by less-dense trabecular bone. Bone. 2009;44(2):372-379.
doi:10.1016/j.bone.2008.10.048.

Xiang P, Luo ZP, Che YJ. Insights into the mechanical microenviron-
ment within the cartilaginous endplate: An emerging role in main-
taining disc homeostasis and normal function. Heliyon. 2024;10(10).
doi:10.1016 /j.heliyon.2024.e31162.

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(6):612-619. doi:10.1097/BRS.0b013e318166e0d7.

Su Y, Ren D, Liu D, et al. Effects of endplate healing morphol-
ogy on intervertebral disc degeneration after pedicle screw fixa-
tion for thoracolumbar fractures. Medicine. 2021;100(17):e25636.
d0i:10.1097/MD.0000000000025636.

Djuric N, Rajasekaran S, Tangavel C, et al. Influence of endplate
avulsion and Modic changes on the inflammation profile of herniated
discs: a proteomic and bioinformatic approach. Eur Spine J. Published
online October 5, 2021. doi:10.1007/s00586-021-06989-9.

Zhou ZJ, Zhang JF, Xia P, et al. Selection of Suitable Reference
Genes for Normalization of Quantitative Real-Time Polymerase Chain
Reaction in Human Cartilage Endplate of the Lumbar Spine. PLOS
ONE. 2014;9(2):¢88892. d0i:10.1371 /journal.pone.0088892.

Karppinen J, Solovieva S, Luoma K, Raininko R, Leino-Arjas P,
Riihimaki H. Modic changes and interleukin 1 gene locus polymor-
phisms in occupational cohort of middle-aged men. Eur Spine J.
2009;18(12):1963-1970. doi:10.1007/s00586-009-1139-x.

Chen S, Huang Y, Zhou ZJ, et al. Upregulation of Tumor Necrosis Fac-
tor @« and ADAMTS-5, But Not ADAMTS-4, in Human Intervertebral
Cartilage Endplate With Modic Changes. Spine. 2014;39(14):E817.
d0i:10.1097/BRS.0000000000000362.

Kong L, Gao DK, Xie YS, Ma XD, Shang XF. The mechanism of
microRNA-210-5p targeting YAP1 to regulate IL.-15 induced end-
plate cartilage degeneration. Research Square. Preprint posted online
September 30, 2022. doi:10.21203/rs.3.rs-2092831/v1.

231



[550]

[551]

[552]

[553]

[554]

[555]

[556]

[557]

[558]

Lakstins K, Yeater T, Arnold L, Khan S, Hoyland JA, Purmessur
D. Investigating the role of culture conditions on hypertrophic differ-
entiation in human cartilage endplate cells. Journal of Orthopaedic
Research. 2021;39(6):1204-1216. doi:10.1002/jor.24692.

Zhao X, Shen P, Li H, et al. Carbonic Anhydrase 12 Pro-
tects Endplate Cartilage From Degeneration Regulated by IGF-
1/PI3BK/CREB Signaling Pathway. Front Cell Dev Biol. 2020;8.
doi:10.3389/fcell.2020.595969.

P. A. Hernandez, T. D. Jacobsen, and N. O. Chahine. Actomyosin con-
tractility confers mechanoprotection against TNFa-induced disruption
of the intervertebral disc. Sci Adv, 6(34):eaba2368, 2020.

H. T. J. Gilbert, N. S. Nagra, A. J. Freemont, S. J. Millward-Sadler,
and J. A. Hoyland. Integrin-dependent mechanotransduction in me-
chanically stimulated human annulus fibrosus cells: evidence for an
alternative mechanotransduction pathway operating with degenera-
tion. PLoS One, 8(9):€72994, 2013.

C. L. Le Maitre, J. Frain, J. Millward-Sadler, A. P. Fotheringham, A. J.
Freemont, and J. A. Hoyland. Altered integrin mechanotransduction in
human nucleus pulposus cells derived from degenerated discs. Arthritis
Rheum, 60(2):460-469, 2009.

H. T. J. Gilbert, J. A. Hoyland, A. J. Freemont, and S. J. Millward-
Sadler. The involvement of interleukin-1 and interleukin-4 in the
response of human annulus fibrosus cells to cyclic tensile strain: an

altered mechanotransduction pathway with degeneration. Arthritis
Res Ther, 13(1):R8, 2011.

S. C. W. Chan, S. J. Ferguson, and B. Gantenbein-Ritter. The
effects of dynamic loading on the intervertebral disc. Fur Spine J,
20(11):1796-1812, 2011.

N. Berger-Roscher, G. Casaroli, V. Rasche, T. Villa, F. Galbusera,
and H.-J. Wilke. Influence of Complex Loading Conditions on In-
tervertebral Disc Failure. Spine (Phila Pa 1976), 42(2):E78-E85,
2017.

Elena Cambria, Silvio Brunner, Sally Heusser, et al. Cell-Laden
Agarose-Collagen Composite Hydrogels for Mechanotransduction
Studies. Front Bioeng Biotechnol, 8:346, 2020.

232



559]

[560]

[561]

562]

563]

[564]

[565]

[566]

567]

568]

S. Miyata, K. S. Furukawa, T. Ushida, Y. Nitta, and T. Tateishi. Static
and dynamic mechanical properties of extracellular matrix synthesized
by cultured chondrocytes. Materials Science and Engineering: C,
24(3):425-429, 2004.

M. D. Buschmann, Y. A. Gluzband, A. J. Grodzinsky, J. H. Kimura,
and E. B. Hunziker. Chondrocytes in agarose culture synthesize a
mechanically functional extracellular matrix. J Orthop Res, 10(6):745—
758, 1992.

C. Bougault, A. Paumier, E. Aubert-Foucher, and F. Mallein-Gerin.
Molecular analysis of chondrocytes cultured in agarose in response to
dynamic compression. BMC' Biotechnology, 8(1):71, 2008.

R. L. Mauck, M. A. Soltz, C. C. B. Wang, et al. Functional Tis-
sue Engineering of Articular Cartilage Through Dynamic Loading of

Chondrocyte-Seeded Agarose Gels. Journal of Biomechanical Engi-
neering, 122(3):252-260, 2000.

J. Sanchez-Adams, H. A. Leddy, A. L. McNulty, C. J. O’Conor, and
F. Guilak. The mechanobiology of articular cartilage: bearing the
burden of osteoarthritis. Curr Rheumatol Rep, 16(10):451, 2014.

E. Capuana, D. Marino, R. Di Gesu, et al. A High-Throughput Me-
chanical Activator for Cartilage Engineering Enables Rapid Screening
of in wvitro Response of Tissue Models to Physiological and Supra-
Physiological Loads. Cells Tissues Organs, 211(6):670-688, 2022.

T. A. Ulrich, A. Jain, K. Tanner, J. L. MacKay, and S. Kumar.
Probing cellular mechanobiology in three-dimensional culture with
collagen-agarose matrices. Biomaterials, 31(7):1875-1884, 2010.

Y. Yamada, K. Hozumi, A. Aso, et al. Laminin active peptide/agarose
matrices as multifunctional biomaterials for tissue engineering. Bio-

materials, 33(16):4118-4125, 2012.

G. Bahcecioglu, N. Hasirci, B. Bilgen, and V. Hasirci. Hydrogels
of agarose, and methacrylated gelatin and hyaluronic acid are more
supportive for in vitro meniscus regeneration than three dimensional
printed polycaprolactone scaffolds. Int J Biol Macromol, 122:1152—
1162, 2019.

P. Torabi Rahvar, M. J. Abdekhodaie, E. Jooybar, and B. Ganten-
bein. An enzymatically crosslinked collagen type II/hyaluronic acid
hybrid hydrogel: A biomimetic cell delivery system for cartilage tissue
engineering. Int J Biol Macromol, 279:134614, 2024. Pt 1.

233



569]

[570]

[571]

572]

573]

[574]

[575]

[576]

577]

D. A. Frauchiger, R. D. May, E. Bakirci, et al. Genipin-Enhanced
Fibrin Hydrogel and Novel Silk for Intervertebral Disc Repair in a
Loaded Bovine Organ Culture Model. J Funct Biomater, 9(3):40,
2018.

A. S. Croft, Y. Roth, K. A. C. Oswald, S. Corluka, P. Bermudez-
Lekerika, and B. Gantenbein. In Situ Cell Signalling of the Hippo-
YAP/TAZ Pathway in Reaction to Complex Dynamic Loading in an
Intervertebral Disc Organ Culture. Int J Mol Sci, 22(24):13641, 2021.

A. Tasci, S. J. Ferguson, and P. Biichler. Numerical assessment on
the effective mechanical stimuli for matrix-associated metabolism in
chondrocyte-seeded constructs. J Tissue Eng Regen Med, 5(3):210—
219, 2011.

Y. Wu, J. Glaser, and H. Yao. Effects of Endplate and Mechanical
Loading on Solute Transport in Intervertebral Disc. In American
Society of Mechanical Engineers Digital Collection, pages 129-130,
2014.

A. A. Jutila, D. L. Zignego, W. J. Schell, and R. K. June. Encapsula-
tion of chondrocytes in high-stiffness agarose microenvironments for
in vitro modeling of osteoarthritis mechanotransduction. Ann Biomed
Eng, 43(5):1132-1144, 2015.

Astrid D. Bakker, K. Soejima, Jenneke Klein-Nulend, and Elisabeth H.
Burger. The production of nitric oxide and prostaglandin e(2) by
primary bone cells is shear stress dependent. Journal of Biomechanics,
34(5):671-677, 2001.

Pei Xiang, Zhiping Luo, and Yujia Che. Insights into the mechanical
microenvironment within the cartilaginous endplate: An emerging
role in maintaining disc homeostasis and normal function. Heliyon,
10(10):e31162, 2024.

Fatemeh Mokhtari-Jafari, Nooshin Haghighipour, Ghassem Amoabe-
diny, Reza Zarghami, Naser Salehi-Nik, Jafar Akbari, and Ali Saatchi.
Mathematical modeling of cell growth in a 3d scaffold and valida-
tion of static and dynamic cultures. FEngineering in Life Sciences,
16(3):290-298, 2016.

Johanna Melke, Feihu Zhao, Bert van Rietbergen, Keita Ito, and
Sandra Hofmann. Localisation of mineralised tissue in a complex

spinner flask environment correlates with predicted wall shear stress
level localisation. Furopean Cells and Materials, 36:57-68, 2018.

234



578]

[579]

[580]

[581]

[582]

[583]

[584]

[585]

[586]

Claudia Wittkowske, Gwendolen C. Reilly, Damien Lacroix, and Ce-
cile M. Perrault. In vitro bone cell models: Impact of fluid shear stress

on bone formation. Frontiers in Bioengineering and Biotechnology,
4:87, 2016.

Christopher V. Gemmiti and Robert E. Guldberg. Shear stress mag-
nitude and duration modulates matrix composition and tensile me-

chanical properties in engineered cartilaginous tissue. Biotechnology
and Bioengineering, 104(4):809-820, 20009.

Riccardo Sacco, Paola Causin, Paolo Zunino, and Manuela T. Rai-
mondi. A multiphysics/multiscale 2d numerical simulation of scaffold-
based cartilage regeneration under interstitial perfusion in a bioreactor.
Biomechanics and Modeling in Mechanobiology, 10(4):577-589, 2011.

Yan Huang, Jia-Yi Qian, Hong Cheng, and Xiaoming Li. Effects of
shear stress on differentiation of stem cells into endothelial cells. World
Journal of Stem Cells, 13(7):894-913, 2021.

E. Y. Salinas, A. Aryaei, N. Paschos, E. Berson, H. Kwon, J. C.
Hu, and K. A. Athanasiou. Shear stress induced by fluid flow pro-

duces improvements in tissue-engineered cartilage. Biofabrication,
12(4):045010, 2020.

Haitao Li, Wei Wang, and Jian Wang. Mechanical signal transduction:
A key role of fluid shear forces in the development of osteoarthritis.
Journal of Inflammation Research, 17:10199-10207, 2024.

Fei Zhu, Pu Wang, Norman H. Lee, Mary B. Goldring, and Konstanti-
nos Konstantopoulos. Prolonged application of high fluid shear to

chondrocytes recapitulates gene expression profiles associated with
osteoarthritis. PLoS ONE, 5(12):e15174, 2010.

Mel S. Lee, Michael C. D. Trindade, Takashi Ikenoue, David J. Schur-
man, Stuart B. Goodman, and R. Lane Smith. Effects of shear stress
on nitric oxide and matrix protein gene expression in human os-
teoarthritic chondrocytes in vitro. Journal of Orthopaedic Research,
20(3):556-561, 2002.

Chiara A. M. Fois, Aaron Schindeler, Peter Valtchev, and Fariba
Dehghani. Dynamic flow and shear stress as key parameters for
intestinal cells morphology and polarization in an organ-on-a-chip
model. Biomedical Microdevices, 23(4):55, 2021.

235



[587]

588

[589)]

[590]

[591]

[592]

593]

594]

[595]

[596]

H. Ohshima, J. P. G. Urban, and D. H. Bergel. Effect of static
load on matrix synthesis rates in the intervertebral disc measured in

vitro by a new perfusion technique. Journal of Orthopaedic Research,
13(1):22-29, 1995.

Cynthia R. Lee, James C. latridis, Lucy Poveda, and Mauro Alini.
In Vitro organ culture of the bovine intervertebral disc: Effects of
vertebral endplate and potential for mechanobiology studies. Spine,
31(5):515-522, 2006.

Casey L. Korecki, Jeffrey J. MacLean, and James C. Iatridis. Char-
acterization of an in wvitro intervertebral disc organ culture system.
European Spine Journal, 16(7):1029-1037, 2007.

Hendrik Schmidt, Christian Schilling, Ana L. P. Reyna, Aboulfazl
Shirazi-Adl, and Marcel Dreischarf. Fluid-flow dependent response
of intervertebral discs under cyclic loading: On the role of specimen
preparation and preconditioning. Journal of Biomechanics, 49(6):846—
856, 2016.

Hendrik Schmidt, Maxim Bashkuev, Fabio Galbusera, Hans-Joachim
Wilke, and Aboulfazl Shirazi-Adl. Finite element study of human

lumbar disc nucleus replacements. Computer Methods in Biomechanics
and Biomedical Engineering, 17(16):1762-1776, 2014.

Sandra Reitmaier, Aboulfazl Shirazi-Adl, Maxim Bashkuev, Hans-
Joachim Wilke, Antonio Gloria, and Hendrik Schmidt. In vitro and in
silico investigations of disc nucleus replacement. Journal of the Royal
Society Interface, 9(73):1869-1879, 2012.

Hendrik Schmidt and Sandra Reitmaier. Is the ovine intervertebral
disc a small human one?: A finite element model study. Journal of
the Mechanical Behavior of Biomedical Materials, 17:229-241, 2013.

S. J. Ferguson, K. Ito, and L. P. Nolte. Fluid flow and convective trans-
port of solutes within the intervertebral disc. Journal of Biomechanics,
37(2):213-221, 2004.

Hendrik Schmidt, Sandra Reitmaier, Friedmar Graichen, and Aboul-
fazl Shirazi-Adl. Review of the fluid flow within intervertebral discs

- how could in vitro measurements replicate in vivo? Journal of
Biomechanics, 49(14):3133-3146, 2016.

Thomas Zeiser, Mehran Bashoor-Zadeh, Arash Darabi, and Gamal
Baroud. Pore-scale analysis of newtonian flow in the explicit geometry

236



597]

598]

[599]

of vertebral trabecular bones using lattice boltzmann simulation. Pro-
ceedings of the Institution of Mechanical Engineers, Part H: Journal
of Engineering in Medicine, 222(2):185-194, 2008.

Ahmad Alminnawi. CFD_ through_explat: Simulate laminar flow of
DMEM medium through bony porous explants or scaffolds in perfusion
bioreactors. https://github.com/minnawi/CFD_through_explat,
2026. Accessed July 27, 2026.

Henry G. Weller, G. Tabor, Hrvoje Jasak, and Christer Fureby. A ten-
sorial approach to computational continuum mechanics using object-
oriented techniques. Computers in Physics, 12(6):620-631, 1998.

James Ahrens, Berk Geveci, and Charles Law. ParaView: An end-user
tool for large-data visualization. In Charles D. Hansen and Chris R.
Johnson, editors, The Visualization Handbook, pages 7T17-731. Elsevier,
2005.

237


https://github.com/minnawi/CFD_through_explat

Chapter 4 appendix: Verification and supplemen-
tary analyses

Figure 4.A.1: TPMS scaffold with primitive geometry used for verification of the
workflow: designed structure defined by the equation cos(z) + cos(y) + cos(z) = 0
(a), the negative structure illustrating interconnected macrochannels (b), the as-
manufactured 3D-printed CaP-based structure (c), and corresponding repeating
unit cell of the scaffold (d).
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Figure 4.A.2: Difference in tortuosity between the central and the two peripheral
zones in each BEP punch in bovine 1 (a), bovine 2 (b), bovine 3 (c), and bovine 4
(d). The translucent bars represent infinite tortuosity, indicating non-percolating

zones. The numbers on the x-axis refer to the VB punch but do not refer to the
vertebral level. The x-axis values represent arbitrary identifiers assigned to BEP

punches and do not correspond to vertebral level.
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Figure 4.A.3: Power analysis for unbalanced designs: Effect of the number of
biological replicates (subjects) with an average of 7 BEPs per subject on the
statistical power for LMM of tortuosity (a), porosity (b), and mean pore radius (c).
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(b) Comparison of Ultiamte Strength Models with Fitted Model

(@) Comparison of Elastic Modulus Models with Fitted Model
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Figure 4.A.5: Three-dimensional regression models using nonlinear curve fitting of
the reported mathematical relationships between geometric properties and bone
mechanical properties in literature to predict the corresponding Young’s modulus
(a) and compressive strength modulus (b).
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Chapter 5 appendix: Supplementary sample infor-
mation and analyses

Table 5.A.1: Sample overview showing presence of NP, AF, or both (NP+AF) in
the soft tissues (ST) of each sample stratified by bovine donor and culture medium.
Day 0 (DO) signifies the start of the experiment, taking place 3 days post harvesting.
Samples were maintained for 14 days in Standard or Degenerate medium, with
cytokine-treated groups denoted by “+ TNF” or “+ IL-13”. Sample numbers are
indicated by “_ #".

Bovine Sample medium ST type Bovine Sample medium ST type
1 DO 1 AF + NP 2 Degenerate_ 2 NP
1 DO_2 AF + NP 2 Degenerate__3 NP
1 DO 3 AF + NP 2 Degenerate + IL-18_1 NP
1 Standard 1 NP 2 Degenerate + IL-18_2 NP
1 Standard_ 2 AF 2 Degenerate + IL-15_3 NP
1 Standard_ 3 AF + NP 2 Degenerate + IL-18_4 NP
1 Degenerate_ 1 AF 2 Degenerate + TNF__ 1 NP
1 Degenerate_ 2 AF 2 Degenerate + TNF_2  AF + NP
1 Degenerate_ 3 AF + NP 2 Degenerate + TNF_3 AF + NP
1 Degenerate + IL-13_1 AF + NP 2 Degenerate + TNF_4 NP
1 Degenerate + IL-13_2 AF + NP 3 Standard_ 1 NP
1 Degenerate + IL-18_3 AF + NP 3 Standard_ 2 NP
1 Degenerate + TNF_ 1 AF + NP 3 Standard 3 NP
1 Degenerate + TNF_2 NP 3 Degenerate_ 1 NP
1 Degenerate + TNF_3 NP 3 Degenerate_ 2 NP
2 DO 1 NP 3 Degenerate_ 3 AF + NP
2 DO 2 NP 3 Degenerate + IL-15_1 AF + NP
2 DO_3 NP 3 Degenerate + IL-13_2 NP
2 Standard__1 AF + NP 3 Degenerate + IL-15_3 NP
2 Standard 2 NP 3 Degenerate + TNF__1 NP
2 Standard_ 3 NP 3 Degenerate + TNF_2  AF + NP
2 Degenerate_1 NP 3 Degenerate + TNF__3 NP
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Figure 5.A.1: Normalized expressions of the (a) protein, (b) gene, and (c) global
activity of the 74 parameters of the chondrocytes in the degenerate environment
with and without cytokines compared to the reference healthy chondrocytes (healthy
control) and reference degenerate chondrocytes (degenerate control).
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I'mm 1mm

Figure 5.A.2: Representative uCT scans showing the visible growth plates of (a)
bovine 1 and (c) bovine 3 vs. the closed growth plate of (b) bovine 2. The location
of the growth plate is indicated by the translucent rectangle. Scale bar = 1 mm.
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Chapter 7 appendix: Technical drawings and elec-

trical schematics
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Figure 7.A.1: Technical drawing of the custom culture-medium reservoir. Dimen-

sions are reported on the drawing.

246



00
s - | — | — -
L L L L
~
s
i) 50
il b 18 o
o o
L ) |
| | @

| AN

o
R
| f\ | "
U
Lx @26
. -
« ! LI®us-22
- _ - D\
@1 .
8 b
Titl -~
itle : . .
Unless otherwise stated ReserVOIr le
folerance according to S0 jons : mm. Scale : .
2768-F Drawn by : 10126380 2:1 |
Date : Monday 23 January 2023 Material :
Last modifications | Project :
o Equlpment Polycarbonate
—
o T O K.U.Leuven Dwgmo.: Size:
i Dept e en T
Projection %: i&.a;’leelp.a\rk;«renl.xelrg1 44 A4
3001 Leuven
6 @ Belgi¢ File name : reservoir lid.dft
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Figure 7.A.7: Electrical connection schematic for the bioreactor flow sensor and its

connection to the control electronics.
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Figure 7.A.8: Electrical connection schematic for the bioreactor pressure sensors

and their connection to the control electronics.
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Figure 7.A.9: Electrical connection schematic for the peristaltic-pump motor and

its connection to the motor driver and control electronics.
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2026

2025

2025

2024

PyTorch: Fundamentals
DeepLearning. Al

AT and Machine Learning Algorithms and Techniques
Microsoft

Al Infrastructure and Operations Fundamentals
NVIDIA

Introduction to AI and Machine Learning for Biomedical

Research
KU Leuven

Professional Certifications

2025

2025

2025

Project Management Professional Certificate
Google

Exploitation of Research Technology & Knowledge Transfer
KU Leuven

Early Health Technology Assessment
EIT Health and Syreon Research Institute
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Research and Professional Experience

2021—
Present

2024; 2025—-
2026

Doctoral Researcher, SBE, KU Leuven, Leuven, Belgium, and
GIGA Research Center, Université de Liege, Liege, Belgium

e Conducted doctoral research under the supervision of Prof. Liesbet Geris
within the Disc4all European consortium, focusing on cartilage tissue
degeneration using in silico modeling coupled with in vitro experimental
validation.

e Developed a micro-CT-based pipeline for sample-specific structural
modeling using Python and 3D Slicer for FEA and CFD.

e Developed a CFD pipeline to test different flow regimes and wall shear
stress effects on cells in explants and scaffolds.

¢ Conducted in vitro cartilage experiments under different environments
and biochemical stimulations, coupled with a predictive in silico signal-
transduction network model for cartilage degeneration in osteoarthritis
and advanced statistical analysis methods.

e Performed CFD analysis on gel carriers to simulate mechanical loading
effects on cartilage cells for experiments performed at the University of
Bern within the Disc4all consortium.

¢ Collaborated with the laboratory engineer to design and manufacture a
custom perfusion bioreactor to validate CFD simulations.

Visiting Researcher, BCNMedTech Institute, Universitat Pompeu
Fabra (UPF), Barcelona, Spain

¢ Conducted an international research stay under the supervision of Prof.
Dr. Jérome Noailly, focusing on computational modeling and simulation
of cartilage endplates.

¢ Integrated morphological calculations and mechanical property predic-
tion into the micro-CT-based pipeline.

e Trained on motion capture analysis and wearable sensors with a PhD
candidate in the group.

e Trained Master’s and Bachelor’s students in scientific presentations and
thesis defense communication under the supervision of a postdoc in the

group.
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2023

2021

2020

Visiting Researcher, University of Sheffield, Sheffield, England,
UK

e Conducted an international research stay under the supervision of
Prof. Christine Le Maitre, focusing on the experimental modeling of
the degenerative effects of different cytokine environments on cartilage
tissues.

o Predicted cartilage behavior in different environments using a signal-
transduction network model developed for articular cartilage degenera-
tion in osteoarthritis.

e Performed cartilage tissue harvesting from bovine specimens, tissue
culture, and sampling followed by downstream analysis consisting of
GAG and DNA quantification, histological and immunohistological
staining, CT scanning, and qRT-PCR.

Visiting Researcher, University of Bern, Bern, Switzerland

e Conducted an international research stay under the supervision of Prof.
Benjamin Gantenbein, focusing on the mechanical loading effects on
cartilage cells seeded in gel carriers.

e Modified and optimized an intervertebral disc harvesting and cell isola-
tion protocol to be applied to cartilage tissues.

o Performed cartilage tissue harvesting and cell isolation from bovine spec-
imens, tissue culture under dynamic compressive load in the bioreactor,
and sampling, followed by downstream analysis.

Visiting Researcher (Online due to COVID-19), Arts et
Métiers ParisTech, Paris, France & Cardiff University, Cardiff, Wales,
UK

e Conducted an international research stay under the supervision of Prof.
Pierre-Yves Rohan and Dr. Bethany Keenan, focusing on the FEA and
modeling of soft tissue interactions with hard tissues.

e Developed a CAD- and FE-simulation-based test bench to study the
hyperelastic biomechanical behavior of soft tissues during daily activities.

¢ Remodeled and tested the design and materials of a hospital cushion to
minimize internal tissue loads, preventing pressure ulcers for bed-bound
patients.
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2019-2021

2018-2019

2017-2018

Research Fellow (Research-based Master’s degree), Osaka
University, Osaka, Japan

¢ Conducted master’s-level research under the supervision of Prof. Masao
Tanaka and Prof. Yo Kobayashi, focusing on the human gait kinetics
and kinematics.

o Utilized wearable sensors, such as IMUs, to analyze lower limb gait
biomechanics and estimate mechanical loading during physiological
walking.

e Designed a passive dynamic ankle—foot orthosis to increase walking
efficiency by utilizing shape memory alloys that provided a nonlinear
force pattern mimicking the natural movement of human muscles and
tendons.

University Spin-off Research Assistant, Lebanese American
University, Beirut, Lebanon

¢ Led and mentored a team of final-year Bachelor’s students in redesigning
a patient-specific lower limb exoskeleton to improve mobility for a
paraplegic patient, under the supervision of Prof. Barbar Akle.

e Coordinated communication between the patient, project team, and
university stakeholders to facilitate clinical assessments, design reviews,
and project meetings.

e Coordinated and monitored patient testing to evaluate the performance
and usability of the redesigned exoskeleton, using patient feedback to
guide design refinements.

MEP Project Engineer, Caliber Engineering SARL, Beirut,
Lebanon

o Coordinated multidisciplinary teams across design and on-site operations
for HVAC and electromechanical systems on a hospital laboratory project
in the Gulf region, ensuring technical accuracy, compliance with safety,
quality, and GMP standards, and timely project delivery.

e Prepared and maintained project documentation, including progress
reports, technical records, and compliance documentation, to track
milestones, identify risks, and support accountability, transparency, and
regulatory compliance.
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Mentoring, Supervision, and Hands-on Workshops

Mentoring & Supervision

2026

2024-2026

Research Secondment Supervision
Supervised an early-stage PhD candidate from the University of

Eastern Piedmont, Vercelli, Italy, on a three-month project in micro-
CT-based structural modeling and CFD flow analysis of custom
scaffolds to optimize bioreactor flow rates for cell proliferation and
differentiation.

Academic Mentor and Mock Examiner — Graduate and

Undergraduate Level
Served as a mock thesis defense panel member for Bachelor’s and

Master’s students at Pompeu Fabra University, providing constructive
feedback, evaluating presentations, and preparing students for final
thesis defenses.

Hands-on Workshops

2025

Teaching
2019-2021

20142019

Co-Organizer and Instructor, 3D Modeling in Medicine
EIT Health Innovators Community, PRBB, Barcelona, Spain — Co-

organized and delivered a hands-on workshop introducing biomedical,
clinical, and life science participants to medical image segmentation,
3D model generation, and visualization from CT/MRI data using 3D
Slicer.

Part-Time English School Teacher
Taught students at Nuance Inc., Osaka, Japan and Kinran Interna-

tional School, Osaka, Japan, delivering engaging English lessons.

Part-Time Private Tutor
Taught high school Mathematics, Physics, Biology, and Chemistry

to students preparing for the Lebanese National Baccalaureate exam-
inations.
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Peer-Reviewed Publications

Journal Articles

Under revision

2026

Alminnawi, A.; Tejero, P.; Geeroms, C.; Geris, L.*}; Le Maitre, C. L.*}
Cytokine-Mediated Responses Across Endplate Subregions in Interverte-
bral Disc Multi-Tissue Explants. Under revision

Accepted and Published

2026

2025

2025

2023

2022

Alminnawi, A.*; Nasello, G.; Crump, K. B.; Gantenbein, B.; Noailly,
J.; Geris, L.* Semi-Automated uCT-Based Modeling of Vertebral Bony
Endplate Microporosity and Mechanical Properties: Linking Microstruc-
ture to Inferred Mechanical Performance. JOR Spine, 9(3), e70204. doi:
10.1002/jsp2.70204.

Crump, K. B.; Chapallaz, C.; Alminnawi, A.; Bermudez-Lekerika, P.;
Geris, L.; Noailly, J.; Gantenbein, B. Exploring Mechanotransduction
and Inflammation in Human Cartilaginous Endplate Cells in Blended
Collagen—Agarose Hydrogels Under Cyclic Compression. Gels, 11(9), 756.
doi: 10.3390/9els11090756

Crump, K. B.; Kanelis, E.; Segarra-Queralt, M.; Pascuet-Fontanet, A.;
Bermudez-Lekerika, P.; Alminnawi, A.; Geris, L.; Alexopoulos, L. G.;
Noailly, J.; Gantenbein, B. TNF induces catabolism in human cartilaginous
endplate cells in 3D agarose culture under dynamic compression. Scientific
Reports, 15(1), 15849. doi: 10.1038/s41598-025-00538-w

Crump, K. B.*; Alminnawi, A.*; Bermudez-Lekerika, P.; Compte, R.;
Gualdi, F.; McSweeney, T.; Munoz-Moya, E.; Nuesch, A.; Geris, L.; Dudli,
S.; Karppinen, J.; Noailly, J.; Le Maitre, C.; Gantenbein, B. Cartilaginous
endplates: A comprehensive review on a neglected structure in interver-
tebral disc research. JOR Spine, 6(4), €1294. doi: 10.1002/jsp2.129j.
*Shared first authorship

Bermudez-Lekerika, P.; Crump, K. B.; Tseranidou, S.; Nuesch, A.; Kanelis,
E.; Alminnawi, A.; Baumgartner, L.; Munoz-Moya, E.; Compte, R.;
Gualdi, F.; Alexopoulos, L. G.; Geris, L.; Wuertz-Kozak, K.; Le Maitre, C.
L.; Noailly, J.; Gantenbein, B. Immuno-Modulatory Effects of Interverte-
bral Disc Cells. Frontiers in Cell and Developmental Biology, 10, 924692.
doi: 10.3389/fcell.2022.924692

Conference Papers

2021

Alminnawi, A.; Kobayashi, Y.; Otani, T.; Tanaka, M. Shape
memory alloy actuated ankle foot orthosis for reduction of locomo-
tion force. 2021 World Automation Congress (WAC), 271-276. doi:
10.23919/WAC50355.2021.9559533
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Conference Abstracts

2025

2025

2024

2023

2023

2023

2023

2022

2022

2022

2022

Alminnawi, A. uCT-Based Calculations of Perfusion-Induced Wall Shear
Stresses in Osteochondral Explants of Intervertebral Discs. Marie Curie
Alumni Association (MCAA) Annual Conference € General Assembly
2025.

Crump, K. B.; Chappallaz, C.; Alminnawi, A.; Segarra-Queralt, M.; et
al. Poster TERMIS25_1015: Dynamically compressed collagen—agarose
hydrogels for 3D culture of human cartilaginous endplate cells. Tissue
Engineering.

Alminnawi, A. Image-based wall shear stresses calculations in cartilage
endplate explants and scaffolds in perfusion culture. International Society
for the Study of the Lumbar Spine (ISSLS).

Crump, K. B.; Bermudez, P.; Alminnawi, A.; Geris, L.; Noailly, J.; Gan-
tenbein, B. In vitro investigation of compression and catabolic cytokines
on human cartilage endplate cells in agarose. Annual Meeting of the Swiss
Society of Biomedical Engineering, 47-47.

Alminnawi, A. An In Silico Tool to Simulate Fluid Flow and Shear
Stresses on CEP Cells in Tissues and Scaffolds. 10th Belgian Symposium
of Tissue Engineering (BSTE).

Alminnawi, A.; Crump, K. B.; Bermudez, P.; Croft, A. S.; Geeroms,
C.; Le Maitre, C.; Gantenbein, B.; Geris, L. Direction Dependent Mass
Transport Through the Cartilage Endplate. Tissue Engineering and Re-
generative Medicine International Society (TERMIS).

Crump, K. B.; Alminnawi, A.; Bermudez, P.; Segarra Queralt, M.;
Croft, A. S.; Geris, L.; Noailly, J.; Gantenbein, B. In Vitro and In Silico
Investigation of Dynamic Compression on Cartilage Endplate Cells in
Agarose. Tissue Engineering and Regenerative Medicine International
Society (TERMIS).

Alminnawi, A. In vitro and in silico modeling of cartilage endplate de-
generation mechanisms. Disc4all Bern Winter School, Bern, Switzerland.

Crump, K. B.; Alminnawi, A.; Bermudez, P.; Croft, A. S.; Geris, L.;
Noailly, J.; Gantenbein, B. Effects of Dynamic Compression on Carti-
lage Endplate Cells in Agarose. eCM20: Cartilage and Disc Repair and
Regeneration, 10-10.

Alminnawi, A. Cartilage Endplate Permeability: From In Vitro to In
Silico. ORS PSRS 6th International Spine Research Symposium.

Alminnawi, A.; Crump, K. B.; Bermudez, P.; Croft, A. S.; Geeroms, C.;
Le Maitre, C.; et al. Image-based Analysis of Mass Transport Through
Cartilage Endplates. eCM20: Cartilage and Disc Repair and Regeneration.
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Honors & Awards

Fellowships & Research Funding

2025

2021-2024

2021-2024

2019-2021

FWB Travel Grant
Fédération Wallonie-Bruxelles, Belgium — Travel grant.

Marie Curie Doctoral Fellowship
European Commission, Disc4all European Training Network — Three-

year doctoral fellowship.

MEXT Doctoral Fellowship
Ministry of Education, Culture, Sports, Science and Technology

(MEXT), Japan — Highly competitive three-year Japanese government
fellowship; turned down in favor of the Marie Curie Fellowship.

MEXT Master’s Fellowship
Ministry of Education, Culture, Sports, Science and Technology

(MEXT), Japan — Highly competitive two-year Japanese government
fellowship.

Article Awards

2025

2025

Wiley Top Read Article Award
Wiley — Awarded for high readership of a published article.

Wiley Top Cited Article Award
Wiley — Awarded for high citation impact of a published article.

Academic Excellence

2019-2021

20142018

Master’s Honors
Osaka University, Osaka, Japan — Academic honors distinction during

master’s studies.

LAU Honors
Lebanese American University (LAU), Beirut, Lebanon — Four-year

academic honors distinction.

Student Competitions

2013

2013

MUN Diplomacy Award
Model United Nations, Beirut, Lebanon — Diplomacy award.

INJAZ Start-Up Company Competition
INJAZ, Beirut, Lebanon — Top contender in start-up company com-

petition.
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Dissemination and Outreach

Oral/Podium Presentations

2025

2025

2024

2023

2023

2022

2022

2022

A nano-CT-based approach to intervertebral disc endplate poros-
ity and fluid flow modeling

20th International Symposium on Computer Methods in Biomechanics and
Biomedical Engineering (CMBBE), Barcelona, Spain, 3-5 September 2025.

CT-Based Calculations of Perfusion-Induced Wall Shear Stresses
in Osteochondral Explants of Intervertebral Discs

Marie Curie Alumni Association (MCAA) Annual Conference and General As-
sembly, Krakow, Poland, 21-22 March 2025.

Cartilage Endplate Permeability: From In Vitro to In Silico
4th Disc4All Winter School, Leuven, Belgium, 19-23 February 2024.

An In Silico Tool to Simulate Fluid Flow and Shear Stresses on
CEP Cells in Tissues and Scaffolds

10th Belgian Symposium of Tissue Engineering (BSTE), University of Liege,
Liege, Belgium, 6-7 December 2023.

Cartilage Endplate Permeability: From In Vitro to In Silico
3rd Disc4All Winter School, Demokritos, Athens, Greece, 20-24 February 2023.

Cartilage Endplate Permeability: From In Vitro to In Silico
ORS PSRS 6th International Spine Research Symposium, Skytop, Pennsylvania,
USA, 6-10 November 2022.

Image-based Analysis of Mass Transport Through Cartilage
Endplates

eCM20: Cartilage and Disc Repair and Regeneration, Davos, Switzerland, 15-18
June 2022.

In vitro and in silico modeling of cartilage endplate degeneration
mechanisms
Disc4All Winter School, University of Bern, Switzerland, 21-25 February 2022.

Poster Presentations and Public Research Exhibitions

2025

2024

2023

Cytokine-Mediated Responses in Endplate Subregions of Inter-
vertebral Disc Multitissue Biocomposite Explants

Engineering and Information and Communication Technologies (EICT) PhD
Workshop, Universitat Pompeu Fabra, Barcelona, Spain, 14 May 2025.

The Cartilage Endplate

International Society for the Study of the Lumbar Spine (ISSLS) Annual Meeting,
Milan, Italy, 27-31 May 2024.

An In Silico Tool to Simulate Fluid Flow and Shear Stresses on
CEP Cells in Tissues and Scaffolds
7th Barcelona VPH Summer School, Barcelona, Spain, 5-9 June 2023.
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2023 Direction Dependent Mass Transport Through the Cartilage
Endplate
Tissue Engineering and Regenerative Medicine International Society (TERMIS)
FEuropean Chapter Meeting, Manchester, UK, 28-31 March 2023.

2022 Image-based Analysis of Mass Transport Through Cartilage
Endplates
6th Barcelona VPH Summer School, Universitat Pompeu Fabra, Barcelona, Spain,
23-27 March 2022.

2021 Shape Memory Alloy Actuated Ankle—Foot Orthosis for Reduc-
tion of Locomotion Force
2021 World Automation Congress (WAC), Taipei, Taiwan, 1-5 August 2021; held
online due to COVID-19.

Conference Attendance (Non-Presenting)

2025 8th Barcelona VPH Summer School
Universitat Pompeu Fabra, Barcelona, Spain, 2—6 June 2025.

2024 7th Barcelona VPH Summer School
Universitat Pompeu Fabra, Barcelona, Spain, 3-7 June 2024.

2023 Disc4all Advanced Training Event
Rochester, NY, USA, 11-15 December 2023.

2021 5th Barcelona VPH Summer School
Virtual event organized by Universitat Pompeu Fabra, Barcelona, Spain, 7-11
June 2021.
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Professional Service and Academic Activities

Scholarly Reviewing and Evaluation

2025

2024

Project Reviewer
EPICS in IEEE (Engineering Projects in Community Service), Insti-

tute of Electrical and Electronics Engineers — Reviewed four student-
led engineering projects focused on community-based technology
solutions for real-world problems.

Official Manuscript Reviewer
Biomolecules and Biomedicine — Reviewed A repeated strike loading

organ culture model for studying compression-associated chronic disc
degeneration. doi: 10.17305/bb.2024.10640; PMID: 39101754.

Conference and Workshop Organization

2025

2024

2024

Co-Organizer and Instructor
3D Slicer Medical Imaging Workshop for Life Scientists, EIT Health

Community, Barcelona, Spain — Contributed to concept design and
delivered the hands-on workshop on 3D modeling from medical imag-
ing.

Local Organizing Committee Member

Belgian Symposium on Tissue Engineering (BSTE), Leuven, Belgium
— Coordinated presenter and attendee communications, maintained the
event website, and supported social media and marketing activities.

Co-Organizer

Disc4all Winter School, Leuven, Belgium — Coordinated venue lo-
gistics, catering, attendee communications, and keynote speaker
correspondence; co-developed the program schedule and delivered
opening and closing remarks.
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Languages
English
Dutch

French
Spanish
Arabic

C2 — Fluent (academic proficiency)
A2 — Limited (actively improving)
B1 — Conversational

B1 — Conversational

C2 — Native

Professional Memberships

2024— Orthopaedic Research Society (ORS)
Present
Research member.
2021 Marie Sklodowska-Curie Alumni Association (MCAA)
Present
Member; participant in MCAA Academy activities.
2021- Disc4all European Consortium
Present
Early-stage researcher of the European doctoral training consortium.
2023— EIT Health Innovators Community
Present
Member of the European health innovation network.
2023 Institute of Electrical and Electronics Engineers (IEEE)
Present
Graduate Student Member; Engineering in Medicine and Biology
Society (EMBS).
2014-2018 American Society of Mechanical Engineers (ASME)
Student Member
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Supervisor Prof. Dr. Liesbet Geris
Professor and Principal Investigator, SBE, KU Leuven, Leuven, Bel-
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Supervisor Prof. Dr. Jérome Noailly
Professor and Principal Investigator, BCNMedTech, Pompeu Fabra
University, Barcelona, Spain. PhD secondment supervisor. Email:
jerome.noailly@upf.edu
Supervisor Prof. Dr. Christine Lemaitre

Professor and Principal Investigator, University of Sheffield,
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